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Abstract
Vertical integration is often thought to mitigate market power in electricity markets
since integrated generators that also purchase power for retail customers have less in-
centive to raise wholesale prices. We show that vertical integration between generators
and retailers can be anti-competitive if firms are risk averse and only have access to
standard forward contracts that provide incomplete insurance. Because standard for-
ward contracts hedge price fluctuations for a fixed quantity, risk-averse integrated firms
have an incentive to hedge retail obligations by taking long positions. This hedging
incentive can make integrated generators net suppliers in the spot market, softening
competition. Using unit-hour level auction data, we estimate forward positions and
find integrated firms indeed hold large long positions and bid less competitively than
their generation-only rivals. Using our estimated model, we find that the introduction
of more complete forward contracts, in the form of load-following contracts, reduces
hedging by integrated firms and intensifies spot-market competition, lowering consumer

costs and increasing total welfare.
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1 Introduction

In any market with uncertain supply and demand, both prices and quantities fluctuate, and
someone must bear the risk of those fluctuations. The contracts and forward markets a
regulator permits, the participants it allows to trade, the way production is divided among
firms, and the vertical structure of the industry together determine firms’ exposure to spot
prices. That exposure plays two roles at once: it fixes who bears that risk, and it shapes
firms’ incentives to exercise market power. Market design choices about industry structure,
participation, and forward markets arise in many markets, including natural gas, agricul-
tural commodity, transportation, and electricity markets. In the restructuring of electricity
markets, regulators have debated whether vertically integrated firms should be separated,
whether and how financial forward markets should be regulated, and how far retail supply
should be opened to competition. While a large literature studies how each design choice af-
fects competition in isolation, there is much less empirical evidence on how the opportunities
for hedging risk interact with market structure to shape competition.

This paper studies how vertical integration affects competition when firms use forward
contracts for both risk hedging and strategic commitment. Vertical integration and forward
contracting have each been the topic of long literatures in economics, but less attention has
been paid to how their interaction changes firms’ hedging and competitive incentives. Yet
both vertical integration and forward contracting are observed in many wholesale markets,
including electricity, agriculture, and airlines. When analyzed separately, forward contracts
and vertical integration are each thought to increase competition by lowering wholesalers’
exposure and incentives to raise spot prices. However, the forward position of an integrated
firm may reflect hedging considerations driven by their retail demand in addition to wholesale
pricing incentives, altering the firm’s net exposure to spot prices. We analyze how forward
positions, shaped by wholesale and retail considerations, determine the effect of vertical
integration on competition.

We focus on deregulated electricity markets, where the interaction between vertical in-
tegration and forward contracting is especially important. In these markets, both vertical
integration and forward contracts affect competition by changing the inframarginal quantity
of a generator that is exposed to the spot price. When a generator sells forward contracts, it
receives the contract price rather than the spot price on the contracted quantity, so forward

obligations net against generation and reduce inframarginal exposure. Similarly, an inte-



grated firm earns the wholesale price on its generation but pays it on the electricity needed
to serve retail demand, so retail obligations net against generation and reduce inframarginal
exposure. With lower inframarginal quantity, raising the spot price produces smaller gains,
and the incentive to charge markups decreases. Bushnell et al. (2008) formalize this ar-
gument for vertically integrated firms and show empirically that integrated firms bid more
competitively in restructured markets. However, their analysis treats forward positions as
given. In the early restructuring period they study, that was reasonable: vertical arrange-
ments were largely predetermined and exchange-traded forward markets were thin (NGI
Staff Reports (1999)). Today, many integrated firms actively choose their forward positions,
and those choices reflect risk-management motives as well as wholesale pricing incentives.
These risk-management motives are central in deregulated electricity markets, where crises
in California and Texas bankrupted retailers exposed to volatile wholesale prices and re-
vealed the importance of wholesale market power. We show that this interaction matters
because the same forward contracts used to hedge retail risk also change an integrated firm’s
net exposure to spot prices, and therefore its incentive to exercise market power.

Once forward positions adjust endogenously, we show that the competitive effects of ver-
tical integration depend on the form of forward contracts available. In most markets, fixed-
quantity swaps are the dominant forward contracts. A standard swap pays the difference
between the spot price and a pre-specified base price on a fixed quantity. These contracts
are incomplete for an electricity retailer because the retailer’s wholesale procurement cost
varies with realized demand, while swap payments are tied to a fixed contract quantity. The
retailer therefore remains exposed to right-tail asymmetric risk: when demand is high, prices
rise sharply and unhedged losses are large, while low-demand states generate smaller offset-
ting gains because prices fall less dramatically. A risk-averse integrated firm responds by
over-hedging its retail position, buying swaps for more than expected demand. This provides
additional insurance in high-price, high-demand states, but shifts the firm’s net spot-price
exposure toward a longer position on average. As a result, the integrated firm has stronger
incentives to raise spot prices, weakening competition.

We develop a theoretical model that characterizes the optimal swap positions of verti-
cally integrated firms. The model shows that incomplete, fixed-quantity swaps can make
vertical integration less competitive when risk-management motives induce over-hedging. It

also shows that this over-hedging incentive disappears when more flexible “load-following”



contracts, which index contracted quantities to realized demand, are introduced. We pro-
vide empirical evidence consistent with these predictions using data from before and after
the introduction of load-following contracts in the electricity market in Alberta, Canada.

Vertical integration between generators and retailers is common in many deregulated elec-
tricity markets, reflecting both the legacy of integrated monopolies and retailers’ incentives
to hedge risk by securing reliable long-term access to generation. In theory, vertical inte-
gration can also be anti-competitive due to foreclosure of rivals or increasing their operating
and entry costs (Joskow (2008); Rey and Tirole (2007)). In restructured electricity mar-
kets, however, opportunities for vertical foreclosure are limited because wholesale dispatch
and network access are coordinated by independent system operators, and strict regulatory
oversight ensures nondiscriminatory access to the network (Mansur (2007); Bushnell et al.
(2008)). The effect of vertical integration that we focus on is distinct from double marginal-
ization, which removes the margin on an internally supplied input and lowers the retail
price. Since retail markets are competitive we instead focus on how the integrated firm’s net
position shapes its incentive to raise the spot price.

In isolation, both vertical integration and forward positions are usually viewed as pro-
competitive.! An integrated firm earns the wholesale price on its generation but pays that
price on the electricity needed to serve retail demand, reducing its incentives to raise whole-
sale prices (Bushnell et al. (2008)). This logic has become influential both in subsequent
empirical work and in policy analysis, where vertically integrated firms are often treated
as more competitive once retail obligations are netted out of their wholesale positions.? In
standard oligopoly models, short forward positions also intensify wholesale-market competi-
tion. Since forward positions reduce a producer’s exposure to the spot price, each firm has
a unilateral incentive to sell forward, committing it to greater output and forcing rivals to
cede market share. In equilibrium, all firms contract forward and total output exceeds the
Cournot level (Allaz and Vila (1993)). Although the magnitudes differ, the pro-competitive
impact holds across a wide range of market structures (Miller and Podwol (2020), and re-

gardless of whether standard swaps or load following futures contracts are used Brown and

1One exception to this is Gans and Wolak (2007) who document anti-competitive effects of vertical
integration in the Australian electricity market. However, their explanation focuses on the supply of contracts
and assumes no quantity risk, ruling out the channel we highlight.

2For example, see Brown et al. (2023); Fabra and Reguant (2014); Mansur (2007); Lundin and Tangeras
(2020); Simshauser (2020); Bosco et al. (2013); NERA Economic Consulting (2025); Frontier Economics
(2017).



Sappington (2023)).3

The natural conclusion of these benchmark models is that both vertical integration and
forward contracting are pro-competitive. We show that this prediction need not hold if re-
tailers are risk averse. In electricity markets, retailers’ losses are concentrated in states where
wholesale prices and retail demand are jointly high. These states threaten solvency rather
than simply reducing profits. The risk of retailer insolvency reflects a standard corporate-
finance rationale for hedging: when adverse states are disproportionately costly, hedging

creates firm value.*

Therefore, firms may choose forward positions not only to commit
strategically in the wholesale market, but also to hedge retail risk. This additional mo-
tive can change net spot-price exposure, undoing the pro-competitive benefits of vertical
integration.

We begin by separately analyzing simple models of the two main forces that drive forward
contracting. Strategic commitment incentives push the integrated firm toward shorter, more
negative net positions that intensify spot-market competition. In contrast, risk-hedging
incentives push the integrated firm to over-hedge its downstream retail obligations by taking
long forward positions, which soften spot-market competition. Over-hedging arises because
the hedge available is an incomplete form of insurance.

Figure 1 provides a graphical illustration of the hedging problem. The retailer’s pro-
curement cost is the spot price p*(¢) multiplied by realized demand ¢"(¢). For simplicity,
suppose the retailer’s demand is ¢"(¢) = E[q"(¢)] + B¢, where [e represents their share of the
market-level demand shock. The retailer receives payment p°(e)f from forward contracts
with fixed quantity f. If the retailer sets f = E[g"(¢)] to hedge their expected demand, they
can offset the variation in —Ar = —p°(¢) E[¢"]. However, this leaves the retailer exposed

to the unhedged interaction term —p®(e) - Se. This interaction term creates asymmetric

3Brown and Sappington (2023) contrast the effects of load-following and swap contracts for risk-neutral
generation-only firms, focusing on the strategic role similar to Allaz and Vila (1993). However, they model
load following contracts that cover the quantities produced by strategic firms, excluding the competitive
fringe, whereas in practice these contracts cover retailer demand. Their assumption means contract volumes
are a function of the firms’ production, and as a result the load following contracts are more effective for
reducing output than the standard swap.

4Smith and Stulz (1985) show that hedging is valuable when financial distress costs are convex. Stulz
(1990) and Bessembinder (1991) model settings in which low-cash-flow states induce underinvestment due
to monitoring and contracting frictions or debt overhang near default.Froot et al. (1993) show that when
external finance is costly, hedging reallocates internal funds toward low-cash-flow states. Consistent with
these motives, electricity retailer hedging has been extensively studied (Willems and Morbee, 2010; Oum
and Oren, 2009; Zhou et al., 2017; Winzer et al., 2024; Flottmann et al., 2025).



risk. For example, with convex supply curves, When demand is high (¢ > 0), spot prices
rise sharply, creating large losses —p®(¢) - fe on the unhedged quantity. When demand is
low (¢ < 0), prices fall less dramatically, yielding smaller gains. The retailer can reduce
this asymmetric exposure by over-hedging: setting f* > E[¢"(¢)] generates additional for-
ward payments Ar°V®" precisely when demand and prices are both high, providing insurance

against the costliest states.

A Profit

—p°(e) - Be
Figure 1: Asymmetric Shock Exposure and Over-hedging of Forward Positions

Notes: The figure illustrates how a demand shock ¢ affects a retailer’s exposure to procurement
costs and forward payoffs. The vertical distance of each curve from the horizontal axis represents
the effect of a given realization of € on profits. In the absence of higher-order effects (i.e., without
the interaction term —p®(e) - Se), the retailer can fully hedge procurement risk by setting forward
positions equal to expected demand, f = E[¢"(g)]. In this case, the linear components of profit
offset exactly across states. When higher-order effects are present, exposure becomes asymmetric:
losses in high-demand states are amplified relative to gains in low-demand states. As a result,
the variance-minimizing forward position exceeds expected demand, f* > E[¢"(¢)], generating
endogenous over-hedging. The figure depicts the case of convex spot prices. The same intuition
applies under symmetric price functions when the demand shock distribution is skewed.

A similar hedging incentive appears in agriculture markets (e.g., McKinnon (1967),Rolfo
(1980), Hirshleifer (1988)). Farmers face market level output shocks that are correlated
with their own production, for example favorable weather conditions boost everyone’s yield
simultaneously. These shocks induce a negative correlation between price and output through
the downward sloping demand curve which creates an incentive for farmers to under-hedge
their production. In electricity markets, Borenstein (2007) is, to our knowledge, the first
paper to highlight this buyer-side hedging incentives. He shows that when an electricity

buyer’s load is positively correlated with spot prices, fixed-quantity forward contracts can



make it optimal to hedge more than expected demand. ® Conceptually, we show that the
buyer-side over-hedging motive emphasized by Borenstein (2007) can overturn the standard
pro-competitive benchmark for vertical integration in Bushnell et al. (2008) once forward
positions are treated as endogenous.

A natural question is why perfect insurance does not exist. In electricity markets, com-
plete load-following contracts are largely absent from centralized trading.® They may be
negotiated bilaterally, but they are not standardized or liquid, and an industry report notes
that such products are not traded in any North American market (Alberta Utilities Com-
mission (2018)). A key barrier is asymmetric information. Delivery must condition on the
buyer’s realized retail demand, which is private, limiting wide trade. Practical frictions re-
inforce this. Load-following contracts receive unfavorable accounting treatment, and risk
sharing requires counterparties (or intermediaries) willing to absorb correlation risk, credi-
ble information-sharing to verify demand, and strong default safeguards such as collateral.
These costs make centralized market design costly and keep trading thin.

We use our model to derive theoretical predictions on the equilibrium forward contract
positions in four different scenarios that vary the type of contracts available and whether
firms face strategic or risk-hedging incentives. We find that with strategic incentives only,
both integrated and generation-only firms have similar (short) forward positions. Under risk
aversion, the generation only firm takes a short position but the integrated firm over-hedges
their retail demand. With load following contracts in either strategic or risk-hedging case,
both integrated and generation firms take similar short forward positions.

Guided by these predictions, we study the five largest firms in the Alberta electricity mar-
ket: four generation-only firms and one vertically integrated firm using unit-hour auction
data. Several features make Alberta a well-suited environment for this analysis. The whole-
sale market clears through a single hourly uniform-price auction, generators do not receive
any capacity payments, and an active exchange-traded forward market operates alongside the
wholesale market. We first measure spot-market competition directly, computing markups

as the wedge between bid prices and engineering marginal costs. Consistent with our theory,

SRelated hedging motives arising from skewness in the distribution of equilibrium prices have also been
documented in Bessembinder and Lemmon (2002), who analyze a period where forward contracts were
much less widely traded, so the paper focuses on imperfect arbitrage rather than imperfect spot-market
competition.

6Tn industry and regulatory practice, these contracts are also sometimes referred to as full-requirements
or full-load contracts.



we find that prior to the introduction of load-following contracts, the vertically integrated
firm exhibited the highest markups. Following the introduction, markups declined for the
vertically integrated firm but not for generation-only firms. To isolate the role of forward
contracts in driving this change in markups, we estimate forward positions, controlling for
confounding factors such as generation portfolio composition and demand elasticity. Un-
der the standard benchmark, netting out retail obligations would imply that the vertically
integrated firm has the shortest net spot exposure. In the data, however, the vertically
integrated firm bids least competitively and holds the longest forward position, consistent
with the model’s risk-hedging mechanism. After load-following contracts are introduced,
the firm’s long hedging position declines substantially while those of generation-only firms
remain stable, and its bidding behavior becomes markedly more competitive, consistent with
the model’s predictions.

Using the model, we quantify the welfare implications of the interaction between vertical
structure and risk hedging. When only standard (price-only) forward contracts are available,
vertical integration increases average wholesale prices by 4.05 CAD/MWh (approximately 5
percent), raising consumer costs by approximately 332 million CAD per year and generating
total welfare losses of 39 CAD million per year. However, introducing more flexible contracts
reduces wholesale prices by 2.8 CAD/MWh, lowering consumer costs by 233 million CAD
per year and producing total welfare gains of 35 million CAD per year. These results indicate
that the adverse effects arise from the interaction between vertical integration and contract
incompleteness. This implies that vertical integration is not, by itself, the sole source of the
welfare losses. Instead, the losses reflect limitations in the contracts available in forward

markets and can be mitigated by increasing contract completeness.

2 Institution and Data

We focus on Alberta, which has several attractive features for our analysis. The market is
quite concentrated, there is a single vertically integrated firm among the dominant gener-
ators, bidding data are widely available, and we observe the market before and after the
introduction of novel forward contracts that provide better protection against quantity risk.
We combine several datasets on Alberta’s electricity market from 2018-2021. First, we use

data from the Alberta Electric System Operator (AESO) on hourly price and quantity bids



for all generation units, asset ownership, and realized market demand. We also use AESO
metered-volume data to observe the vertically integrated firm’s hourly retail load. We com-
bine this with data from Brown et al. (2023) on the marginal costs of generation units.
These are estimates of the hour-specific marginal costs for each plant, constructed using in-
formation on gas prices, taxes, and heat rates. Finally, we leverage forward contract pricing

information from Olmstead and Yatchew (2025).

2.1 Electricity Spot Market

The wholesale electricity market in Alberta is a single real-time hourly uniform-price multi-
unit auction. There is an ancillary services market to match short term fluctuations but there
are no day-ahead or capacity markets. Generators submit bids in the hourly-auction as step-
functions. That is, each generator provides a set of up to seven price, quantity pairs at which
they are willing to supply electricity. The price they quote must be in $[0,999.99]/MWh and
the generators must provide quotes for all available capacity (i.e., the largest quantity must
equal the capacity). The AESO sorts the bids by price to construct an aggregate demand
curve. In each minute of the hour, there is a system-marginal price, the most expensive bid
that is used to clear the market. All bids with prices below this market clearing price are
dispatched. Participants are paid the pool price, the time-weighted average of the system
marginal price within the hour for all units dispatched. The generation market in Alberta
has no location marginal prices. The AESO plans transmission investments according to
a no-congestion standard, ensuring sufficient capacity to provide reasonable access to all
in-merit generation (AESO (2022); Wolak (2015)). Consistent with this policy, the Market
Surveillance Administrator reports that constrained-down generation accounts for only 0.2%
of total load, with congestion arising primarily from discrete planned or forced transmission
outages rather than insufficient baseline capacity (MSA (2014)).

The market is quite concentrated, with four large firms making up 48% of the generation
capacity (see Table 1). These large firms are TransAlta, ATCO, ENMAX, and Capital
Power. There is also a competitive fringe consisting of 38 smaller firms MSA (2018). Finally,
there are bids from the balancing pool, a government entity which manages assets that were
subject to divestiture at the time the electricity market underwent restructuring Brown et al.

(2023).7 Alberta has limited interconnection with other Canadian provinces and the United

"Around 2000, generation assets were divested via power purchase agreement (PPA) auctions to reduce



States. The total transmission import capacity is around 1100MW, and net imports account

for only about 5% of Alberta’s demand AESO (2022).

Table 1: Summary Statistics

Variable Mean  Median SD Min Max
Panel A: Hourly Market Data

Pool price (CAD/MWh) 63.46 35.07  106.74  0.00 999.99
Total dispatched (MWh) 8340 8369 829 5855 16506
Gas dispatched 4812 4754 631 2982 9366
Coal dispatched 2609 2597 788 866 6168
Wind dispatched 583 489 448 0 3299
Hydro dispatched 176 147 102 34 636
Solar dispatched 17 0 47 0 302
Other 143 147 24 52 338

Panel B: Monthly Retail Consumption

Total (GWh) 3964.36 3936.31 241.06 3540.89 4472.95
Vertically integrated firm 1346.47 1380.16 152.15 1046.43 1625.39
Panel C: Market Share

3 Generation-only large firms 39% of total capacity

Vertically integrated firm 9% of total capacity

Notes: Sample from 2018 to 2021.

Alberta has a competitive retail market, where firms offer both fixed or variable rate
contracts. The variable rate options make up a small share of consumer demand.® There
is also a default option available to all consumers, at a price determined by the regulator.
This option serves roughly 40-50% percent of households. During the period of the study,
the default option had a variable (monthly) price, depending on forward market and whole-
sale electricity prices based on a formula determined by the regulator MSA (2015) meant to

capture costs. This limits the ability of firms to charge markups on their other plans. Ap-

concentration. The auctions offered 6250MW of coal and gas capacity (roughly 64% of the market at the
time). The unsold PPA capacity from these auctions (roughly 2000MW) was transferred to the balancing
pool, and the government managed these assets Brown et al. (2023).

81f retail prices are equal to spot prices, then the risk is transferred from the retailer to households. Partial
pass-through occurs in some markets in Europe: e.g., PVPC prices in Spain are based on a combination of
spot and futures prices and in EDF Tempo France uses a coarse set of consumer prices based on spot market
prices. This reduces risk and may affect retailers’ hedging.

9



proximately 80% of retail electricity demand is non-residential with 61% from large industrial

consumers MSA (2015).

2.2 Forward Markets

There is an active financial market for electricity futures in Alberta. The main trading plat-
forms are the Natural Gas Exchange (NGX) and over-the-counter broker markets (MSA,
2010). On NGX, contracts are quoted and traded anonymously, and NGX acts as a clear-
inghouse that assumes counterparty risk. As with many financial exchanges, this is possible
because NGX requires participants to post margin. Since these contracts are standardized
and centrally cleared, participants can easily offset a forward position by taking on a new
position in the opposite direction.

The most commonly traded forward contract is a spot-forward. These are also referred
to as contracts for difference. To settle the contract, one party pays the other the difference
between the agreed upon price, and the hourly pool price for the contract period. There
are both flat forwards (covering every hour, each day in the contract period), as well as
on-peak, off-peak, extended peak, extended off-peak and super peak contracts which provide
some variation in the set of covered hours. Monthly, quarterly, and yearly flat contracts are
most common. Monthly contracts account for 40% of the market, quarterly contracts for
approximately 25%), and annual contracts for the remaining 35%. Participants in the forward
market include not only generators and retailers, but also financial intermediaries and hedge
funds. Financial participants and electricity firms each comprise roughly equal shares of
total market activity MSA (2010).° These features, especially the exchange trading, and

high participation of financial participants suggest that the forward market is competitive.

2.2.1 Testing for Arbitrage

Since our theoretical model assumes no arbitrage between the spot and forward markets, we
begin by empirically verifying that this condition holds in the data. Following Longstaff and
Wang (2004), we test whether the mean of the difference between spot and forward prices is

zero. A histogram of the price differences is presented in Appendix Figure 7. The average

9Jha and Wolak (2023) provide evidence that introducing purely financial participation in California’s
wholesale electricity market improved agreement between day-ahead and real-time prices and reduced pro-
duction costs, suggesting that financial participants can play an important role in improving forward market
efficiency.
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difference is -2.22, but the (heteroskedasticity and autocorrelation consistent) standard error
of the estimate is 2.87, yielding a p-value of 0.44. Olmstead and Yatchew (2025) provide a
different test of the unbiasedness hypothesis. If p{ a7 18 the forward price at time ¢ for delivery
in month M, and pj, the spot price in month M, and unbiasedness requires 5y = 0, 5; = 1 in
the regression p3; = 8o + f1 (5 ZpiM) + €. They do not reject the null on the full sample:
Bo = —0.02(6.41) and Bl = 1.02(0.09), yielding a p-value of 0.855, suggesting unbiasedness,
which implies no arbitrage. However, in some sub-samples far before the contract is delivered
they find evidence of larger slopes, and negative intercepts. This does not imply a violation
of arbitrage, since it may capture price discovery, if prices far ahead are compressed towards

the unconditional average, because relevant information has not yet arrived.

2.2.2 Load-Following Contracts

Part way through the sample period, the regulator authorized the introduction of a new type
of forward contract into the regulated procurement process. This new contract pays the spot
price minus the contracted price (like the contract for differences) but this time instead of
being a contract for a fixed quantity, this price gap is paid on the realized retail demand of
the firm on which the contract is written. This change was motivated by a desire to replace
the administratively determined risk compensation component of the regulated retail price
with a competitively determined, market-based equivalent. Specifically, any consumer not
on a competitive electricity plan is served by the regulated option. Prices for this are set
at a procurement cost, reflecting forward market prices, plus a small markup to the retailer
for their servicing costs. In each region of the province one retailer acts as the provider of
the regulated option plan. The government imposes many requirements on this plan, setting
prices, and forcing the retailers to follow an agreed upon hedging strategy in their Energy
Price Setting Plan (EPSP) which must be approved by the Alberta Utilities Commission
(AUC) through regulatory proceedings approximately every three years.

The retailer developed the contract form and auction design with outside consultants, but
the regulatory framework governing the process, the adversarial public proceeding, and the
regulator’s ongoing oversight of auction integrity were all essential to its adoption. Initially
this move was lead by EPCOR, another large retailer (which is not vertically integrated).
EPCOR transitioned to using load following futures, sold at auctions in 2018. The vertically
integrated retailer followed, with the first auction held in September of 2020 for delivery in

11



December (see e.g., Brown et al. (2022)). As in the spot forward market, financial traders
play a substantial role in the load following auctions submitting around 40% of all bids for
load following contracts Brown et al. (2022).1°

There were several frictions that made the adoption of these contracts difficult, and which
may explain why despite success in centralized procurement auctions they did not arise alone
in the market. First, these contracts transfer large financial risks onto the financial players
(since prices and quantities are high on the same day) requiring larger margin/collateral be
kept by the market maker or inducing substantial counterparty risk if contracted bilaterally
NERA Economic Consulting (2019). Second, these products transfer larger risks to the
firm and that may change the set of firms interested in supplying the product. Third, these
products contract on the retail demand of a firm. This information is the private information
of the firm and may be subject to manipulation without some trusted verification system
NERA Economic Consulting (2019). Fourth, these products require good data and different
modeling ability and may be complicated to price (e.g., Beblow (2017)). Fifth, because the
market is still not liquid unlike a standard forward contract these contracts are difficult to
unwind (one cannot simply go to the exchange and purchase an offsetting position in the
other direction).

Finally, another friction that may have limited the adoption of these contracts is account-

ing treatment.!! As a result of accounting treatment, the LFFC’s fair value changes flow

10The role of financial traders in both forward markets may seem surprising given that generators may
impact the settlement price by their behavior in the spot market. However, it is consistent with arguments
in Allaz and Vila (1993) where traders play an active role, despite the fact that generators strategically
manipulate quantities to impact the spot market price.

Under accounting rules, including ASC 815 in the United States and IFRS 9 or ASPE Section 3856
in Canada, derivative contracts must be marked to market at fair value KPMG (2022). A power contract
may qualify for an exemption from fair-value accounting if it is physically settled, whereas a financially
settled contract generally does not. Under the “normal purchases and normal sales” election in ASC 815,
the IFRS “own use” scope exemption, or the analogous ASPE exemption, a contract may be exempt from
fair-value treatment if it results in actual delivery KPMG (2024); BDO Canada (2024). Since the retail
sales a retailer would be hedging sit on accrual, the LFFC creates a mismatch that introduces earnings
volatility. A standard swap is also a financial contract and is denied the physical exemption, but since its
notional quantity is fixed, it can be designated against a specific set of forecast purchases and qualifies for
hedge accounting. This allows gains and losses to be deferred until the offsetting transactions are recognized,
rather than flowing immediately through net income. Because the notional volume of an LFFC varies with
realized load, applying hedge accounting may be difficult. The retailer must designate sufficiently specific
and highly probable forecast purchases in terms of quantity and timing, rather than simply designating a
percentage of whatever load is realized. Consequently, some or all of the LFFC may not qualify for hedge
accounting. PwC (2022, 2026); BDO Canada (2023).

12



directly through net income, while a standard swap’s are deferred until the hedged purchases
are recognized. This means that LFFCs induce substantial volatility in earnings. While the
accounting rules apply in Alberta, the retailers that purchase LFFCs are not publicly traded
and so may be less sensitive to earnings volatility than a typical retail company. Instead,
their primary concern is appealing to debt-holders, who primarily evaluate their ability to
repay using measures like adjusted EBITDA or funds from operations, that are less sensitive
to the earnings volatility induced by LFFCs than measures like earnings per share, which
are important to typical equity investors. This does not eliminate the relevance of such
volatility, but it may make it less important for these retailers than it would be for firms
whose equity investors closely monitor reported earnings.

Similar demand-shaped forward contracts have also been proposed for long-term re-
source adequacy in markets with significant intermittent renewables, for their ability to
discourage the exercise of unilateral market power when realized demand exceeds forecasts
(Wolak (2022); Thurber et al. (2022); Shaffer and Wolak (2024)). In addition, in several
electricity markets including Pennsylvania, Ohio and New Jersey contracts variously called
full-requirements, full-load, or provider of last resort are sold via regulator-run auctions to
procure energy for consumers on a regulated default plan. In the auction, the bidders com-
pete on retail prices, at which they agree to serve a share of retail demand. These contracts
allow generators to lock in prices for a fixed share of realized retail demand (transferring
quantity risk to the generator), similar to the sale of a LFFC. However, these contracts
require physical delivery and often transfer additional risks, such as capacity-market and
transmission costs, to the supplier. Moreover, because they are designed solely to procure
default-service supply, rather than as symmetric financial instruments, retailers cannot use
them to take flexible long or short hedging positions (see LaCasse and Wininger (2007), de
Castro et al. (2008), Loxley and Salant (2004), Dormady et al. (2025)).

3 Simple Model

This section presents a simple model of optimal forward positions in swaps and load-following
forward contracts (LFFCs) for producers and vertically integrated (VI) firms. The goal is
to build intuition by isolating the main economic forces—strategic incentives and risk-based

hedging—cleanly and separately. We combine both incentives in a richer quantitative model
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in Section 5. We present four results, all proofs are in Appendix A. The first and second
results solve for the optimal behavior under only strategic and risk-based hedging respectively
in a market with swap contracts only. The third and fourth results repeat the same exercise,
with load following contracts instead of swaps.

First, we analyze a model with only strategic behavior (i.e., risk neutral firms and im-
perfect competition in the spot market). Producers choose forward positions that commit
themselves to larger spot-market quantities (as in Allaz and Vila (1993)). The integrated
firm uses forward contracts to replicate the production-only firm’s net spot-price exposure,
(but at a different contracted quantity, since its retail obligations already offset part of its
production exposure).

Then we analyze a model with only hedging incentives (i.e., risk averse firms, and a
competitive spot market). The production-only firm takes a forward position equal to their
expected production plus a small additional hedging term. On the other hand, the integrated
firm hedges their retail position. Optimal hedging may differ from expected retail demand
because retail profits are spot prices (which depend on the demand shock) times the demand
shock, while swap forward payouts are spot prices times a constant, so swap forwards cannot
perfectly insure retail profits. If demand uncertainty is right-skewed, or if prices are convex
in demand, then the integrated firm can increase their payments in the high-price states
where they would otherwise face large losses, by choosing a forward position that covers
more than their expected retail exposure.

Finally, we analyze both models again, incorporating a flexible forward contract that
adjusts to retail demand. In the model with strategic behavior, introducing load following
contracts causes a small change in positions. However, in the model with risk hedging, the
introduction of load following contracts reduces the short position of production-only firms,
so that the integrated firm and production only firm have similar exposure to spot-market

prices.

3.1 Model Setup

We consider a two period model with two strategic players, a generation-only firm (G) and
a VI firm (V). In the first period, players trade forward contracts based on the prices of
electricity in the second period. In the second period, players choose production quantities.

In period 1, agents face uncertainty over the residual demand state, which is resolved in
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period 2. We assume forward markets are efficient: the perfect arbitrage condition holds,
so expected forward profits are zero (a single risk-neutral speculator would deliver this).
Retail demand is exogenously determined. The VI firm serves exogenous retail demand
¢y, = 0 + e, where 0 is average retail demand and e is a mean-zero retail demand shock. To
simplify, we assume the retail demand shock is proportional to the system demand shock:
e = fPe. However, in Appendix A we prove more general forms of these results without this
assumption. Following Bushnell et al. (2008), we assume that expected retail profits are
zero, with retail prices p} adjusted to reflect expected wholesale prices and retail demand.!?

Throughout this section, f; denotes firm ¢’s forward position. Swap forward contracts pay
(p” — p*)fi, where p* and p/ are the spot and forward prices. Therefore f; > 0 corresponds
to forward sales (a short position for which the firm receives a fixed price in advance and
pays the spot price) and f; < 0 to forward purchases (a long position for which the firm
pays a fixed price in advance to receive the spot price). Subscripts "N” and ”A” denote the

risk-neutral and risk-averse cases, respectively.

3.2 Strategic Incentives and Swap Forward Contracts

Spot Market Equilibrium. In the second stage, firm ¢ chooses production ¢; in the spot-

market to maximize profits:

L = pig; —p°q; + p°a; — Cila)) +p' fi = 0°f;

TV ' Vv
Retail Profit Generation Profit =~ Forward Profit

where Ci(qi) = big;i + ;,: denotes total costs.'”® Following Allaz and Vila (1993) and

Bushnell et al. (2008), retail quantities (¢}) and prices (p}), and forward quantities (f;) and
prices (p/), are sunk at the time production decisions are made and therefore drop out of

the optimization over output. The maximization problem thus reduces to:

mqax —p°q; +p°qi — Ci(qi) — p° fi

7

12Tn Appendix B we show how retail rates relate to expected spot, swap and load following contract prices.

13A generation-only firm corresponds to the special case g7 = 0.
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The first-order condition is:

op®
ps_Cg(Qi):(Qi_fi_qn'(_ )
N - J/ N _ J/ aql
Markup Net position
This condition illustrates the standard argument for why forward contracts and vertical
integration are pro-competitive. A firm’s incentive to raise the spot price is determined by
its net spot exposure: the smaller this exposure, the smaller the markup. Forward sales and
retail obligations both reduce net spot exposure, and may even drive it negative, in which
case the firm would prefer to push spot prices below competitive levels. The key question is

therefore how forward positions are determined in equilibrium.

Residual demand in the second-stage production game is:

p'(Q,e)=a+e—Q and Q(p°,c)=a+e—p°

where () denotes aggregate system-wide quantity, a is average system-wide demand, and ¢ is
a mean-zero random demand shock with variance 2. Demand is inelastic, but the duopolists
face a downward-sloping residual demand because fringe suppliers produce as long as price
exceeds their marginal costs.

Forward market equilibrium. In the first stage, both firms take into account both
periods. By backward induction, equilibrium quantities g, ¢, and the spot price p® at the
production stage are functions of fs and fi,. With swaps, the contract quantities fo and fy

are non-random, and the first-stage problems are:

Generator: ?aXE [psqg — Calgs) + (pf — ps)fG,N]
G,N

VI: maxIE[p(/q(/ —pq +p°qy — Cv(gy) + (pf — ps)fV,N}

fa,N
For technical simplicity, consider the case of a symmetric cost technology ( i.e., bg =

by =0, k¢ =ky = k), with 0 < b < a and k > 0.

Result 1 (Strategic Incentives with Swap Contracts). The equilibrium swap forward posi-

tions are:
* k2 * *
fG,N:—5k2+5k+1(a_b)7 fV,N:fG,N_Q
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Allaz and Vila (1993) (Proposition 2.3) is a special case of this result, which imposes
constant marginal cost (kK — 0o0) and generation-only firms (¢}, = 0).

Since the two firms make strategic commitments to earn markups on production, and
since they share the same cost function, the equilibrium net positions are identical in ex-
pectation across the generator and the VI firm. To obtain the same position, the VI firm
reduces its forward position relative to the generation-only firm by exactly its expected retail
quantity (i.e., f& y = fy.x + Elgy;] > 0). Therefore, the forward market continues to deliver
the improvement in competition over the one-period Cournot game highlighted by Allaz and
Vila (1993). The result also tells us that conditional on equilibrium forward market behavior,
vertical integration has no effect on the level of spot market competition (net pre-committed
quantities match those implied by the generator-only game). As a result, VI is neither pro

nor anti-competitive in this setting.

3.3 Hedging Incentives and Swap Forward Contracts

We now consider firms that use forward contracts solely as hedging instruments. To eliminate
strategic commitment, we adopt the extreme assumption that both firms are price takers

and that the spot price clears the following exogenous demand:!

Qe) =a+e.

Under the price-taking assumption (Z—I: = 0), the first-order condition at the production

stage yields:

oll;
0g;

=p°—Cl(¢;) =0 < ¢;=k(p°—b) fori=G,V

Equating total production to total demand gives a+¢ = 2k(p®—b), so the market-clearing
spot price and equilibrium quantities are:
s ate a-+e¢ a+e

p— b * pr— * p—
p 2]€ + ) qG 2 ) qV 9

We assume the risk averse firm has mean-variance utility E[II;] — A\;Var(II;). This provides

4While it is an important simplification of wholesale electricity markets, this assumption is standard
in the finance literature on risk hedging (see Bessembinder and Lemmon (2002)) and greatly simplifies the
analysis of how hedging incentives determine forward positions.
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a tractable approximation to CARA utility, which we use in the empirical model. Expected
profits E[II;] do not depend on f;, since production-stage outcomes ¢, ¢i-, p°* are independent
of fo and fy. As a result, the firms’ sole concern is risk reduction, and they minimize profit

variance:

Generator: min Var [psqg — Colg) + (' — ps)fG,A]

fa,a

VL min Var [p@qﬁ - Pqy + 0y — Cvlqy) + (0" — ps)fV,A}

Result 2 (Hedging Incentives with Swap Contracts). The equilibrium swap forward positions

are:

E[e’] Ele? - Be]
Je.a lqc] + 1B ; Jva® féa B[]
——
Incomplete generation hedge Incomplete retail hedge

The generation-only firm chooses a hedge larger than its expected generation. The firm’s
profit depends not only on its net spot quantity but also on its generation costs. Because
those costs are convex in output, profit is curved in the demand shock in a way a linear
forward cannot neutralize, so the firm buys additional forwards to insure against the residual
curvature it cannot hedge directly.

As in Result 1, the VI firm reduces its forward position relative to the production only

firm by its expected retail quantity. However, in this setting the VI firm reduces its position

further by ]E][Eiff] > 0, an e2-weighted average of the retail demand shock fSe.

The difference is due to the optimal hedging of retail demand using swap contracts that
provide incomplete insurance. To understand the retail hedging, focus on the retail cost and
forward contract terms in the integrated firms problem i.e., —p*(¢)qi-(¢) + (pf — p*(€)) fv.a.
In the retail cost term, p*(g)q{, (¢), spot market prices (which depend on the residual demand
state in equilibrium) are multiplied by the residual demand shock —which shifts ¢{, (¢) directly.
However, there is no analogous higher-order interaction with the residual demand shock in
the contract payout term (p/ — p*()) fy 4, where prices are multiplied by the same constant

in all demand states. This means swap futures do not perfectly insure the price times shock

component.
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Imposing the linear forms from the simple model, the retail exposure is p*(¢)(0 + fe) and
the futures payoff is (p/ — p*(e))f. If the firm chose f = 6, the firm fully offsets the p*0
variation with their contracts but they are left with p*(¢) - fe. This residual term, involves
the spot price p* multiplied by residual demand shocks, whereas in the futures payoff, p° is
only multiplied by a constant f. This means that if € has a skewed distribution or p*(¢) is
asymmetric in € (say from convex costs due to the production technology), then the firm
can reduce risk by distorting their forward position away from the expected retail demand.

Figure 2 illustrates the retailer hedging incentive. FEach line in panel (a) represents the
retail arm’s payoff T = p"q¢" — p*q” + (p —p*) f for a given forward position f, plotted against
realized market demand (@) on the horizontal axis. Since we assume the retail price equals
the expected procurement cost, all payoff profiles share the same expected profit; the curves
differ only in how payoffs are distributed across states. Panel (b) shows the spot price implied
by the supply curve, p*(Q) alongside the density of demand. Because demand is inelastic,
each demand draw maps to a unique point on the supply curve (red line). The convexity
of the supply curve means that prices fall only slightly when demand is below average but
rise dramatically in high-demand states. This pattern is typical of electricity markets and
produces a similar right-tailed effect on retailer profit to the skewness in residual demand
states used in the simple model.

Consider, for example, a high-demand realization of () = 10137 MWh, where the spot
price is p* = 883. With no forward positions (f = 0, blue dotted line), the retail arm
loses 2.56 million CAD in a single hour; with forward positions equal to expected demand
(f = —FE[q"] = —2405, purple solid line) the loss falls to 0.53 million CAD; and the variance-
minimizing forward position (f = f* = —2983, green dashed line) reduces it to just 0.04
million CAD. The zero line represents perfect insurance, which occurs when the forward
position exactly matches retail demand (f = —¢").

The swap contract must be purchased before demand is realized and does not allow the
retailer to adjust their forward position to the realized demand state. Without hedging,
profits fall sharply with demand: high demand coincides with high wholesale prices, gener-
ating large losses in precisely the states that matter most for a risk-averse retailer. If the
retailer sets their forward position equal to negative expected retail demand (f = —E[q"]),
their uninsured payoffs are largest in the high-demand states, and they could reduce their

risk by choosing a more negative forward position (to increase payments in the high-demand
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states). The optimal forward position therefore is to choose a f < —E[¢"]. Taken together,
the figure illustrates the paper’s central mechanism: with right-tail asymmetric exposure to
demand shocks, the retailer can reduce their payoff risk, by choosing f < —E[¢"] to improve

their payouts in the states where demand and prices are both high.

(a) Profit (b) Spot Price & Demand Distribution
05
800 | ,,/\/\ 4 0.0004
00 i /f \
/ \
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Figure 2: Retailer Payoff Profiles Under Alternative Hedging Strategies

Notes:This figure illustrates the retail hedging incentive in two panels. Panel (a) plots the retailer’s
profit across demand realizations for three forward positions: no hedging f = 0, hedging expected
demand (f = —E[¢"]), and the variance-minimizing position (f = f* < —FE[q¢"]). To generate
realistic price and demand patterns, we draw 8760 hourly net demand observations (demand
minus renewable production) from a single year. The zero line represents the perfect hedge
(f = —q"), where the forward position exactly offsets the retailer’s own demand, eliminating all
profit variability. Panel (b) shows the convex supply curve p*(Q) (from the bids made in the
first hour of the first day in 2018) alongside the distribution of demand. The convexity of the
supply curve creates asymmetric exposure across demand shocks: losses in high-demand states
(where both price and unhedged quantity are large) exceed gains in low-demand states (where
spot prices are low and close to the forward price). Optimal hedging reduces profit variance by
loading additional forward payments into high-price, high-quantity states, providing insurance
precisely when procurement costs are most severe.

It is tempting to expect that a vertically integrated firm with equal retail and generation
positions would have no incentive to hedge, since its net physical spot quantity is then
constant across states. But this ignores generation costs: because high-demand states raise
both revenue and costs, the convexity of costs already partially offsets the curvature of
generation revenue, so net generation profit is less convex than revenue alone. With equal
positions, the retail-side exposure more than offsets this reduced curvature, leaving profit

concave in demand shocks. The VI firm therefore still faces residual risk and over-hedges.

1

In this example, the swap insures perfectly only at 8 = 7, where retail curvature exactly

offsets the curvature of generation profit net of convex generation costs.

20



3.4 Load Following Contracts

The preceding analysis showed that swaps cannot hedge all risk factors in electricity markets.
In particular, retail quantity risk and the correlation between price and quantity risk remain
unhedged. A natural question is: what are the effects of introducing more complete forward
contracts? Specifically, how do contracts whose quantities adjust to realized demand affect
equilibrium forward positions?

In a standard swap, the payment is (p/ — p®) - f, where p/ and f are fixed in advance. In
this section, we analyze equilibrium contract positions, with load-following forward contracts
(LFFC), that pay (p/ —p®)-lq", where p/ and [ are fixed in advance while p* and ¢" are realized
at the production stage. Setting [ = 1 yields the perfect hedge for the retail exposure depicted
in Figure 2. This contract is not merely a theoretical construct: it was recently introduced
in the Alberta electricity market and other markets in North America and Australia have
begun adopting similar instruments (Brown and Sappington (2023)).

Strategic Incentives and Load Following Contracts. We first consider risk-neutral
firms under imperfect competition with residual demand Q(p®, ) = a+e—p®. The production

game is equivalent to the swap model. In the first stage, the two firms solve:
Generator: IlIlaXE [psq*G — Calgs) + (pf — ps)lG’quV]
G,N

VI: %%VX]E[prvq(, —p'qy + P’y — Cvigy) + (' — ps)lv,NQ(/}

Result 3 (Strategic Incentives, Load Following Contracts). The expected equilibrium LFFC

forward positions are:

2 o 1\R2.2 2
Ellinay] = fi i la=b)Fo" +050 fori=G,V

N BE Bk 1 02 + (202

As in Result 1, equilibrium net positions are identical across the generator and the VI
firm. The second term captures the difference between swaps and LFFCs. To build intuition
for this comparison, suppose further that the retail demand shock co-moves with system
demand proportionally to its mean level: 8 = £. ' Then, we obtain E[lgnqj] ~ fiy to a

first-order approximation. As a result, swaps and LFFCs yield nearly identical positions in

15We consider a more general error structure, and provide full proofs of the results, in Appendix A.
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equilibrium.

Risk Hedging and Load Following Contracts. We next consider risk-averse, price-
taking firms with residual demand @(¢) = a+e¢. The production game is again equivalent to
the swap model. Since production-stage outcomes are independent of I 4 and Iy, 4, expected

profits do not depend on the LFFC positions, and firms minimize profit variance:

Generator: gnin Var [psq*c — Calqh) + (pf — ps)lG,Aq‘C}
G,A

VI: rfvlif Var [p@q’"v —p*qy +p°qy — Cv(qy) + (0 — p““’)lv,Aqrv]

Result 4 (Risk Hedging with Load Following Contracts). The ezpected equilibrium LFFC

forward positions are:

T * * ]E 82 : /88 T * *
Blloadh] ~ foa-Blitl pgra s Bllvasi] ~ fia=0-Elgd

E[e?- 55]+ Ele®- Be]  E[e?- fe]
O E[e?] . E[e?] o E[e?] )

' NV
Correction Incomplete-hedge

The key insight is that LEFCs exactly correct the adjustment to retail hedging for swap
incompleteness identified in Result 2. By replacing f, which was constant across states,
by Iy aqy,, these contracts introduce the missing interaction term into the forward contract,
allowing contract payoffs to vary nonlinearly with demand shock. This has two important
implications. First, the hedging adjustment driven by contract incompleteness is eliminated.
Second, whereas the VI firm’s forward position was below the generator’s in the swap case
(Result 2), under LEFCs the two firms’ precommitted quantities are approximately equal in

expectation (E[lg aqi] = Ellv.aq)] + Elq}/]).

3.5 Discussion of Results

Results 1 through 4 characterize equilibrium forward positions under alternative assump-
tions about risk preferences and market power. Figure 3 illustrates equilibrium net spot
exposure (production less the retail position and equilibrium forward positions) separately
for the strategic commitment case in panel (a) and the risk-hedging case in panel (b). Net
spot exposure determines whether a firm has an incentive to raise or suppress the spot price.

Blue circles represent the generator’s net spot exposure; red squares represent the VI firm’s.
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Arrows indicate the shift from optimal swap to optimal LFFC positions. Under risk neutral-
ity with market power (panel a), both firms have identical positive net spot exposure under
swaps. The impact of LFFCs is negligible and enters only at second order.

Under risk aversion (panel b), the generator’s net spot exposure remains below E[g*|
with swaps, but the VI firm’s may lie above or below E[¢*] depending on the magnitude of
the retailer hedging. Risk-averse generators and VI firms hold different net positions: the
incomplete-hedging term drives a wedge between them, pushing the VI firm’s forward posi-
tion below the generator’s position. LFFCs correct this wedge, moving both the generator
and the VT firm toward the same net position, as shown in panel (b).

These results suggest potential anti-competitive effects arising from the interaction be-
tween vertical integration and contract incompleteness under imperfect competition. The
VI firm may substantially increase their net spot exposure due to their incentives to hedge
retail risk, creating an incentive to raise spot prices. However, LFFCs can correct these
adverse effects. One may wonder whether these results extend to the case where strategic
and risk-based hedging are present simultaneously. In Appendix E, we empirically solve the
structural Cournot model with risk-averse players and show that all these results continue
to hold.

Figure 3: Graphical illustration of theoretical predictions

This figure plots the net exposure for the generator only firm (blue) and VI firm (red). The left panel
shows the position under strategic commitment only. The right panel shows the position with risk-hedging.
The E[g*] is the expected optimal production (and differs across the two panels). It also differs within the
two scenarios in the left panel, however the change in hedge positions are small and so are the changes in
production. The arrows show the change from the introduction of LFFCs.

Net spot exposure (net seller)  Net spot exposure (net seller)

® (enerator
El¢*] —+ = VI firm Elq*] —

E[e?-Be]

Over-hedge: e

¢/t ! Small change

0 - 0 3
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(a) Strategic commitment (b) Risk-hedging
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4 Empirical Evidence

In this section, we investigate contract positions and mark-ups of firms in Alberta, before and
after the government initiated the load following forwards market. Our theoretical analysis in
the previous sections, predicts that the integrated firm should over-hedge their retail exposure
when only standard forward contracts are available. When the firm over-hedges, they would
then have incentives to charge large markups in the spot market. After the introduction of
load following contracts, the integrated firm should take a much smaller forward position
and charge mark-ups similar to the other producing firms in the spot market.

We perform two exercises to verify these predictions. First, we analyze mark-ups over
engineering estimates of generation unit-level marginal-costs from Brown et al. (2023). This
allows us to test the model predictions about changes in mark-ups around the introduction
of the new contracts. Second, since forward positions are private information of firms, we
introduce a structural model of bidding, similar to Reguant (2014) and Hortagsu and Puller

(2008), to back-out the forward position that rationalizes the observed bidding behavior.

4.1 Mark-up Trends

In July 2020 the Alberta Utilities Commission approved a new hedging strategy for the
regulated rate option offered by the integrated firm, which involved holding auctions for
load-following forward contracts that provided quantity insurance. The first auction was
held in September 2020, for contracts with delivery in December 2020. Our theoretical model
predicts that the introduction of these contracts removes the incentive of the integrated firm
to over-hedge their retail exposures and as a result will reduce the markups that they offer
in the market.

Figure 4 plots quantity-weighted average markups (bids less engineering cost estimates)
for each unit across the two periods. Panel (A) shows markups over all available quantities,
while Panel (B) focuses on markups for cleared (dispatched) quantities. The results for
the integrated firm are striking. They go from being the firm with the largest markups to
charging the smallest markups. This is consistent with the theoretical predictions that the
introduction of these contracts reduced over-hedging by the integrated firm, reducing their
optimal markups. Perhaps surprisingly, the other firms increase their markups somewhat.

This pattern is driven by changes in the generation capacity controlled by the generation-only
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Figure 4: Engineering Markups

This figure plots the average markups (bid price minus engineering marginal cost) weighted by quantity.
Panel (A) shows markups for all available capacity offered, while Panel (B) shows markups for dispatched

capacity only. Marginal cost estimates are constructed following Brown et al. (2023).
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firms. Appendix Figure 8 plots the marginal cost curves of the four large firms separately
for 2018-2020 and 2021. The differences reflect the expiration of the PPA agreements,
which expanded the set of assets controlled by the generation-only firms but not by the
integrated firm.1® In 2021, there was also higher demand, including new all-time records in
the summer and winter due to extreme weather events and some untimely outages Alberta
Electric System Operator (2022).

Although these markup trends are suggestive, they alone cannot test our theoretical
predictions given potential changes in market structure, generation portfolio, and market
competitiveness. In the next section, we explicitly account for these potential confounders

to test the implications derived in Section 3.

4.2 Estimating Forward Positions

The procedure that we use to estimate forward positions closely follows Reguant (2014).
The procedure allows us to control for changes in market structure and competitiveness that
cannot be addressed in the simple mark-up trend analysis. However, in this setting there
are no complex bids. The market uses a uniform price auction, the price is determined by

the last accepted bid needed to clear the demand.

16These power purchase arrangements (PPA) had previously reassigned bidding control over some gen-
erating units away from their original owners, limiting the concentration of effective market control among
the large incumbent firms. See Section 2.1 for institutional details on PPA agreements and Appendix H for
asset-level PPA expiration dates and ownership changes.
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There are i = {1,..., N} firms, who each own a set of generator units that can produce
electricity, indexed for each firm by 7 = {1,..., J;}. In each hourly auction (which occurs two
hours before dispatch), the firms submit bids on the electricity to be produced at that hour
(in MWh). Each generation unit has a minimum and maximum capacity, represented by a;
and g;;. Whenever a unit is running, it needs to produce within the range g;;n € [gij,qij].
Each firm ¢ chooses a bidding strategy to maximize its expected profits, conditional on a set
of common public information and independent private shocks, assuming that the opposing
firms submit bids according to their equilibrium strategies.

Define the collection of bids made by all firms as the array b. Bids for each firm (7)
are hour (h), unit (j), specific step functions i.e., price, quantity pairs {b;;n, gijni} at steps
k=1,..., K, where K is the maximum number of steps set by the auctioneer at K = 7.
Price bids must be between $]0, 999.99] and the total quantity bid must be the capacity of
the unit. Price bids need to be weakly increasing in quantity. Formally, bids for a given firm

1 are defined as:
by, = { (Bis Gins Kn ) : dimn(Bign) = dim(Fign) = K € {1, 7}V
bijnk € 10,999.99],  gijnk € [gij@ij] Vk > 1:bijni > bijhi—1,  Gijhke > gijhk—l}-
Expected profits of firm i for a given hour are:

E_;[11;(b)] = E_;

pr(b) (Qin(bn) = vin) = > Cz'j(qij(b))] 7 (1)
J

where py(-) represents the equilibrium price, Q;x(+) is the total quantity sold by firm i at
hour h, vy, are the firm’s pre-committed quantity (i.e., the sum of its retail demand and
forward contract volume), and Cj;(-) represents the hourly costs of unit j belonging to firm
17, which depends on the hourly equilibrium quantities used. We focus on the cost structure
of thermal units (coal and gas) owned by large firms. We assume the cost function for unit
j is:

Q52 o

Cij (i) = QijiGijn + — s (2)

where a1, oo represent unit-specific marginal costs of production, and §;;, represents the

quantity over the minimum production level 4, Le., Gijn = max{q;n — gij,O}. Reguant
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(2014) demonstrates that ramp-up costs for gas and coal units either have no effect or offset
the impact of quadratic costs, such that including a ramp-cost term does not alter estimation
results. We therefore exclude these costs from our specification.

The goal of the firm is to choose its bids b; to maximize its expected profit.!” A necessary
condition for optimality is that a firm must be indifferent between raising or lowering the

whole bidding offer at a given step of the supply curve, given by a bid b, for unit j at

=[G ®

which implies the bid is equal to the average marginal cost plus a markup

step k and hour h:

E_;[Qin — Vin | Pr = bijin) (4)
OE_;[Qin | pr = bijin]/Obijrn’

bijkn = Gijkh —

OE _;[Ci;pn=bijrn]/Obijrn
OE_;[Qin|Pn=bijrnl/Obijkn

bijin sets the price. The markup depends on the expected infra-marginal quantity produced

where (ijpn = is the weighted expected average marginal cost when
by the firm when the unit is accepted, divided by its effect on equilibrium quantities, which
is equivalent to its effect on the residual demand.

We impose two additional restrictions on the functional form. First, the marginal costs

function is assumed to be:

aji pl" + o pl "G + €une,  if J s a gas unit,
Gijknt (i) = (5)

a1+ Qo Gijht + €ijkhts if 4 is a coal unit.
where t represents the day of the sample, and the error term €;;,,: can be interpreted as a
shock on marginal costs known to the firm as well as optimization or specification error. p{ﬁf !
denotes the daily spot price of natural gas sourced from the Alberta Natural Gas Exchange
(NGX), reflecting short-run variation in fuel input costs. Coal-fired generators, by contrast,
face no analogous spot market price: coal procurement in Alberta has historically operated

through long-term contracts or mine-mouth arrangements that fix input costs over extended

17 Appendix K discusses why we use a risk-neutral bidding condition while allowing forward choices to
reflect risk-averse hedging motives. One interpretation is organizational: the risk-management desk chooses
forward positions to manage low-frequency cash-flow risk, while the dispatch desk later solves an expected-
profit continuation problem. A second interpretation allows the mean—variance objective to apply to hourly
bidding, but we present evidence that the omitted mean—variance correction term is empirically small and
that excluding it does not raise first-order bias concerns for the estimation.
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horizons (Independent Assessment Team (1999); Alberta Energy Regulator (2025)). Con-
sequently, for coal units, a;; and ajs absorb the relevant contracted fuel costs rather than
prevailing market prices.

Second, we follow Reguant (2014), and assume the firm’s pre-committed quantity is

Une(Yi) = Yidnt + €ne, (6)

where ¢,,; represents the expected quantity sold at the spot market. This hedging strategy
allows generation firms to adjust their forward position to capture differential hedging in
peak, off-peak hours and across seasons. It also captures the quantity effect of retail sales
for the integrated firm in a parsimonious way. Appendix I reports estimates under two
alternative specifications, including one that explicitly incorporates the integrated firm’s
retail load. The implied forward positions and quantity exposures are similar.

In practice the parametric restrictions mean that we have a set of linear moment equations
with many more equations than parameters and the model is identified.!® We aim to estimate
the parameters of the cost function a, and the forward positions ;. The estimator has two
steps. First, to construct the empirical analogue of the first-order condition in equation, we
first estimate its expectation terms. To do this, we follow the multi-unit auction literature
and use a resampling procedure to estimate the expectation over residual demand. Then, we
use a generalized method of moments estimator based on moments constructed from these
first-order conditions. Given the potential endogeneity and measurement error of markup
terms, we use the publicly available demand forecast as instruments.

For resampling, hours are classified into interaction categories defined by weekday group
(weekday vs. weekend), hour of day (0-23), and ownership- and portfolio-based subperiods.
The ownership and portfolio subperiods are defined in Appendix 4.1 such that major owner-
ship remains stable within each subperiod (e.g., following PPA expirations and asset exits).
Within each category, we match comparable hours based on the squared distance in demand
forecasts and renewable generation. This approach assumes that this conditioning is the
same as the conditioning performed by bidders, i.e., there is no unobserved heterogeneity

that influences bidders’ expectations but not those of the econometrician.

18Forward positions are set at the firm level, whereas marginal costs vary more granularly across generating
assets and offer steps. With additional assumptions, within-firm variation across assets and steps could be
used to distinguish more flexibly the role of marginal costs from that of forward positions in determining
firms’ bids. In practice, however, such an approach would likely yield imprecise estimates.
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Given this set of auctions, we simulate the beliefs of one firm ¢ about the other firms’
strategies using a procedure similar to Hortagsu (2002). We resample (with replacement)
each opponents’ strategy independently from the set of similar hours. This gives a distribu-
tion of residual demand curves, with residual demand in bootstrap sample bs represented by
Dﬁb’bs(-). In each simulated hour, the market clears where the quantity produced by firm ¢,
Qin(+), equals the residual demand. We follow a smoothing approach that has been used in
the context of electricity auctions (Reguant (2014);Wolak (2007) ), and approximate demand
and supply as continuous functions that depend on price. For a given bootstrap sample bs,

both the residual demand faced by a firm and its supply curve are approximated as follows:

2 s by — bs
Dy (o boin | 8 bw) = 3% gk (—p) ’ (7)

£k bw
3bs b: b5 b)) = K bijkh _pzs 8
Qi (Prsbip | 87, bw) Zzgwkh bw , (8)
ik

where K is a Kernel cumulative weight and bw is a bandwidth parameter that determines
the degree of smoothing.
With this smooth representation, the empirical analogue to the first-order condition of

unit j at step k in hour A can be constructed. The empirical analogue is:

1B bs

— . 0P 8D§L’tbs
Mmijrnt (e, ;3 bw, B) = — § 1(j in) s (Dijint — Gijne ()
]

Opht

+ (Qg;kht — Vint(V4))
(9)

where B represents the number of bootstrap simulations taken for each hour. In equilibrium:

B

S=

Opnt _ aQih/abz‘jkh
abijkht 3Dﬁl/3ph - 8Qih/8ph,

(10)

which can be computed using the smooth approximation.

With all these elements, the moments are constructed. We drop all non-marginal bids
made at the price floor or ceiling (these are typically used to manage start-up). Given the
potential endogeneity and measurement error of markup terms, we use the publicly available
demand forecast as instruments, represented with Z,;. For a given firm ¢, the empirical
moments are:

T K
Zzzhtmijkht<ai>7i;bw73):()7 Vi, h, (11)

t=1 k=1
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which provides a consistent estimate for a; and «,. Following Reguant (2014), we use two

stage least squares weights.

4.2.1 Results

We estimate the model separately for the periods before and after the introduction of the
load following futures contract. Figure 5 presents the implied net spot exposure ratio based
on the GMM estimates, defined as the share of expected production sold at spot prices.
The four generation-only firms (average denoted by blue circles) have relatively low net spot
exposure, implying they pre-sell a substantial share of their generation forward, with only a
small increase after 2020. The VI firm (denoted by red squares) initially has substantially
higher net spot exposure, consistent with a long forward position, but from 2021 on, its
exposure falls toward that of the generation-only firms. These patterns are consistent with
the predictions of our model. This analysis differs from the markup trend analysis in Fig-
ure 4 in several respects. Raw markups reflect not only forward positions but also market
structure, generation portfolios, and the degree of market competitiveness. On the other
hand, our GMM estimation isolates the role of forward positions and marginal costs from
these confounding factors by explicitly accounting for each firm’s generation portfolio and

ownership structure, expected market demand, and the elasticity of residual demand.
Net spot exposure (%) (net seller)

150 — ® Generator
® VI firm

b
\
100 -

i From 134% to 12%
50 —
From 23.2% to 27.8% & i
0 ——

(net buyer)
Figure 5: Net spot exposure changes with GMM estimates

Notes: The figure shows implied net spot exposure ratios based on GMM estimates, before 2021
and in 2021. Blue circles represent the average hedge ratio across generation-only firms, while red
squares represent the vertically integrated firm. Each pair of points shows the net spot exposure
ratio before 2021 and in 2021, with arrows indicating the direction of change. Generation-only
firms decreased their net spot exposure from 23.2% to 27.8% of expected production, while the
VI firm dramatically decreased from 134% to 12%.

Table 6 summarizes the GMM estimates of marginal costs and forward positions alongside
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engineering estimates of marginal costs. The results are consistent with firms’ annual reports.
One generation-only firm directly reports its contract positions annually, with positions of
87%, 78%, and 72% for 2018-2020, respectively, which align closely with the estimates in
Table 6. While the vertically integrated firm does not directly report contract positions, it
discloses the earnings impact of a 10 percent change in the forward price of electricity (i.e.,
0.1 x p x ¢/). To recover a rough estimate of the firms’ forward contract positions, we use
this formula, together with the average annual spot market prices, and the firm’s reported
losses from price changes. This yields an exposure of 22.7 million MWh in December 2017,
covering more than one year of their retail load share (16 million MWh in our sample
period). Given that the integrated firm’s production is approximately 8 million MWh per
year, this back-of-the-envelope estimate substantially exceeds net retail demand (retail load
minus own production). In December 2020, the first month with load-following futures
available for delivery, their position was 3 million MWh, covering roughly 8 months of net
load (13.4 — 8.9 = 4.5 million MWh in that year).

Table 6 also reports average marginal cost estimates by fuel type. The increase in costs
in 2021 are driven primarily by changes in gas prices and environmental compliance costs.
The GMM estimates align well with engineering estimates, though some differences remain.
Several factors may explain these differences. First, although engineering cost estimates
provide useful reference points, heat rate data predate our sample period by 6-14 years,
and thus do not reflect subsequent technology derating and upgrading. Second, engineering
estimates do not capture unobserved cost shocks arising from factors such as temperature
variation or emission market trading costs. These cost changes, however, are reflected in
firms’ bidding prices and are therefore captured by the GMM estimates. Overall, the GMM
estimates provide evidence consistent with our theoretical predictions and yield reasonable
estimates of marginal costs and forward positions when compared to engineering estimates

and industry reports.

5 Quantifying the effects of Contracts and Vertical In-
tegration

The previous section presented evidence that the VI firm over-hedges their retail demand,

and that this over-hedging is corrected following the introduction of load-following contracts,
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Table 2: Average marginal cost and forward position estimates for large firms

Before 2021 2021
Firm Fuel Type GMM MC Eng. MC GMM GMM MC  Eng. MC GMM
($/MWh) ($/MWh) Forward ($/MWh) ($/MWh) Forward
(%) (%)
Generation firm 1 COAL 27.81 34.99  76.1%* - - -
(1.75) (3.7%)
GAS 23.01 24.07 — —
(0.68)
Generation firm 2 COAL 20.91 29.13  66.0%** 27.96 37.34  70.2%*
(2.43) (16.2%) (3.38) (8.1%)
GAS 24.98 18.90 41.62 32.06
(2.11) (3.52)
Generation firm 3 COAL 29.84 34.35  89.7%* 34.28 36.85  59.3%*
(2.69) (19.7%) (7.27) (13.8%)
GAS 25.53 31.46 39.21 45.69
(1.80) (3.39)
Generation firm 4 COAL 29.28 31.72  75.6%** 42.63 38.08 87.3%*
(2.27) (11.9%) (2.59) (4.0%)
GAS 40.45 32.85 55.53 49.01
(2.96) (3.75)
VI firm 1 GAS 24.57 19.57 -34.3% 40.94 32.99 88.0%**
(3.96) (19.9%) (6.60) (19.6%)

Notes: GMM marginal costs are computed at each unit’s average output level and aggregated by fuel type
and firm; unit-level estimates are reported in Appendix J. Because one generation firm exits and another
enters during the sample period, the market is characterized by three dominant generation-only firms at
any given point in time rather than four. Several assets are excluded from the firm-level aggregation: three
assets are excluded due to the absence of engineering MC estimates, and three additional assets belonging to
Generation-Only Firm 3 are excluded because they appear in only ~1%, ~3%, and ~3% of that firm’s total
operating hours, respectively; their small sample sizes yield highly imprecise GMM MC estimates that would
distort the firm-level MC estimates. All excluded assets are reported in Appendix J. Bootstrap standard
errors in parentheses. For GMM Forward estimates, ** (*) denotes significance at the 1% (5%) level under
Hy: forward position = 0.

at which point the VI firm’s hedging position converges to levels comparable to those of
generation-only firms. We now turn to quantifying the competitive and welfare implications
of these findings.

When we combine risk aversion and competition we no longer obtain analytic expressions
to characterize the optimal forward contract position. Therefore, we numerically solve a
richer model that combines these two forces. This allows us to empirically asses the effects
that arise from the interaction between vertical integration and contract incompleteness. Our
model accommodates multiple strategic firms with capacity constraints and flexible marginal

costs and uses estimated residual demand, marginal cost functions and demand uncertainty.
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We model 3 generation only firms and 1 VI firm that are playing a Cournot Nash equilib-
rium. We solve the two stage model by backward induction. We observe the VI firm’s hourly
retail demand and thus approximate the joint distribution of system load and the VI firm’s
own retail load. At the second stage, demand uncertainty is realized, and conditional on the
realized levels of market demand and the VI firm’s retail demand, firms choose their optimal
quantities to produce given their forward commitments. The firms face a residual demand
curve composed of the price inelastic market demand, less the supply of fringe suppliers.

Although firms in this market bid supply schedules at the auction, we compute equilib-
rium under Cournot competition for tractability. This eliminates demand uncertainty at the
time of bidding, which is a reasonable approximation given that bid functions allow the firm
to offer conditional prices on small sets of demand states. However, by the logic of Klemperer
and Meyer (1989), a firm choosing a supply schedule tends to face residual demand that is
more elastic than under Cournot competition. Under Cournot, a firm takes rivals’ quantities
as fixed, so its residual demand shifts one-for-one with its output, but under supply-function
competition, rivals’ schedules slope upward and absorb part of the price movement from a
quantity change, flattening the residual demand the firm faces. With more elastic residual
demand, the firm will tend to charge lower markups under supply-function competition than
Cournot.'® Since the Cournot exercise produces a similar distribution of clearing prices to
those observed in the data (Figure 10), we believe this approximation is reasonable.

At the first stage, firms choose forward contract positions, taking into account their
effects on the second-stage equilibrium. Firms take forward positions for both strategic
commitment and risk-hedging purposes. Firms are risk averse with constant absolute risk

aversion (CARA) preferences, so that firm ¢ maximizes expected utility

following Hughes and Kao (1997); Léautier and Rochet (2014); van Eijkel et al. (2016).
We use CARA preferences because they provide an expected-utility foundation, and they
capture higher-order features of the profit distribution that are not summarized by the mean

and variance alone. The mean-variance specification used in the analytical model can be

YKlemperer and Meyer (1989) provide a sharp result that the unique supply function equilibrium is
bounded between the Cournot (an upper bound on price and lower bound on quantity) and Bertrand
outcomes with symmetric firms, a demand shock with sufficiently wide support and no private information
(i.e., interpreting the marginal cost and forward position shocks €, e as specification errors).
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interpreted as a second-order approximation to CARA expected utility and is adopted for
analytical tractability. We assume that the generation only firms have a common risk-
aversion parameter, and the vertically integrated firm may have a different level of risk
aversion. Since the retail firm faces risk from high-prices in states when they also have to
purchase a large quantity, we interpret the risk aversion parameter as reflecting concerns
about default risk and large cash outflows. In line with this, in each of the California
electricity crisis, 2021 ERCOT crisis, and 2020-2021 Japan wholesale price spikes, several
major retailers entered bankruptcy or exited the market.

In contrast, generation-only firms face lower default risk from price fluctuations. Since
wholesale prices follow a right-skewed distribution bounded between $0 and $999/MWh, gen-
erators’ payoffs never become negative—the zero lower bound prevents large cash outflows.
Price spikes, rather than threatening generators’ solvency, typically generate extremely high
cash inflows. So, short-term price fluctuations are unlikely to directly cause bankruptcy
among generation firms. Given these asymmetric risk exposures, we view it as plausible
that integrated firms (which incorporate both generation and retail operations) may have
different risk aversion than generation-only firms.

We select risk aversion parameters to match the GMM estimates of forward positions
reported in Table 6. Specifically, we choose A\ggy and Ay to minimize the distance between
the swap forward positions implied by the solution to our model, f;(Agen, Avr), and those

estimated by GMM, f&¢MM .

s S Oamy v = £
We solve this problem by grid search. In Appendix E, we present results across a wide
range of alternative risk aversion parameters, which show our conclusions are similar for a
wide range of parameter values. We obtain the minimizing parameter pair (A5 gy, Al) =
(1.0 x 1077, 3.16 x 107%). Consistent with the cash-outflow and bankruptcy risks discussed
above, these risk aversion estimates imply that the VI firm is more risk averse than the
20

generation-only firms.

Appendix L instead provides a back-of-the-envelope calculation of how increased risk

20Tn Appendix F, we further show that as the VI firm’s risk aversion parameter increases, profit variance
falls sharply with modest sacrifice in expected profits.
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affects borrowing costs.?! Since credit assessments place substantial weight on firms’ perfor-
mance in adverse states with low cash flows, a firm that does not hedge may receive a lower
credit rating and face higher financing costs. We compare the annual profit distribution of a
VI firm under two benchmarks: a risk-neutral benchmark and a risk-averse benchmark. The
risk-neutral benchmark exposes the firm to substantially worse downside cash-flow risk, with
profits $70 million CAD lower at the first percentile and $50 million CAD lower at the 10th
percentile. This corresponds to a $50 million reduction in earnings before interest and taxes
(EBIT). We map these EBIT reductions into interest-coverage ratios and synthetic spreads
using the VI firm’s 2019 financial statements, and then use the credit-rating schedules in
Damodaran (2026) to calculate how this affects the firm’s rating and expected borrowing
costs. The exercise implies that downside realizations increase expected annual borrowing
costs by $49-158 million. These magnitudes exceed the roughly $24 million reduction in
expected spot-market profits incurred when moving from the risk-neutral benchmark to the
risk-averse benchmark, suggesting that hedging can be value-creating by reducing the firm’s
financing costs.

To solve the model, we build on the algorithm of Ito and Reguant (2016). The algorithm
solves a mixed-integer-linear-programming problem to solve firms’ quantities from Cournot
competition in the spot market given each realization of the demand shocks, then uses
an outer Gauss-Seidel iteration updating each firms’ choice of contracts. We provide the
full details of our implementation in Appendix C. Our implementation differs from Ito and
Reguant (2016) in three ways. First, rather than approximating the residual demand curve
with a single linear line, we introduce a piecewise linear approximation that captures the
shape of the entire residual demand curve. A 5-segment approximation provides sufficient
accuracy, as shown in Appendix Figure 9. This additional flexibility is important to capture
the high-price, high-demand states, which play an important role in generating risk.

Second, since we model financial forward contract choice, rather than the day-ahead
choice, choices are at a much lower frequency, and we assume that the firm faces demand re-
alizations drawn from the annual distribution of hourly demand. The demand has two parts,
an system demand and the retail demand for the integrated firm. Following Ito and Reguant

(2016), we assume system demand shocks are normally distributed and we approximate the

21pérez-Gonzdlez and Yun (2013) exploit the introduction of weather derivatives in 1997 and show that
risk management increased firm value for U.S. electric and gas utilities. Do et al. (2024) further show that
weather-derivative hedging lowers borrowing costs for U.S. electricity and natural gas firms.
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joint distribution of system demand, and demand for the vertically integrated retailer us-
ing a discrete grid of quantiles (at which, we solve the spot-market equilibrium conditional
on demand).?? Third, we introduce a risk averse utility maximization problem and assume
perfect arbitrage between the forward and spot markets (due to the presence of financial
arbitrageurs). In the equilibrium calculations we use the estimates of the marginal cost of
all thermal generation units owned by the four firms, obtained as described in Section 4.2.

We use this model to evaluate six scenarios:

e Swap+VI: Three risk-averse generation-only firms with parameter A\f.;y and one
risk-averse VI firm with parameter \{,; choose swap forward positions in the first
stage and produce with market power in the second stage. This scenario most closely

approximates observed firm behavior before 2021.

e Swap+VI (Neutral): Identical to Swap+VI, except all firms are risk neutral. This

isolates the effects attributable to risk aversion alone.

e Swap+Gen (VI risk): A counterfactual separation of the VI firm, into a generation
firm and a retail firm where all firms operate as generation-only. Three generators
have risk aversion A;, 5, while the separated VI firm retains Aj,;. Firms choose swap

forward positions in the first stage and produce with market power in the second stage.

e Swap+Gen (Gen risk): Identical to Swap+Gen (VI risk), except the separated
VI firm adopts A5py. If risk aversion reflects bankruptcy and large cash outflows
concerns, this parameterization is more appropriate, as the separated generation-only

entity would face a risk profile similar to other generators.

e LFFC+VI (VI load): Identical to Swap+VI, except firms choose load-following for-
ward contract (LFFC) positions rather than swap positions in the first stage, with each
contract indexed to the VI firm’s own demand. This scenario most closely approximates

observed firm behavior in 2021.

22The grid consists of evenly spaced interior deciles and two extreme quantiles, calibrated so that the
lower and upper tails together correspond to realizations that occur with expected frequency once per year.
To incorporate variation in the VI firm’s demand beyond the system-load, we estimate the conditional
expectation of its retail load given system demand at each of the grid points. Around each conditional
mean we place two additional points (at plus and minus two standard deviations of retail load net of the
conditional mean). In the forward contract decision and calculation of expected outcomes, the spot-market
outcome at each quantile is weighted by the probability mass of the interval it represents.
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e LFFC+VI (System load): Identical to LFFC+VI (VI load), except the LFFC is

indexed to system demand rather than to the VI firm’s own demand.
e First-best: All firms offer production at marginal cost in the second stage.

Swap+VI serves as the baseline scenario in which the over-hedging incentive is present
(similar to Alberta before 2021). Each alternative relaxes one dimension of the baseline.
Swap+VI (Neutral) removes risk aversion, Swap+Gen removes vertical integration, and
LFFC+VI reduces contract incompleteness.

LFFC+VI (VI load) indexed to the VI firm’s own retail load is more closely tailored
to that firm’s actual demand and therefore reduces contract incompleteness to a greater
degree. In practice, however, indexing settlement to the firm’s own demand raises a moral-
hazard concern: because the LFFC pays a fixed price and shifts volume risk to the wholesale
counterparty, the retailer may have an incentive to adjust or game its realized demand ex
post. To address this, we also consider an LFFC indexed to total system load (LFFC+VI
(System load)). Because system demand is largely outside any single firm’s control, this
specification substantially mutes the manipulation concern, albeit at the cost of a looser
hedge against the firm’s own load.

As a model-validation exercise, Appendix Figure 10 compares the wholesale price distri-
bution from the Swap+VI simulation with actual prices in 2018. The model captures the
pattern of actual price distributions reasonably well, despite the fact that no wholesale price
data are used to calibrate any parameter in the simulation.??

Figure 6, Panel A, presents the expected price difference relative to the first-best scenario
under each market structure. In the Swap+VI case, the average price exceeds the first-
best by $8.12 CAD/MWh—approximately 11 percent of the first-best price. Separating
the integrated firm into retail and generation-only firms (Swap+Gen (Gen risk)) reduces
prices by 8.12-4.07=%$4.05 CAD/MWHh, yielding the largest competitive effect among the
alternatives. This effect is similar when the VI risk parameter is used for the separated firm.
Switching from swaps to LFFCs also lowers prices, but by less than separation. The price
premium falls to $5.31 CAD/MWh when the LFFC is indexed to the VI firm’s load and to
$5.97 CAD/MWh when it is indexed to system load, corresponding to reductions of $2.81
and $2.15 CAD/MWHh, respectively. The Swap+VI (Neutral) scenario indicates that risk

23This differs from Ito and Reguant (2016), who use actual clearing prices to estimate the slope of the
linear demand curve. Since we adopt a global approximation of demand, clearing prices are not required.
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aversion of the VI firm accounts for roughly $2.89 CAD/MWh of the price distortion. As
shown in Figure 11, these results imply that separation or more complete contracts would

reduce consumer costs by approximately $332 and $233 million CAD per year, respectively.
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Figure 6: Price and Welfare Effects Across Simulation Scenarios

Notes: Panel A reports the expected price increase relative to the first-best benchmark under each
simulation scenario. Panel B reports annual deadweight loss under each scenario. Deadweight loss
compares total production costs in each scenario to those in the first-best benchmark.

Figure 6, Panel B, reports annual deadweight loss under each scenario. The efficiency
implications mirror the competitive effects. Under Swap+VI, the annual welfare loss is
approximately $46.46 million CAD. Separation substantially improves welfare, reducing the
annual loss to $6.21 million under the VI-risk specification and $7.55 million under the
generation-risk specification. These changes correspond to welfare gains of $40.25 million
and $38.91 million per year, or reductions of approximately 87 percent and 84 percent in
the baseline welfare loss. LFFCs also improve welfare, although the magnitude depends on
the load used to index the contract. The annual welfare loss falls to $11.85 million when the
LFFC is indexed to the VI firm’s load and to $19.25 million when it is indexed to system load.
These values imply welfare gains of $34.61 million and $27.21 million per year, or reductions
of approximately 74 percent and 59 percent in the baseline welfare loss, respectively. Finally,
the Swap+ VI (Neutral) scenario has an annual welfare loss of $10.79 million. Relative to the
Swap-+VI baseline, moving to the risk-neutral specification eliminates approximately $35.66
million, or 77 percent, of the baseline welfare loss.

Table 3 summarizes the full simulation results. For each scenario, the table reports

market-level outcomes—average price E[p] (CAD/MWh), deadweight loss ($1000 CAD /hour),
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and consumer cost difference relative to the first-best ($1000 CAD/hour)—as well as firm-
level outcomes (averaged over three generation-only firms versus the single VI firm): net
forward position (%), thermal production (MWh), expected profit ($1000 CAD/hour), and
standard deviation of profit ($1000 CAD/hour).

Several additional findings emerge beyond the welfare and competitive effects discussed
above. Consistent with our theoretical predictions, the VI firm maintains a very low net
forward position in the Swap+VI case. This outcome arises from the interaction of three ele-
ments: vertical integration, risk aversion, and contract incompleteness. Relaxing any one of
these—through structural separation (Swap+Gen), removing risk aversion (Swap-+VI Neu-
tral), or introducing LFFCs (LFFC+VI)—yields substantially higher net forward positions.

The profit results reveal that the VI firm can substantially reduce profit variance through
forward contracting with little sacrifice in expected profits. Comparing Swap+VI with
Swap+VI (Neutral), risk aversion reduces the standard deviation of the VI firm’s profit from
219 to 70.6 thousand CAD per hour, a reduction of approximately 68 percent, while reducing
expected profit from 62.1 to 57.9 thousand CAD per hour, a reduction of approximately 6.8
percent. Although separation and LFFCs generate similar competitive and welfare improve-
ments, LEFFCs can provide better risk sharing without sacrificing expected profit. Relative
to Swap+VI, the VI-load LFFC reduces the VI firm’s profit standard deviation from 70.6
to 17.5 thousand CAD per hour while increasing expected profit from 57.9 to 61.7 thousand
CAD per hour. The system-load LFFC also provides meaningful benefits, although it de-
livers less risk reduction than the VI-load LFFC. Across all scenarios, Swap+VI yields the

highest expected profits for the incumbent generation-only firms.

6 Conclusion

This paper demonstrates that the conventional view of vertical integration as pro-competitive
in electricity markets overlooks a critical interaction, from incomplete forward contracts and
risk aversion. While prior literature has emphasized how vertical integration reduces firms’
net exposure to spot prices and thereby intensifies competition, we show that this logic
depends crucially on the availability of complete hedging instruments. When firms can
only access standard swap contracts that hedge price but not quantity, risk-averse vertically

integrated retailers optimally over-hedge their retail obligations, entering the spot market
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Table 3: Summary of Outcomes Across Simulation Scenarios

Scenario E[p] Net Production E[n] SD(m) DWL  Cons. cost
Position  (Thermal) A from FB
(CAD/MWh) (%)  (MWh) (k CAD/MWh) (k CAD/MWh) (k CAD/h) (k CAD/h)
Swap+VI
Gen-only (avg.) 83.8 65.4 591 60.3 47.2 5.30 76.4
VI -25.5 628 57.9 70.6
Swap+VI (Neutral)
Gen-only (avg.) 80.9 55.0 491 57.2 7.4 1.23 49.5
VI 84.1 1046 62.1 219
Swap+Gen (VI risk)
Gen-only (avg.) 79.6 66.9 505 56.2 57.1 0.71 36.9
VI 74.6 1058 60.8 3.22
Swap+Gen (Gen risk)
Gen-only (avg.) 79.8 68.4 516 56.4 53.2 0.86 38.5
VI 65.0 1017 60.7 29.2
LFFC+VI (VI load)
Gen-only (avg.) 81.0 61.2 507 57.2 31.8 1.35 49.8
VI 56.7 993 61.7 17.5
LFFC+VI (System load)
Gen-only (avg.) 81.7 61.8 525 57.9 30.2 2.20 56.0
VI 46.0 912 60.9 67.6
First-best
Gen-only (avg.) 5.7 0.00 540 53.3 164 0.00 0.00
VI 0.00 1106 56.5 519

Note: The labels “Gen-only (avg.)” and “VI” refer to the three generation-only firms and the one verti-
cally integrated firm observed in the data, respectively. These labels are retained across all scenarios for
consistency, even in counterfactual scenarios such as Swap+Gen (VI risk) and Swap+Gen (Gen risk), where
the VI firm is modeled as generation-only. Production, profits, and the standard deviation of profits are
reported at the firm level. For “Gen-only (avg.),” firm-level variables are reported as averages across the
three generation-only firms. Expected prices, deadweight loss, and consumer costs are reported at the mar-
ket level. Deadweight loss is measured as the difference in total production costs between the market power
scenario and the first-best benchmark. Changes in consumer costs are also computed relative to the first-best
and represent the additional payments made by consumers compared to the first-best outcome. Consumer
costs are defined as the market price multiplied by total (inelastic) demand.

with long positions that soften rather than intensify competition. Our theoretical model
isolates the two competing forces—strategic commitment incentives that push toward shorter
positions and risk-hedging incentives that push toward longer positions—and demonstrates
conditions under which the hedging motive dominates.

We provide empirical support for this mechanism from the electricity market in Alberta,
Canada. We find that the vertically integrated firm maintains the longest forward position
and bids least competitively among the four largest market participants, when only standard
swaps are available, contradicting the predictions of standard models that treat vertical
integration as pro-competitive. Critically, when more complete forward contracts become
available, that allow the integrated retailer to better hedge their quantity risk, its long

position shrinks substantially and its bidding behavior becomes more competitive. This
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supports our theoretical prediction that contract incompleteness drives the anticompetitive
effects.

The welfare effects of vertical integration under different contracts vary widely. Under
the incomplete contracting regime, vertical integration increases average wholesale prices by
4.05 CAD/MWh (approximately 5 percent), with total welfare losses of 39 million CAD per
year. However, introducing more complete contracts that hedge both price and quantity risk
reduces wholesale prices by 2.8 CAD/MWh and generates total welfare gains of 35 million
CAD per year. These findings carry important policy implications: the competitive effects
of vertical integration depend critically on the design of forward markets. More broadly,
our results suggest that in markets characterized by volatile prices, demand uncertainty,
and convex supply curves—including agriculture, natural gas, and other commodity mar-
kets—the interaction between vertical structure and contract design may similarly influence

competitive outcomes in ways not captured by existing theory.
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Appendix A Proofs of Results

Proof of Result 1: Risk-Neutral Firm with Market Power (Swap)

We consider a two-player game consisting of (i) a generation-only producer (firm 1) and (ii)
a vertically integrated firm (firm 2) that operates both generation and retail activities. In
addition, there is at least one risk-neutral speculator in the forward market.

Residual wholesale demand is given by
Q =a+e— pS’

or equivalently,

pS<Q78) :CL+8—Q7

where a denotes the average market demand level and ¢ is an aggregate demand shock
satisfying
Ele] = 0, Var(e) = 0.

Residual demand is defined as inelastic demand a minus the quantity supplied by fringe
firms, which are willing to produce at their capacity as long as the market price p exceeds
their marginal cost. The shock enters through the aggregate inelastic demand level.

The VI firm’s retail demand is

g =0 +e,

where 6 is the average retail demand level and e is a retail demand shock with
Ele] =0, Var(e) = o2.

Note that in the main text we focus on the special case e = fe. In this appendix, we
instead characterize the equilibrium forward positions for a general realization of e.

The VI firm’s generation cost is quadratic:

4

C! =b
2(q2) q2 + T

where b is the marginal cost intercept and ks > 0 governs cost curvature.
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Profit. Both firms trade forward contracts. Let f; denote firm i’s forward position, p’ the
forward price, and p® the spot price.
Producer (firm 1):
I = ngfl —p fi+p'a — Cilar).

~
Forward profit Generation profit

Vertically integrated firm (firm 2):

I =p'q; —p'as+p fo— ' o+ P’ — Colan).

N v NV
Retail profit Forward profit Generation profit

Retail profit reflects the margin between the retail price p” and the wholesale procurement
cost p* applied to realized retail demand ¢. Forward profit corresponds to settlement at p/
with spot adjustment at p®. Generation profit equals wholesale revenue net of production

cost.

Timing. Firms first choose forward positions (f1, f2). Uncertainty (e, e) is realized. Firms
then choose generation quantities (qi, o) in the spot market. The spot price p® clears the

wholesale market.

Spot Market Fix forward positions { f,}.

1. Producer.

The producer’s spot-stage profit is

2
Pa = Cila) + (0 ) =1 @~ fi) ~bay — 5+ P

Using 0p®/0q; = —1, the first-order condition is

oIl 1
_1:ps_(QI_f1>_b—k—Q1:O.
1 1

Rearranging yields

* 1 S
Q1(1+/<;_) =p°=b+ f1,
1
so that
q*:ps_b+f1
! T+4
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2. Vertically Integrated Firm.
The VI firm’s spot-stage profit is
g

Iy =p'qy — p’q5 +pl fo—pfa+ g2 — bg — 2_k;2

Terms independent of g, can be omitted. Using dp®/dqa = —1, the first-order condition is

oll, 1

2 gy —E — F)) —b— —qy =0
o6 ! (@2 — a3 — [f2) =0

which can be written as

1
q;+f2—Q2+Ps—b—k—Q2:0-
2

Rearranging gives

* 1 s r
q2(1+k—) =p° —b+qy+ fo,
2

and therefore

Q2_ 1 1 °
T
2

Market Clearing. For the remainder, impose symmetry in marginal-cost curvature, k, =

k for all ¢/, and define
1

5= —r7.
1+

Substituting the best responses and summing outputs yields aggregate supply
Q =qi+q=0(2p"—2b+ fr + fo+ab).
Market clearing requires Q* = a + € — p°®. Hence,
6(2p° =20+ fi+ fo+qh) =a+e—p°.
Collecting terms in p* gives

(25+1)p5:a+6+5(25—f1—f2_q£)7
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so that the equilibrium spot price is

S:a+€+5(26—f1—f2—q§)
20 +1

Individual Outputs and Forward Price. Substituting the equilibrium spot price into

the firms’ best responses yields output expressions.

For the VI firm,

l[a—b+e—0fi+(64+1)fa+(6+1)g5]0

G=0(p"—b+g+f)= 51 :

For the standalone producer,

[a—b+5—5f2+(5+1)f1—5q§]6

qué(ps—b—i—fl): %1 )

Finally, competitive risk-neutral speculators set the forward price equal to the expected

spot price,
a+€+5(2b—f1—f2—q§)
20+1

p' =E}p°|=E

Using E[e] = 0 and E[¢}] = 6, this simplifies to

f:a+5(2b—f1—f2—9)
b 26+ 1

The equilibrium spot price can be written as

at+e+d(20— fo—fi—60—e)

s _ 12
b 20+ 1 (12)
_a+6(20— fo— f1—0) 1 —0
B 2041 HPTEERRTI (13)
~~ G S——
=:po =:p1 =ip2
The producer’s equilibrium output is
. a—b+e—0fs+(0+1)f1 —00 —de|d
Q1:[ 20+ 1 ] (14)
l[a—=b—06fs+ (0+1)f1 —6]0 ) — 2
B 204+ 1 MY sy S (15)
~ ~ R Ve S~——
=:1q1,0 =:q1,1 =:iq1,2
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The VI firm’s equilibrium output is

la—b+e—0fi+ (0 +1)fo+(6+1)0+(6+1)e]d

T = 20+ 1 (16)
L la—b=6fi+ 6+ 1) fat (641)0]0 ) (6 +1)6
- 20 +1 +25+16Jr 25+16 (17)
~ ~ T N—_——
=1Q2,0 =1q2,1 =:q2,2

For ¢ € {1,2}, the price derivatives are

Op 0 O _  Op_,
afy 20+ 1’ df ’ f '
For the producer,
9q10 _ (0+1)0 dq11 —0 Oq1 2 ~0
ofi 20+1"7 af1 ’ df, ‘
For the VI firm,
9g2,0 _ (6+1)6 Iq2,1 —0 2,2 —0
dfs 20417 dfs ’ dfs '

Forward-Stage Optimization. Because p/ = E[p*] = py, the forward payoff satisfies

—e + de

(Pf —°) fe = —(p1e + p2e) fo = DI

fe,

so that
E((p! —p°)fe) = 0.

Under risk neutrality, producers’ forward positions affect expected profits only through their

impact on spot market outcomes.

Producer. The producer’s expected profit is

*2
S % * q
E[L] = E{p G — (bq1 + 21,{;)} ‘
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Since (p1,q1,1, P2, ¢1,2) are independent of f;, the first-order condition reduces to

OE[IT;]  9po 9410

= 0o+ O 1 Iq1,0
o df1 o

— b= — 202 =,
of " Vo kg

VI Firm. As discussed in the main text, and following Bushnell et al. (2008), we assume
that expected retail profits are zero, with retail rates set to reflect expected wholesale prices
and retail demand. Hence, E[p"¢5 — p°¢5] = 0. Consequently, the VI firm’s forward choice

affects expected profits only through its impact on spot-market outcomes.

*2
S ok * q
E[ll,] = E{p 43 — (qu + 22]{)} )
Since (p1, 2.1, P2, ¢2.2) are independent of fo, the first-order condition reduces to

OE[II,]  Opo 92,0

L 00 1 Ogap
afy  0f T 9f

of;  kK%8f

po—0b

Solving the two first-order conditions yields

. (a—b)(k—50+1) L
=Sk +oraheny 4 RNl

Thus the VI firm sells 6 fewer forward units than the standalone producer, consistent with
the interpretation that the VI firm’s retail position partially substitutes for forward sales.

Recall that
1 k

:1+%:k+1'

Substituting this expression into the general solution for f; yields

k‘2
N ).
hN=sersei@ b

Therefore, in the notation of Result 1,

]{32

Fiv = 5k2 + 5k + 1

(a—0), fz*,N:ff,N_e‘

This completes the proof of Result 1.
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Proof of Result 2: Risk-Averse,Price-Taking Firm (Swap)

We now consider price-taking firms under swap.

Profit. Firm profits are given by
Producer (firm 1):
II; = ngfl —p’fi+p'a — Cilar).

Vv TV
Forward Profit Generation Profit

Vertically integrated firm (firm 2):

My =p'gy —p'dy +p fo = " fo +p'a2 — Ca(gn).

TV TV TV
Retail Profit Forward Profit Generation Profit

Demand and retail quantities. Aggregate demand is
Q)=a+e,  Elg=0, Var(e) =0o"
The VI firm’s retail demand is

gy =0+e, Ele] = 0, Var(e) = o2.

Each firm has quadratic cost ,

q.
Cz(ql) ql 2]{:2

Spot market Firm 1 and firm 2 are price takers in the spot market; conditional on p*

they solve

max I} = pq; — Ci(gi) = p°qi — bg; —
The first-order condition yields

[

I =0 — ¢ = ki(p® —b).

p*—b—

Assuming symmetric technologies in the spot market (so k; = ky = k) and using n = 2,
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market clearing implies

s a+te a+e

— S __ = b: b
a+¢e=nk(p®—0) = P T + ok +
Therefore,
a—+¢ a—+¢
Qi: = .
n 2

Arbitrage With one risk-neutral speculator, the forward price satisfies

! —E[pf] = — +b.
p Pl =5 +

Hence,

F_as_ &
p p 2]{:'

Retail pricing As discussed in the main text, and following Bushnell et al. (2008), we
assume that expected retail profits are zero, with retail rates set to reflect expected wholesale

prices and retail demand. Hence,

Elp"q5 — p°q5] =0

Since p” is chosen prior to the realization of (¢, e) and E[e] = 0, we have

, s E|p’e
p'=Ep’] + [9 |
Thus,
. a [Elee]
T

Forward market Using the spot-market expressions, the relevant payoffs are:

Producer (firm 1):

2 +e a+e at+e (a+e)
L = (o — p° s _po 4 _ & a b —b — .
1= =) fi + 0’0 — b % 2kf1+ ok + 5 5 Sk

o4



Simplifying,

2
o 25
VI (firm 2):
I =p" (0 +e¢) — <a+€+b) @ +e)+ (p) —p*)fa+ (a+6)2.
nk 8k
Using p/ — p* = —¢/(2k),
a+e (a+¢)?

r_p_ _ £
Hg— (p b ok )(‘94—6) 2/€f2+ 3k

Moments and optimal hedge For the producer (firm 1), expected profit is

E[IT,] = E{(“g—lj)z - ;—kﬁ] .

Since E[e] = 0, expected profit is independent of f;.

Keeping only the random components in II;:

2
I, = _%fl ey (non-random terms).

8k 4k
Equivalently,
I, = _h I e + (non-random terms)
T T2k k| sk '
Thus,

fi a)’ 2 1 4 4 S a\ 1 2
m]= (=4 & E[e4] — 7Y QEELIN s .
Var[IL | ( x T ° +64k’2( [ — o) + TR SkCov(e,g)

The fi-dependent terms are

02f12 202f1 a fi
AR S o SR N
42 2k (4l<:) 35z ]

The first-order condition is

o’fi 20% /a 1
) — () - R =
12 ok <4k> gz Bl =0,

%)



SO

, a E
f1_§+402'

For the VI firm (firm 2), profit is

s a+e £ (a+¢e)?
H2—<p b 2k>(9+6) 2kf2+ Y

Expected profit is

_ . a+e 5 (a+¢)?
E[HQ]—E{(p —b— ok )(0+6)_ﬁf2+ 3%

Since E[e] = 0, expected profit is independent of f;.

Keeping only random components,

2

ge a 0 € 3 ae
I, = —— (T— ——)—— ——fot —F — - t .
2 2k:+€ p—0b o 2/{:8 2kf2+8k:+4k + (non-random terms)

Collecting the e-linear term,

_ ce . a a 0+ f g2
I, = ~3r +e (p —b— %> +e [4}{ ~ } + ok + (non-random terms).

Therefore, Var[Ily] is a quadratic function of f;. The fo-dependent terms can be written

as

a’f;  o*fy [ a 0 f2 r ay f2 f2 2
TR <E — %) + 252 Cov(ee,e) — (p —b— —) T Cov(e,e) — K2 Cov(e, e).

Using Cov(ee, e) = E[e%e], Cov(e,e) = E[ee], and Cov(e?, e) = E[e?], this becomes

212 52, 0 J: r / J
T () e (o) e - e

The first-order condition is

o’fs o [ a 0 1 a\ 1 1
22 0 (L) R[]~ (p —b— — ) = Elee] — — E[£¥] =
SRVTER? (4k 2k)+2k2 [£7e] (p Qk)k: ee] ~ g ElE1=0,
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which implies

a Ele%e] a\ Elee] E[&]
. Il B A (U S
279 o2 + <p 2kr> o2 + 402
We know
Py o Eleel
P o T gk
so that

Substituting yields
a _ E[e%¢] N Elee]? N E[e3]

2 o2 fo? 402

Approximation for the swap benchmark f; (VI). Introduce normalized shocks

£ e o
= = = — = E 2 = —
y &7 xz 6 Y v [y ] aj2 Y
and the (standardized) mixed moments
El[ee] ) Ele?e] 5 E[7
mi = Elzy] = a0 ma = Ely“z] = 220 mao = E[y°] = B

The variance-minimizing swap position for the vertically integrated firm can be represented
in normalized moments as
a

2
* may mi

= 6—0 0 .
f2 2 ) + v +4 v

a 13

(18)
Small-noise ordering (what is first order). Define the small-noise scalings

5.=2
a
and assume bounded standardized moments (so skewness, kurtosis are O(1)).
By Cauchy—Schwarz,

Ima1| < nd, Ima1| < O(6%n), mao = 76° = 0(8°)

We also know v = §2.
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Then

Moy mi, m3o

If one wants a first-order approximation in (d,7) only, drop the O(n?) term:

a [Eled Ele?e] 2
5taa 0~ + 0. (19)

f2 =

Using the derived result for f;', we can express

2
fi=ri-0- 259 1 o)

Therefore we have

Ele%e]

a  E[] —
=5 o —0—— 5~

fl_2+40_27

Finally, substituting
El¢] = 2 and e= Be

completes the proof of Result 2.

Proof of Result 3: Risk-Neutral Firms with Market Power (LFFC)

We now consider risk-neutral firms with market power under load-following forward contracts
(LFFC). Under LFFC, firm i chooses a hedge ratio [; that is applied to realized retail demand,
¢y, = 0 + e. Forward payoffs therefore scale with realized load rather than with a fixed

contracted quantity.

Profit. Firm profits are given by
Producer (firm 1):

2
I =p/li(0+e) —p (0 +e) + p°qr — bgr — 2(171
1

Vertically integrated firm (firm 2):

2
Il = p'qy — p°ch + p'la(0 + €) — p°la(0 + €) + p°q — bgs — 2%
2
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Relative to the swap case, the key difference is that forward positions now vary with

realized retail demand (0 + e), so that spot-price exposure depends on the load shock e.

Spot Market Fix hedge ratios {l;}.
Producer (firm 1).

Given [y, the producer solves

2

max p°qy — bqy — . + (pf —p ) (0 +e).
q1 2k’1

Since pf is constant in the spot stage, this is equivalent to

2

max p°q; — bgy — g p°li(0 + e).
q1 2/€1

Using 0p®/0q; = —1, the first-order condition is

1
ps—(Q1—ll(9+e))_b—k—Q1=0-
1

Rearranging,

1
q; (1+k_) =p"—b+0L(0+e),
1

so that

., PP=b+1L(0+e)
T
VI firm (firm 2).
Given [y, the VI firm solves
2

o . q
max (p"q5 — p°q3) + g2 — bga — 2—% + (pF = pH)la(6 + e).

Dropping terms independent of g,

B

oy PP (0 +e).

max p°gs — bgs —
q2
Using 0p®/0dqo = —1, the first-order condition is

1
ps—(qQ—qQ—lg(9+e))—b—k—QqQ:O.
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Rearranging,
1

7 <1+ 2 ) =p"—b+q;+1:(0+e).
2

Since g5 = 0 + e, this becomes

., PP—b+(1+1hL)(0+e)
QQ: 1 1 °
i

Market Clearing. Impose symmetric curvature k; = k and define

Aggregating across firms gives

*

¢ + @
S(p°—b+hL(0+e)+p" —b+(1+b)(0+e))
(

2p° —2b+ (1+ 4L + )0 +e)).

Q*

Market demand is
Q°=a+¢e—p°.

Equating supply and demand yields

(20" —2b+(1+L+b)0+e) =a+e—p°

Collecting terms in p° gives

20+ 1)p°=a+e+62b— 1+ +1b)0+e).

Hence the equilibrium spot price is

s at+et+ (20— (1+0+1)(0+e))
p= 20+ 1

Individual Outputs. Substituting the equilibrium spot price into the firms’ output choices

yields expressions for equilibrium output.
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VI firm (firm 2).

. 0 r
q = 25+1[a—b—i—e—dll(@—i—e)+((5+1)l2(9+e)+((5+1)qz]

Producer (firm 1).

)
20 +1

0 = [a—b+s—5z2(9+e)+(5+1)l1(9+e)—5q§]-

Speculators. Risk-neutral competitive speculators imply zero expected profits on load-

following forward contracts:
E[p'l:(0 + €) — p*li(6 + €)] = 0.
Spot Price and Outputs. The equilibrium spot price becomes

a+e+0(20— (L +1+1)(0+e))

S

p= 20 + 1
_a+5(26—(l1+l2+1)9)+ 1 g—5<l1+l2+1)e
- 20 + 1 20 +1 20 +1

=!po + p1€ + p2e.

The producer’s equilibrium output is

.0 [a_b+g—512(9+e)+(6+1)11(€+6)—5(9+€)

T =55
_ 0 [—b—aze+(5+1)ze—59]+ * .
o511 ? 2 ! 2%+ 1
N ~~ 7/ N’
=:q1,0 =iq1,1

(5[—(5[2 + ((5 + 1)l1 - 5]
2 + 1 ¢

=:q1,2
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The VI firm’s equilibrium output is

J
G = 5e [0 = e = (O + )+ (54 D0+ ) + (T +1)(0+c)
J 5
= 25+1[a—b—5l19+(5+1)129_59] +95+2(5+15
~ ~~ g N /
=:42,0 =:iq2,1
5[—5[1 + ((5 + 1)l2 - (ﬂ
J
20 + 1 ole
=2
Derivatives. For m € {1, 2},
%__ (59 8p1_0 Bpg__ 5
oy 26+1  Ol,, O,  20+1
For the producer,
dq1o  (0+1)00 0q11 0 Oq1.2 _ (6 +1)0
o 20417 ol ’ oy 25417
For the VI firm,
0q2,0 _ (04 1)06 0¢21 _0 Jga.2 B (§+1)0

oy, 26417 Il o, 2041 °

Producer Choice of [;. Again, by the full-arbitrage condition, expected forward profits

are zero. Hence, the producer’s expected profit reduces to

*2
_ S ok * ql
E[;] = E{p ¢ (bCh + leﬂ .

Using the decompositions

p® = po + p1€ + pae, ¢ = qo+ @116 + @26,
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we obtain

E[ll;]=E [(po + pre + p2e)(qro + @116 + @1 2€)

1
—b(q10 + 116 + qu2€) — %(QLO +q11€ + Q1,2€)2] .
1

Since E[e] = E[e] = 0, only second moments remain after taking expectations.

Differentiating with respect to [y and using

Op1 _ Oq1a
ol ol

=0,

yields

OE[IT4] Opo 1 0qip 010
R I O (o — b
o, Do (811 woon ) tar o)
| Ops 1 0qi2 Iq1.2 ] 9
* | (azl k. ol >+ a1, 2|7

Opa 1 0qu Oq1,2
9P _ O, 20 | Eled].
o (azl moon ) oan v Bl

The first line reflects the effect of [; on deterministic profits. The second and third lines

capture, respectively, the variance and covariance channels arising from the load shock e and

its interaction with .

Setting S,
1
oly

characterizes the producer’s best response /7.

=0

VI Choice of [,. By the full-arbitrage condition and competitive retail pricing, expected

forward and retail profits are zero. Therefore, the VI firm’s expected profit can be written

as

2
E[HQ] =K [pSQQ —bga — 2%} .

The hedge ratio [y affects E[II5] only through the equilibrium spot price and output.
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Using
p° = po + p1€ + poe, Q@ = Q2.0 + G2,1€ + G226,

we obtain

E[ll,] = E [(po + p1e + p2e) (20 + @216 + q22€)

1
— b(q20 + q2,1€ + qo2€) — %(%,0 + q2,1€ + Q2,2€)2] .
2

Differentiating with respect to Iy and using

o1 Ogan

= 0
0ly Oly ’

yields the first-order condition

0 10 0
02(12,0 (ﬂ__ Q2,0)+ Q2’0(p0—b)

0ly ko Ol 0ly
[ Op2 13(]2,2 afh,z ] 2
| %22 (812 oL, ) o, 12|

Op2 1 Ogap 0q2.2
e , , E )
QQ,l (()12 k’Q (912 (9[2 pl [86]

Relative to the producer’s condition, the VI first-order condition contains additional

terms embedded in gop and ga 5 that arise from the retail position. In particular, writing
q2,0 = q1,0 + 00, QP22 = Q12+ 0,

Substituting into the VI first-order condition shows that it can be written as the producer

first-order condition plus the incremental term

Opo 1 0ga Ops 1 0g2\
o0 (az2 k> Ol ) +(s(azg ks 0l )¢

Using
Opo _ 90 Op, 0

oly,  25+1° ol, 2041
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and

(9(]270 o (5 + 1)(59 anQ . (5 + 1)5
oy — 26+1 7 oy 2541

the incremental VI term becomes
_(5292 1+(5—|—1 B 52 1+6+1 2
20 +1 ko 20 +1 ko e

This term is strictly negative. Using the producer first-order condition, the VI firms’

first-order condition is
l[a—b—00ly+(5+1)01,— 60 [50—1—%(5—1—1)56]—[a+5(2b—(l1+l2—|—1)6’)](5+1)0+b(25+1)(6+1)8
(=0l + (0 + 1)l =) (6 + ,3—2(5 +1)0)+ (0 +1)o(ly + o+ 1)}03 + {é(é +1)0 — 1}E[5e]

+(26 +1)8 {1 + ki(d + 1)} (0> + 02) = 0.

—[(6+1)0(60 + £ (5 +1)00) + 6(5 + 1)6* + (5 + 1)(26 + £ (6 + 1)d)ol]l;
= [a—b— 6120 — 66)(060 + (6 + 1)860) — [a + 6(2b — (I2 + 1)0)](6 + 1)8 + b(26 + 1) (5 + 1)6

+ [(=6ly — 8)(6 + 615+ 1)) + (6 + 1)6(ly + 1)] 0 + {é(a +1)6— 1}E[ge]

+(28 +1)8 {1 + %2(5 + 1)} (0% + 02).

Two First-Order Conditions. Assume k; = ky = k.
From the expressions derived above, the producer’s first-order condition can be written

as
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= [(5 4+ 1)0(36 + 22D 0) 1+ §(5 +1)0% + (6 + 1)(26 + 2252 13
+[a— b — 61,0 — 36] (50 + 201 g)
—Ja+0(2b — (I + 1)0)](6 + 1)0 + b(26 + 1)(6 + 1)8
+ (=01, — 8) (5 + 22 4 (5 +1)5(ly + 1)]o?
+ {@ - 1}]E[€e].

The VI firm’s first-order condition is identical except for the additional retail term:

= [(5 4+ 1)0(36 + 220y 1+ §(5 + 1)0% + (6 + 1)(26 + 2252 13
+[a—b— 61,6 — 56] (50 + 201 g)
— a4 6(2b— (Iy + 1)0)](6 + 1)0 + b(20 + 1)(8 + 1)0

(=60, — 8)(6 + 2y (5 4+ 1)8(1y + 1)]0?

Collecting terms in (1, ls) and simplifying yields a linear system

Al =BI+C, Al,=Bl+C+D,

where

A=3(F+1)(6% +0?)(2+ 22),

B= 5(—1 + 5(5—;”)(02 +0?),

C=—[a—b—d0] (59 + ‘””9) St a+6(2b— 0)])(6 + 1)0 — (26 + 1)(6 + 1)0
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—(5(1 - @)U? + <1 - W—;”)E[ge].

D= —(25+1)5(1+ 51)(6* + 02),

Solving the linear system From the first equation, l5 = A0 Substituting into the

B
Al —C
A( 1B ):Bl;‘+O+D,

second equation gives

SO

A%y — AC = B*l; + BC + BD,

and therefore
_ BC+ AC + BD

A2 - B2

h

Similarly, BC + AC + AD

AQ_BQ

Iy
Useful identity Note

A+ B =6+ o)+ 1)(2+282) + (- 1+ 220

8(6° + 02) | (20 + 1) + LR

5w2+09@5+1m1+%§)

Hence,

Expected load-following forward positions Since L; = [;(# +¢) and E[e] = 0, we have

E[L;] = 61;. Using A> — B> = (A — B)(A+ B) and 25 =1,
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Therefore,

E[L,] — E[Ly] = 0.

and their gap (E[L;] — E[Ls]) is 6. This implies that, in expectation, the VI firm shades

its forward position by an amount equal to its retail exposure.

Simplify LFFC

ElL] :9<A?B B Ai?B)

with

a-soeneo) (24 20). =g (-1 X @4 02)

cn:—m—b—aﬂ@e+ﬁ%H@+{a+&%—ﬂn@+1w_b@&+nw+1w

—(5(1 - %)O’z + (1 - 6(6—;1))[@[86].

Simplification:
k2 O((a —b)0 + Elce
S (12~ 0 + Bl
bk? 4+ 5k +1 0% + o?
Let
S :=0%+02.

Denominator. Recall

142&5+n5(2+§%1), Bzé(—L+M6+D>S.

Hence,

A—B=4S {(5+1) <2+5Lk1>—(—1+5(6+1))}.

Distributing the minus sign yields

A—BI(SS{((;—Fl) <2+6Lk1>+1—5(5;1)}.
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Expanding terms,

(6+1) <2+Tl> =2+ 1)+

Therefore, )
A—B=4S {2(6+1)+1+ O+1) ;6((”1)} .
Since
(6+1)°=60+1)=(6+1),
we obtain

A_B=6S [25+3+5Lk11.

Writing over a common denominator k gives

05 (20k +0 + 3k +1)

A—-B=
k

Numerator We simplify

C=—fa—b— o0 (59 +16+ 1)59) Y la+6(2b—0)])(6 + 1)0 — (26 + 1)(6 + 1)8

_{—5<5+ L5+ 1)5) (6 + 1)5}03 - {%(5+ 1)§ — 1}1@[5@}.

The first line of C' (terms without ¢ and Elee]) is
“fa—b— 6] (59 + 3041 9) Y at8(2b—0)])(6 + 10— b(26 + 1)(6 + 1)8

:—9{[a—b—56](5—|— 5“) (5+1)[a+5(2b—9)]+b(25+1)(5+1)}
(0 —b)(5+28) — (5+1)(a — b) — 06 (5 + 2L5) + (5 + 1)06]
:_9[((1_5)(&6_,;%”_1)%9(1_@)]:9(1—“5—,;W)[(a—b)—59].

For the o2 term, the coefficient is

(54 820 54 5o g1 960)
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so the o2 contribution in C' is

—6 <1 — @) ol

—{%(5 +1)8 — 1}E[5e] = (1 — W) Elee].

Finally,

Thus,

0:0(1—@)[@—@—59]—5(1_@%9(1—5(5—;1))@54

:9(1—@)@—@—5(1-@) (02 + o) + (1—M)E[56]

k
= (200 (§(a — ) + Elee]) + 6 (W) (0 + 0?)
= (=250 (60 — b) + E[=e]) + B.
So
C—-B= (%) (9(@ —b) + ]E[ee])
Therefore,

ElL] =0 (AfB - A?B)
i (A=20+0) (8(a — b) + Blze])

55 (20k+3+3k+1) >
AR

(k—=5(5+1)) (6(a—b)+E[ae]>
=6( )
55 (25k-+5+3k+1)

B k? 0((a — )0 + Elee])
k24 5k+1 0% + o2

Now subtract the swap forward position from the load-following:

k’2
5k + 5k + 1

E[Ll] - fik =

0((a—b)0 +Elee]) (o b>] |

0% + o2
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We can rewrite the bracketed term as

0((a — b)0 + Elee])
0% + o2

OE[ce] — (a — b)o?
0% + o2

—(a—10b) =

So the wedge is exactly

k? O Elee] — (a — b)o?

]E[Ll]:ff+5k2+5k+1 92+03 e
Equwalently, . k’2 QE[ge] — ((l — b)Uz
E[Ll]_f1:5k2+5k—|—1 ‘92"’_02

Result 3 is obtained as a special case under the assumption e = Se.

Impose the proportionality assumption: Assume the retail demand shock is propor-

tional to the market demand shock

6
e=—c+n with Eln|=0,E[en] =0
a

which says that the part of e that comoves with ¢ has slope 6/a. Plug into the condition:

e

Elee] = %02

Then the key numerator becomes
OE[ee] — (a — b)o? = bo?

Let 1= %. Assume small 5 for approximation. We have

E[L] - ft = 2 bo? 2 o 2 O(n?)
B T k2 L5k 41 02 +02 BR2+5k+ 11+ Bk2+5k+11+0(n?)
Since
1
— =140
1+ 0(n?) )
We can get

E[L\] - fi = O(n*)
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Therefore,

E[Ly] = f{ to first order

Just in case, the exact (non-approximated) results are reported below. Using >0

TR
e if b>0: E[L] — f; >0 so LFFC > Swap;
o if b =0: E[L;] — f; = 0 so LFFC = Swap;
o if b<0: E[L] — f; <0 so LFFC < Swap.

This completes the proof of Result 3.

Proof of Result 4: Risk-Averse, Price-Taking Firms (LFFC)

We now consider price-taking firms under load-following forward contracts (LFFC). Under
LFFC, firm ¢ chooses a hedge ratio [; applied to realized retail demand (6 + e). Forward

payoffs therefore scale with realized load rather than being fixed quantities.

Profit. Firm profits are given by
Producer (firm 1):

I, = ?f L(0+e)—p° L0+ 624‘?8@1 - C<Q1Z~
forwa;dr profit generat;gn profit

Vertically integrated firm (firm 2):

I, = p'gy — psq£+%7f lo(0 +e) — p®la(0 + e)/+g)qu - C(qu.
retaif;roﬁt forwa;dr profit generat?(:n profit

Market clearing (perfect competition). Similarly to the proof of Result 2, and given
that (C(+)) is identical across firms, the spot price and output levels satisfy
s ate a+e
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Arbitrage and retail pricing Risk-neutral competitive speculators imply zero expected

profits on load-following forward contracts:
E[p/li(0 +e) — p*li(0 +€)] = 0.
Since I; is chosen prior to the realization of (e, e) and Ele] = 0, dividing by /; yields
PO = E[p'(0 + )] = 0E[p'] + Elp'e].

Hence,

Elp’e] a Elee]
TR T

As discussed in the main text, and following Bushnell et al. (2008), we assume that
expected retail profits are zero, with retail rates set to reflect expected wholesale prices and
retail demand. Hence,

Elp"q5 — p°q5] =0

Since p" is chosen prior to the realization of (g, e) and E[e] = 0, we have

Thus,

Risk aversion and objective. By the full-arbitrage condition and competitive retail
pricing, expected forward and retail profits are zero. Moreover, under the price-taking as-
sumption, forward positions do not affect spot market outcomes and hence are independent

of l; and ly. As a result, expected profits do not depend on [; or [y in this setup (as can be
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verified analytically, following the same steps as in the proof of Result 2). Consequently, for
both the producer and the vertically integrated firm, the mean—variance objective reduces

to choosing [; and [l to minimize the variance of profits.
Common decomposition The forward profit is obtained using

1 [(Elee]
f s — SR
p=p 2l<;( 0 5)‘

Hence,

(' —p)(0+e) =

<E[§€] - 5) 0+e)

<E[ae] + R),

1
2k
1
2k
where the stochastic component is defined as

Elee]

7 e — fe.

R:= —ce+

The generation profit is

s a+e a+e a+e 1 fa+e\’
pr1—O(Q1)—( ok ‘H’) 5 —b 5 —ﬁ< 5 )

(a+¢)?
8k

Since constants do not affect variances, we drop deterministic terms and define the

stochastic generation component
G g2 + 2ae
=g

Firm 1 (Producer): Optimal /;. Firm 1’s profit can be written as

(a+¢)?
Sk

H1 = %(E[EG] + R) +

Because E[ee| affects only the mean of profits, it does not enter the variance. The
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variance-relevant component is therefore

L
SR+ G

where G denotes the stochastic component of generation profits defined above.
Hence,

l
Var(Il;) = Var(iR + G> .

Minimizing variance with respect to [ yields the first-order condition

lq 1
(2]{:)2 Var(R) + % COV(R, G) =0.
Multiplying through by (2k)? gives

Iy Var(R) + 2k Cov(R,G) =0,

and therefore

Cov(R,G)

f— 9
4 k Var(R)

Normalization and Moments. Define the normalized shocks

Let the mixed moments be
myy = Elzy], mo = E[me], Mg 1= ]E[y?’], ms 1= E[y?’m],

My i= ]E[x2y], Mag 1= E[xzyg].

These normalizations imply
o? = a?v, o2 = 0%, Elee] = abfm;, E[e?e] = a®0my,

E[&Tg] = a3m30, E[g?’e] = a39m31.
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Using these definitions, the stochastic components can be written as

R = abs, S = —yr +mpz — vy,

CL2

G:—T T:: 2 2

Therefore,

Cov(R,G)  Cov(ads, g—iT)
Var(R) ~ Var(abS)
_a Cov(S,7T)
~8k0  Var(S)

Substituting into the producer’s first-order condition yields

a Cov(S,T)

ho = 4 Var(S)

Bounding and approximation Assume small-noise scalings

o3 v3/27 ot v? oS v3 - ot

with 7, k, 7, k. = O(1). By Cauchy—Schwarz,
Imas| <nd,  |maa| < O(8°n),  mso =76 =0(6%),  |ma| < O(6n).
We compute

Cov(S,T) = Cov(—yz + my1x — ¥, Yy’ + 2y)

= —2v +A,
~—~
leading

76

(20)




where

A= —mgy — 2mg; + 2m3, + (—m31 +mume; + mnv) .

[\

~
higher order

Similarly,
Var(S) = Var(—yz + mpz — y)
= v +DB,
leading
where

B = 2m21 — 3m%1 + Mmoo + (m%lve — 2m11m12) .

[

~~
higher order

The bounds above imply

A= 0(8%) + O0(6*) + O(6*n*) + O(6°n), B = 0(6%n) + O(6*n*) + O(5*n®) + O(8°n*).

Approximation step. Assume 0 is small and |B| < v/2 so that Var(S) is bounded away

from zero. Then

Cov(S,T)  —2v+A _2+é 1+§ -
Var(S)  v+B v v

~(23) (15 0(5))

A+2B A|l|B|  B?
:—2++—+O(M+—>.

v v? 12

Using the definitions of A and B, the leading part of A+ 2B is
A+ 2B = —mgy + 2my; — 4m?3, + 2may + (higher order).

Therefore,
COV(S, T) _ _9_ mso i 2m21 _ m%l ™Moo
Var(S) v v v v

+R, (21)

where
R = O0(dn) + O(6n*) + O(n*) + O(n*) and also contains O(B?/v?) terms.
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Firm 1 conclusion and comparison to the swap benchmark Combining (20) and

(21) yields

Lo=-"2 (—2 _Mao y oMa M oM +R>

4 v v v v
a amsy Mo m2,  amy a
2 4 v 2 v v 2 v 4

The variance-minimizing swap position for firm 1 is (exactly)
. a
=S+, 22)

Taking the difference and retaining the first nontrivial term ,

a Mmooy

Lo — fi = 5 T O(n*) 4+ O(dn)

Ele?e]

g e O(P) + O(6n).

This implies

a E[e%¢]
2 0E[¢?

ll(gxff—

to first order, with the remaining approximation error of second order.

Firm 2 (VI): optimal [ The only difference relative to the standalone producer is the
retail profit term p"¢5 —p®g5. Under competitive forward and retail markets, we have already

established that p” = p/. Consequently, Firm 2’s profit can be written as

(a—|—6)2.

My = () = p") (0 +¢) + (0 = p") 120+ €) +

Using the decomposition above, the variance-relevant component is

1+
2k

R+G.

Hence

141
Var(Ily) = Var< ;_ 2

R+G),
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and the first-order condition is

(141,) Var(R) + 2k Cov(R,G) =0, <=  1+1=—2k

Using the producer characterization, this implies

1+ =1.

Multiplying by 6,
l2 9 == ll 9 - 9

Cov(R, Q)

Var(R)

(23)

This shows that, in expectation, the VI firm shades its load-following forward position

by the level of expected retail demand.

Firm 2 comparison to the swap benchmark The variance-minimizing swap position

for firm 2 is (exactly)

a m mao1 amgo
*:_0 e 0 11_0
f2 +2+ v v 4

Combining (23) with the expansion for [0 and subtracting (24) yields,

Lo = f; = (0—5) "2 + O + On)
::(9 a) gﬁiﬁ%4—cx 2) 1+ O(6n)
e T o) + ot
This implies
Lo~ fi— a Ele?e]  Ele?e]

2 0E[e?2] ' E[e?]
to first order, with the remaining approximation error of second order.

Finally, we have the following first-order approximations:

llé’mfl*—

(24)



LI~ =S pEE T R
Using the identity
[0 = 1,0 — 0,
we can equivalently write )
a Ele?e]
L~ i —0——
20~ fi 2 OE[e?]

Finally, substituting

Ell; a¢5) =10, e=pe, and E[¢]|= %7

completes the proof of Result 4.

Appendix B Additional Results

Proposition 1. Under a load-following forward, the retail rate giving zero expected profit is

the LEFC per-unit price,

This rate strictly exceeds E[p®|. However, charging p" = E[p®] yields an expected loss for any

amount of retailer hedging.

Part 2: The zero-profit rate is the LFFC price. The retailer sells at p”, buys the

realized load at the spot price, and holds a LFFC that insures its retail demand. The LFFC
settles at (ps —pf ) [ q", and with risk-neutral arbitrageurs it is priced so that this settlement

is zero in expectation. The retailer’s profit is therefore

Hretail — p\rfq: o p\sg: + (ps _pf) lqr )
N————

revenue spot cost LFFC settlement

80



Taking expectations, the settlement term vanishes by full arbitrage, so
E[Hretail] — pr E[qr] o E[psqr]

and setting retail profits to zero gives

Splitting the numerator with E[p*q"] = E[p®] E[q"] + Cov(p®, ¢"),

- E[p’]E[g"] + Cov(p®,q")

_ Cov(p®,q")
p* - r
Elq"]

E[g"]

= E[p’] +

Since p® is increasing in ¢", we have Cov(p®,¢") > 0, and therefore

Cov(p®,q")

CITE

Part 3: E[p°] is less than this price and results in expected losses for the
retailer. Now suppose the retailer charges p” = F[p®] and, unable to hedge the random load

exactly, holds a swap forward for an arbitrary fixed volume f priced fairly at p/ = E[p*]. Its
payoff is (p* — p/) f, so
Hretail — prqr . psqr + (ps . E[ps])f

Taking expectations, the settlement term vanishes by full arbitrage, so
E[Hretail] — E[ps] E[qr] . ]E[psqr] - COV(pS, qr)
Because p® is increasing in ¢", Cov(p®,¢") > 0, hence E[II**!] < 0 and the retailer makes

an expected loss. O

Appendix C Simulation Algorithm

We solve a two-stage game among N = 4 strategic firms. In Stage 1, firms choose their
forward positions. In Stage 2, system demand and the vertically integrated firm’s retail load

are realized, and firms compete in quantities in the spot market. For each uncertainty state,
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we formulate the spot-market equilibrium as a mixed-integer optimization problem. We then
nest these state-specific problems within a Gauss—Seidel algorithm that computes sequential

best responses in the forward market, following Ito and Reguant (2016).

Appendix C.1 Uncertainty States

We approximate the joint distribution of system demand and the vertically integrated firm’s
retail load using a discrete grid. This discretization is needed because firms choose their
forward positions before uncertainty is realized and therefore evaluate expected utility by
integrating profits over the joint distribution of system demand and retail load. Because
each possible realization requires solving a separate spot-market equilibrium, evaluating
this integral directly over a continuous distribution would be computationally infeasible. We
therefore approximate the expectation using a finite weighted sum over representative states.

Let S denote system demand and let R denote the vertically integrated firm’s retail load.

We model retail load conditional on system demand rather than imposing a constant retail

S—ps
os

share. Let ug = E[S] and og = sd(S), and define standardized system demand as z =

For each year, we estimate the conditional retail-load relationship

R = a+ fexp(kz) + u, Elu | S] =0, Var(u | S) = o%.

Conditional on &, the model is linear in o and 5. We therefore estimate v and g by OLS
for each candidate value of k and select k using a one-dimensional grid search. We impose
Bk > 0, so that predicted retail load is weakly increasing in system demand.

We approximate the distribution of system demand by a normal distribution and con-
struct eleven quantile points at probabilities {ptai, 0.1, 0.2,...,0.9, 1 — pran} where peay =
Wlmm The two tail points together represent approximately one extreme hour per year,
divided symmetrically between the lower and upper tails. For quantile probability p;, define

Zj = (I)_l(pj>, Sj = us + 05%j.

Each system-demand point is assigned probability weight wf based on the probability
masses between the midpoints of adjacent quantile levels. Let S5o denote system demand
at the median. In the spot-market simulation, we define the demand shock relative to the

median as €; = S; — Ssp.
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At each system-demand point, the fitted conditional retail load is

Rjmia = a+ [fexp(kz;).

To capture residual retail-load uncertainty, we construct lower and upper realizations

according to

Rjiow = Rjmia — 20k, Rjhigh = Bjmia + 20R.

Each of the three conditional retail-load realizations receives one-third of the probability
assigned to the corresponding system-demand point. This produces a 33-state grid consisting
of eleven system-demand levels and three conditional retail-load realizations. Indexing the
resulting states by s, their probabilities satisfy )  w, = 1. We construct this joint grid
prior to the equilibrium simulation and use it as an input to the state-specific spot-market

problems.

Appendix C.2 Spot-Market Equilibrium
Appendix C.2.1 Residual demand and production costs

Let ¢;j5 denote the production of firm 7 from cost block j in state s, and define

K N
Gis = Z%‘js’ Qs = ZQis-
j=1 i=1

Here, Qs is total production by the strategic firms. Nonstrategic production is incorpo-
rated into the residual-demand curve rather than added to Q.
The inverse residual-demand curve contains a price-cap segment, three downward-sloping

segments, and a zero-price segment:

P, 0<Q < ks,
Ams -
PS(Q) = b—Q7 Km—l,s S Q S K;ms, m = 2’3,4,
\07 Kgs < Q < @

The parameters b,, > 0 determine the slopes of the three interior segments. The demand

shock shifts the residual-demand curve horizontally.
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Each firm has K ordered production blocks. Marginal cost on block (4, 7) is linear:

MCij(gijs) = aij + Cijgijs,
where q,; is the block’s capacity. The associated production cost is

1
Cij(ql'js) = @;qijs + §CijQi2js'

infra

Let f;s denote firm i’s forward position in state s, ¢

T jts nonstrategic inframarginal

production, and R;, its retail load. Retail load is zero for generation-only firms. Define the

firm’s precommitted position as

h'is - fis - q;nfra + Ris-

The firm’s net exposure to the spot price is therefore

Gis — his = Qs T+ qinfra - fis - Ris~

A larger forward sale or retail obligation reduces the firm’s net exposure to a higher spot

price and therefore reduces its incentive to withhold production.

Appendix C.2.2 Mixed-integer equilibrium conditions

Let firms be indexed by ¢ = 1,..., N, production blocks by j = 1,..., K, uncertainty states
by s =1,...,33, and residual-demand segments by m = 1,...,5. Let ¢;;s denote production
from block (4,7) in state s, ¢;s = Zj ¢ijs firm 4’s total production, and @, = ). ¢;s total
strategic production. The spot price is Ps. Each block has capacity g;; and marginal cost
Aij + CijQijs

For residual-demand segment m, let Qms and Q,, denote its lower and upper quantity
bounds, A,,, its state-specific intercept, and b,, > 0 its inverse-demand slope parameter.
Segments m = 1 and m = 5 are the price-cap and zero-price segments, respectively, while
m = 2,3,4 are downward sloping. The constant M is a sufficiently large number used to
deactivate constraints associated with segments or production blocks that are not selected.

Recall that firm i’s precommitted position is f;s — q%“fra + R;s, where f;, is its forward

infra
7

position, ¢ is its nonstrategic inframarginal production, and R;, is its retail load. Thus,
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Qis — his is the firm’s net exposure to the spot price.

Let z,,s € 0,1 indicate that residual-demand segment m is active in state s. Let w;;s €
{0, 1} indicate that production block (4, j) is used, and let ;;5 € {0, 1} indicate that the block
is used at full capacity. Let 1;;; > 0 denote the shadow value of the block’s upper-capacity
constraint.

For each downward-sloping residual-demand segment m = 2,3, 4, define

Qis — his
Gijms = P, — b— — Qi — CijGijs — MNijs- (25)

The spot-market equilibrium conditions are

[Segment selection] 25: Zms = 1 (26)
m=1

[Segment range 1] Qs > Q —— M(1 — zps), m=1,...,5 (27)

[Segment range 2] Qs < Q,,, + M(1 — 2,,,), m=1,...,5 (28)
[Inverse demand] — M (1 — zps) < Qs + by Ps — Aps < M (1 — 2,5), m=2,3,4

(29)

[FOC 1] Gijms < M(1 = 2ms),  Vi,j, m=2,34 (30)

[FOC 2] Gijms > —M (2 — 2ps — wijs), Vi, j, m=2,34 (31)

[Complementarity] 0 < 1, < M,js, Vi, j (32)

[Range 1] qijs < G;5u4s, Vi, j (33)

[Range 2] qijs > Gj;Uijs, Vi, j (34)

[Block consistency| ;s < wijs, Vi, j (35)

[Merit order] w5 < W 1., Vi, j=2,...,K (36)

For the price-cap and zero-price segments, the corresponding inverse-demand conditions

are

[Price cap] — M(1 —z1,) < Py — P < M(1 — zy) (37)
[Price floor] — M(1 — z55) < Py < M(1 — zs,) (38)
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When both residual-demand segment m and block (i, j) are active, equations (30) and

(31) imply

Qs T q;nfra — fis — Ri

P
b

= MC;i(gijs) + Mijs- (39)

The range, block-consistency, and merit-order conditions imply

Uijs < Ugjs < Ui 1,5 < Ujj—1,6-

Thus, a higher-cost production block can be used only after the preceding block has
been filled. Blocks classified as must-run are fixed at their available capacity, with the
corresponding lower-bound optimality conditions included in the formulation.

At the price-cap and price-floor kinks, the profit function is not differentiable. We in-
troduce additional kink indicators that force aggregate quantity to equal the relevant knot.
At the price-cap kink, optimality requires that the profit derivative evaluated from the
flat price-cap segment be weakly positive and the derivative evaluated from the adjacent
downward-sloping segment be weakly negative. The analogous one-sided derivative condi-
tions are imposed at the zero-price kink. These conditions ensure that zero belongs to the
subdifferential of each firm’s profit at the selected kink.

Supply-side shocks are beyond the scope of this paper. Nevertheless, when the price cap
binds, nameplate capacity may overstate the quantity a firm can realistically produce. Some
capacity may be unavailable because of outages, deratings, or other operating constraints,
and even available capacity may not be fully dispatched because the market-clearing quantity
can be reached before every firm produces at its nameplate capacity. To account for these
possibilities, we cap each firm’s production in price-cap states at a fraction  of its modeled
capacity. In the main specification, ¢ is set to the 25th percentile of the observed ratio of
dispatched quantity to maximum capacity in price-cap hours, approximately 65 percent.

Multiple segment-consistent equilibria can arise at the knots of the residual-demand
curve. We select the equilibrium on the rightmost feasible segment, which corresponds

to the lower-price branch, and then select the solution with the lowest production cost.

86



Appendix C.3 Profits and Contract Specifications

Firm i’s state-contingent total profit consists of generation and inframarginal profit, forward-

contract profit, and retail profit:

K
Tis = LsQis — Z Cij(qijs) + PsQinfra

Jj=1

J/

TV
generation and inframarginal profit

———— N————
forward-contract profit retail profit

Here, Fj is the settlement price for firm i’s forward contract, while F'? is the retail price
applied to the vertically integrated firm’s retail position. The forward quantity f;s may be
fixed or state dependent, depending on the contract specification. For generation-only firms,
R;; = 0, so the retail-profit term vanishes.

Firm i evaluates its Stage 1 position using CARA expected utility over the distribution
of state-contingent profits. For \; > 0, expected utility is

EU;, = — Z ws exp (—\iTis) - (41)

Because the logarithm is strictly increasing, maximizing expected utility is equivalent to

maximizing the certainty equivalent

1
CE; = N log (ES: ws €xp (—Ams)> : (42)

The certainty equivalent is expressed in profit units and is therefore more convenient for
computation and interpretation. In the risk-neutral limit, \; = 0, the certainty equivalent

becomes expected profit:

CEZ = Z WsT g

We consider three contract specifications. Under a fixed-volume swap, firm ¢ chooses a

87



quantity x; and

fis = Iy, Fover — ZwsPs' (43)

Under a load-following forward contract indexed to the vertically integrated firm’s retail

load,
ZS wsPsRs

ZS wsRs

Here, x; is the share of the reference retail load covered by firm ¢’s contract. Under a contract

fis= iR, Ff= (44)

indexed instead to system demand,

FS _ Zs wSPSSS

is — iS57
f ! Zs U)SSS

(45)
The retail position itself is settled using the retail-load-weighted price F'®. The settlement
prices are recomputed for every candidate profile of Stage 1 positions because the equilibrium
spot prices depend on those positions.

Firms have constant absolute risk aversion. For a risk-aversion parameter \; > 0, firm ¢

maximizes the certainty equivalent

1

CE; = N log (Z W exp(—/\ims)> : (46)

S

The risk-neutral limit is

CEl = Zwsms when )\1 =0.
We allow the vertically integrated firm and generation-only firms to have different risk-

aversion parameters, denoted by Ayi and Agen, respectively.

Appendix C.4 Stage 1 Forward-Market Equilibrium

We solve for a Nash equilibrium in Stage 1 using sequential best responses. Let x; denote
firm ¢’s Stage 1 choice. For a swap, z; is a fixed forward quantity. For a load-following

contract, x; is the share of the reference load covered by the contract.

88



Algorithm 1 Stage 1 Equilibrium via Gauss—Seidel

1: Initialize z\” = 0 for all i

2: Solve the spot-only equilibrium and set 7 = 1072 ||g**°!||
3: Set iter = 0 and crit = oo

4: while crit > 7 and iter < 20 do

iter)

5: Set X = x!

6: for:=1,...,N do

7: Hold the other firms’ current positions x_; fixed

8: For each candidate z; € [L;, U;]:

9: Solve the Stage 2 equilibrium in each of the 33 uncertainty states
10: Recompute the relevant settlement prices and state-contingent profits
11: Compute CE;(z;,xX_;)

12: Solve x} = arg max,, ez, v,) C Ei(xi, X_;)
13: Update z; =

14: end for

15: Set crit = Hi - X(iter)H

16:  Set x(ter+l) —x

17: Set iter = iter + 1
18: end while

Here, g°*°" is the vector of expected firm quantities in the spot-only equilibrium. The
algorithm stops when the change in Stage 1 positions is less than one percent of the norm
of the spot-only equilibrium quantities or after 20 iterations.

Define K; = Zj q;; as firm ¢’s total generation capacity. In the swap market, we restrict
the forward position of a generation-only firm to x; € [0, K;] and that of the vertically
integrated firm to x; € [-3K;, K;]. In the load-following markets, x; is a coverage share rather
than a quantity. We restrict the vertically integrated firm’s coverage share to x; € [—1,1]

and the coverage shares of generation-only firms to z; € [0, 1].
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Appendix D Additional Figures
Appendix D.1 Forward Price Diagnostics

Difference in Foward Prices and Avg. Pool Prices (Jan 2008- Feb 2023)

- Mean: —2.22
- Median: 7.17
1000 e Zero Line
800
S 600
3
Q
&)
400
200
0
-200 -100 0 100 200

(FW Price - Avg. Pool Price)

Figure 7: Forward vs Spot Prices
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Appendix D.2 Changes in Marginal Costs from the End of PPA
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Figure 8: Changes in Marginal Costs from the End of PPA

Notes: The figure illustrates the firm level engineering marginal cost curves before and after
the end of the PPA agreements at the end of 2020.

Appendix D.3 Simulation Approximation and Validation
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Figure 9: Residual Demand Approximation

Notes: The figure illustrates the piecewise linear approximation to the residual demand
curve used in the simulation algorithm. The approximation captures the nonlinear shape of
residual demand, including the high-price, high-demand region that is important for firms’
hedging incentives.
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Wholesale Price Distribution
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Figure 10: Simulated and Actual Price Distributions

Notes: The figure compares the wholesale price distribution generated by the Swap+VI simulation
with actual Alberta wholesale prices in 2018. The simulation does not use actual wholesale prices
to calibrate the model parameters.

Appendix D.4 Additional Simulation Results
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Figure 11: Average Annual Consumer Cost Increase Relative to the First-Best
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Appendix E Empirical Application: Combining Risk
Aversion and Imperfect Competition

We compute equilibrium forward positions over a wide grid of risk-aversion parameters,
allowing separate values for generation-only firms and the vertically integrated firm. The
grid ranges from A\; = 0 to A\; = 0.001, and we report results for each pair of risk-aversion
parameters below.

Because firms are heterogeneous in size, we report net equilibrium spot exposure as a
share of expected production—that is, the fraction of expected output sold at the spot price.
Figure 12 shows equilibrium spot exposure ratios for generation-only firms and the vertically
integrated firm across a wide grid of risk-aversion parameters, unifying strategic commitment
and risk-hedging incentives. These figures correspond to the normalized counterparts of

Figure 3.

Net Spot Exposure (%) Comparison
Gen-only Firms (Swap) VI Firm (Swap)
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Figure 12: Equilibrium Spot Exposure Ratios under Swap Contracts

Notes: Using the simulations described in Section 5, we compute equilibrium spot exposure
ratios—defined as equilibrium spot exposure relative to expected production— under swap con-
tracts for each pair of risk-aversion parameters. The left panel reports the average ratio across the
three generation-only firms, while the right panel reports the ratio for the vertically integrated
firm.

The left panel reports the average equilibrium swap-based spot exposure ratio across
generation-only firms for each pair of risk-aversion parameters. The model predicts spot
exposure ratios of roughly 20-50 percent, which fall within a reasonable range compared

with existing estimates in the literature (e.g., Reguant, 2014; Wolak, 2007) and industry
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reports. The right panel reports the equilibrium spot exposure ratio for the VI firm. When
risk aversion is low, the VI firm maintains a spot position comparable to that of generation-
only firms. As risk aversion increases, however, the VI firm’s spot exposure rises substantially,
reflecting the over-hedging effect. These patterns are consistent with the predictions of our
theoretical model: generation-only firms reduce their net spot exposure when using swaps
for both strategic commitment and risk hedging, whereas the VI firm, despite reducing spot
exposure for strategic reasons, may increase it under higher risk aversion due to over-hedging
induced by contract incompleteness.

Figure 13 presents the corresponding results under load-following forward contracts. The
left panel shows spot exposure ratios for generation-only firms, while the right panel shows
those for the vertically integrated firm. Relative to the swap case, the VI firm’s equilibrium
spot exposure ratios are substantially closer to those of generation-only firms. Moreover, the
comparative statics with respect to the VI firm’s risk aversion are reversed: the equilibrium
spot exposure ratio now decreases with risk aversion. Overall, these results are consistent
with the theoretical prediction that load-following forward contracts correct the VI firm’s
over-hedging incentives and align its spot exposure more closely with that of generation-only
firms.
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Figure 13: Equilibrium Spot Exposure Ratios under LFFC

Notes: Using the simulations described in Section 5, we compute equilibrium spot expo-
sure ratios—defined as equilibrium spot exposure relative to expected production—under load-
following forward contracts for each pair of risk-aversion parameters. The left panel reports the
average ratio across the three generation-only firms, while the right panel reports the ratio for the
vertically integrated firm.
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Appendix F Robustness of Risk Aversion Parameters

We use the simulation model described in Section 5 to assess the robustness of our results

to alternative risk-aversion parameters. Specifically, we solve

i S0 ) — 1)
by grid search. The minimizing parameter pair is (A5 gy, Al;) = (1.0 x 1077, 3.16 x 1079),
under which firms maximize CARA utility. Although the actual hedging strategies of retailers
and vertically integrated firms are not publicly observed, industry and regulatory reports
indicate that minimum-variance hedging is a common benchmark and provides a reasonable
approximation to retailers’ heuristic practices (Independent Competition and Regulatory
Commission, 2019). Since A}, > A&y, our estimates imply that vertically integrated firms
are more risk averse than generation-only firms, which tend toward risk neutrality. This
is consistent with the view that retailers are highly risk averse, though not necessarily risk
minimizing.

To evaluate robustness, we conduct a series of sensitivity exercises across alternative
risk-aversion values. Figure 14 reports the norm distance between the GMM-implied and
model-predicted forward positions across a wide grid of parameter pairs, with the red star
denoting the minimizing pair. Figures 15 and 16 show that both average profits and profit
standard deviations decline as risk aversion rises, highlighting a trade-off between expected

profit and risk reduction.

95



Norm Distance: actual forward position vs model forward position
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Figure 14: Norm Distance Between GMM and Model-Implied Forward Positions

Notes:This figure illustrates the norm distance between the GMM-implied and model-predicted

forward positions, defined as \/ (fi(xgEN, Avy) — fEMM )2. The simulation model is described

in Section 5. The red star denotes the parameter pair (A¢gn,Ayr) that minimizes the norm
distance.
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Figure 15: Average Profit Across Firms Under Alternative Risk Aversion Parameters

Notes: We use the simulation model described in Section 5. The figure reports the average
expected profit across firms for alternative pairs of risk aversion parameters, (Agen, Avr).
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Average Profit Standard Deviation across Firms
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Figure 16: Average Profit Standard Deviation Across Firms Under Alternative Risk Aversion
Parameters

Notes:We use the simulation model described in Section 5. The figure reports the average profit
standard deviaion across firms for alternative pairs of risk aversion parameters, (A¢en, Avr).

As shown in Figures 17 and 18, increases in the VI firm’s risk aversion parameter have
only a modest effect on expected profits, while substantially reducing the variance of profits.
This pattern indicates that the VI firm can achieve significant risk reduction with little

sacrifice in expected profitability.
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VI firm: Expected Profit Ratio vs VI Risk Coefficient
(Gen Risk = 1.0e-7, Baseline = risk_vi = 0)
(Forward Contract: Swap)
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Figure 17: Expected Profit of the VI Firm Across VI Risk Aversion Parameters

Notes:This figure reports the VI firm’s expected profit relative to the benchmark in which the VI
firm is risk neutral. The producer’s risk aversion is fixed at Aggnx = 1.0 x 1077, the value that
best matches the GMM estimates.

VI firm: Profit Variance Ratio vs VI Risk Coefficient
(Gen Risk = 1.0e-7, Baseline = risk_vi = 0)
(Forward Contract: Swap)
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Figure 18: Profit Variance of the VI Firm Across VI Risk Aversion Parameters

Notes:This figure reports the VI firm’s profit variance relative to the benchmark in which the VI
firm is risk neutral. The producer’s risk aversion is fixed at Aggnx = 1.0 x 1077, the value that
best matches the GMM estimates.

Appendix G Additional Simulation Scenarios

In addition to Table 3, we consider two further scenarios:
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e Single market: We shut down all forward markets, so firms compete only in the

production market.

e Swap+VI (LFFC 40%): Identical to Swap+VI, except the VI firm is required to
hedge 40% of its own demand with LFFCs.

The single-market scenario captures the competitive and welfare impacts of abolishing
the entire forward market. In the data, we observe when LFFCs become available, but we
do not know how much the VI firm holds in LFFCs versus swaps, since a large part of their
contract positions is not disclosed—which is why we estimate the forward positions. For the
regulated option alone, however, the VI firm reports to the regulator the percentage of its
regulated load hedged through LFFCs, which it states is 40%. Accordingly, in Swap+VI
(LFFC 40%), we consider a scenario in which 40% of the VI firm’s demand is procured
through LFFCs and the remainder is hedged with swaps.

Table 4 reports the results. Relative to Swap+VI in Table 3, abolishing the forward
market yields higher prices but lower deadweight loss. Swap+VI (LFFC 40%) suggests that
even a 40% LFFC share achieves competitive and welfare impacts as large as those under
LFFC+VI (System load).

Table 4: Summary of Outcomes Across Additional Simulation Scenarios

Scenario E[p] Net Production E[n] SD(mr) DWL  Cons. cost
Position  (Thermal) A from FB
(CAD/MWh) (%)  (MWh) (k CAD/MWh) (k CAD/MWh) (k CAD/h) (k CAD/h)
Single market
Gen-only (avg.) 84.5 0.00 407 58.8 163 3.77 84.1
VI 0.00 1156 66.9 514
Swap+VI (LFFC 40%)
Gen-only (avg.) 81.7 67.3 557 58.2 48.9 2.64 56.1
VI 29.7 816 59.8 41.7

Note: The labels “Gen-only (avg.)” and “VI” refer to the three generation-only firms and the one verti-
cally integrated firm observed in the data, respectively. These labels are retained across all scenarios for
consistency, even in counterfactual scenarios such as Swap+Gen (VI risk) and Swap+Gen (Gen risk), where
the VI firm is modeled as generation-only. Production, profits, and the standard deviation of profits are
reported at the firm level. For “Gen-only (avg.),” firm-level variables are reported as averages across the
three generation-only firms. Expected prices, deadweight loss, and consumer costs are reported at the mar-
ket level. Deadweight loss is measured as the difference in total production costs between the market power
scenario and the first-best benchmark. Changes in consumer costs are also computed relative to the first-best
and represent the additional payments made by consumers compared to the first-best outcome. Consumer
costs are defined as the market price multiplied by total demand.
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Appendix H Track Ownership Changes of Assets

This appendix documents ownership changes for major thermal generation assets during the
sample period. The table focuses on thermal assets owned by ATCO, Heartland Generation
Ltd., ENMAX, Capital Power, TransAlta, and the Balancing Pool, which constitute the

primary large firms in the Alberta market examined in the paper.

Timeline of Ownership and Asset Status Changes

e 2018-01-01: Beginning of the analysis period.

e 2018-04-01: Power Purchase Agreements (PPAs) for SD4, SD5, and SD6 expired;
SD3 and SD5 exited the market.

e 2018-10-01: PPA for BR5 expired.

e 2019-10-01: Joint ownership of GN3 and KH3 was dissolved. GN3 became wholly
owned by Capital Power, and KH3 became wholly owned by TransAlta.

e 2019-11-07: ATCO’s thermal assets were transferred to Heartland Generation Ltd.
e 2019-12-15: BR3 exited the market.

e 2021-01-01: PPAs for SH1, SH2, GN1, GN2, KH1, and KH2 expired.

e 2021-03-11: HSM1 exited the market.

e 2021-12-31: End of the analysis period. “

Based on these ownership transitions and asset exits, we redefine the re-sampling pool
accordingly to ensure that firm ownership and asset availability are correctly aligned with

each subperiod of the analysis.

Appendix I Alternative Forward Contract Specifications

In this section, we present estimates of forward contract positions and quantity exposures
under alternative parametric restrictions on how forward positions vary over time. Let

7(t) € {pre, post} indicate the sample period, m(t) denote the month containing observation
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t, and s(t) € {peak,off} indicate whether observation ¢ occurs during the peak or off-peak
period. Let @, denote monthly expected production and g% denote monthly retail load.
For the peak/off-peak specifications, let g, s and qfhs denote the corresponding monthly
expected production and retail load. As in the main text, ¢,; denotes expected production
at observation t. Our baseline specification assumes that firm 7’s pre-committed quantity

takes the form

ve(Yi) = Vir (@t + €t (47)

Thus, all firms are assigned the same functional relationship between pre-committed quanti-
ties and expected production, while the coefficient v; () is allowed to differ across firms and
sample periods.

We use this common hedge-ratio specification in the main analysis for three reasons. First,
it follows Reguant (2014), whose method provides the basis for our estimation of forward
positions from bidding behavior. Using the same specification facilitates comparison with
that paper and with the related literature.

Second, applying different functional forms to vertically integrated and generation-only
firms would confound two sources of variation: differences in their actual forward positions
and differences mechanically induced by the functional form imposed on each firm type. A
common specification therefore provides an apples-to-apples comparison of their estimated
forward positions. Importantly, the common specification does not require the two firm types
to have the same estimated hedge ratio, since each firm has its own coefficient v; (4.

Third, the common hedge-ratio specification corresponds directly to the prediction of
the Allaz—Vila benchmark extended to include vertical integration. In this framework, the
vertically integrated firm’s retail obligation acts as a built-in forward position that is a
perfect substitute for an explicit forward contract in the spot-market first-order condition.

The producer’s pre-committed quantity is

V= fika’ (48)
whereas the vertically integrated firm’s pre-committed quantity is

Vo = f2*,N + 0. (49)
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Result 1 establishes that
fin=Jlin +0, (50)

and hence that 1y = 5. Under the symmetric benchmark, expected production is also the

same across the two firms, implying

Elg]  Elg (51

Because the Allaz—Vila model is the standard benchmark for strategic forward contracting,
imposing a common functional form provides a direct test of its predicted common hedge ratio
rather than building differences between the two firm types into the estimation specification.
We nevertheless examine two alternative specifications to assess whether the estimated
forward positions and quantity exposures are sensitive to the baseline restriction.
We consider two alternative specifications. The first, restricts firms to choose a fixed

share of monthly expected peak and off-peak demand to hedge:

Vt(’?’i) = Yi,r(t)qm(t),s(t) T Et-

This implies two different levels of forward positions (one in peak and one in off-peak hours).
The specification is designed to capture the fact that the most commonly traded forward
product in the data are monthly contracts. This could make it difficult for a firm to hedge
a fixed share of the expected retail demand which moves at the hourly level.

The second, incorporates data on the retail demand of the integrated firm. In particular
we obtained data from every hour on the metered volume attributable to the integrated firm.

Then, we parameterize the short forward position f; as
F1:) = Yirrt) @mey.st) = Gmors(0)) -
which we assume maps into the pre-committed quantity as:
v(y,) =@ — fulvi) + e (52)

This specification allows the firm to hedge its net physical exposure, the gap between re-

tail demand and expected production, rather than production alone. The specification
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parametrizes the hedge off a predetermined month-by-segment block rather than an hour-
varying quantity (reflecting the use of monthly contracts) so the forward position is constant
within a segment and does not inherit hour-to-hour variation, but the pre-committed quan-
tity moves with changes in expected retail demand for the integrated firm.

The results are presented in Table 5. Although the parameters have different interpre-
tations across specifications, the economically relevant implied quantities, including forward
positions, pre-committed quantities, physical exposure, and inframarginal quantities, are
similar. In particular, explicitly incorporating the vertically integrated firm’s retail load or
restricting forward positions to monthly peak and off-peak blocks does not materially change
its estimated exposure. These results indicate that the substantive conclusions are not driven

by the common hedge-ratio specification used in the baseline analysis.
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Table 5: Implied Short Forward Positions and Inframarginal Quantities

~

apre f g— qfet q— a‘pre
pre-committed  ghort forward physical inframarginal
Spec. Period Estimate quantity position exposure quantity
Baseline Pre —0.343 —291.1 —2496.9 —1357.1 1139.8
Baseline Post 0.880 787.6 —1026.4 —918.9 107.4
1 Pre peak —0.342 —309.7 —2644.7 —1429.6 1215.1
1 Pre off-peak  —0.342 —251.5 —2198.7 —1212.0 986.7
1 Post peak 0.939 884.0 —1040.9 —983.5 57.4
1 Post off-peak 0.939 753.4 —839.7  —790.7 48.9
2 Pre peak 1.897 —376.9 —2712.0 —1429.6 1282.4
2 Pre off-peak  1.897 —351.9 —2299.1 —-1212.0 1087.1
2 Post peak 0.905 1034.8 —890.1 —983.5 —934
2 Post off-peak 0.905 877.5 —715.6  —790.7 —75.1

Notes: The table reports estimates for the vertically integrated firm under the baseline specification and
the two alternative specifications described in the text. “Estimate” denotes the estimated coefficient
¥i,r- Its interpretation varies across specifications: in the baseline it scales hourly expected production,
in Specification 1 it scales monthly expected production separately for peak and off-peak hours, and in
Specification 2 it scales the firm’s monthly net retail position. g** denotes the implied pre-committed
quantity, and f denotes the implied explicit short forward position. Positive values of f indicate net
forward sales, while negative values indicate net forward purchases. 7 and ¢** denote average expected
production and average retail load, respectively. Physical exposure, § — ¢*°%, is the firm’s net physical
position before accounting for explicit forward contracts. The pre-committed quantity, gP*°, is the
portion of expected production offset by retail obligations and explicit forward contracts before spot-
market competition. Physical exposure, § — 7°*, measures the firm’s net wholesale position based only
on expected production and retail load, before accounting for financial forward contracts. Inframarginal
quantity, §—qP*¢, measures the firm’s remaining net spot-price exposure after accounting for both retail
obligations and explicit forward positions. Positive values indicate net selling exposure, while negative
values indicate net buying exposure. All quantity measures are reported in MWh.
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Appendix J Unit-Level Marginal Cost Estimates

Table 6: Unit-Level Marginal Cost Estimates for Large Firms

Before 2021 In 2021
Firm Unit Fuel GMM MC (SE) Eng. MC GMM MC (SE) Eng. MC
($/MWh) ($/MWh) ($/MWnh) ($/MWh)
Generation firm 1 Unit 1~ GAS 15.37 (0.73) 19.40 - - -
Unit 2 GAS 1761 (1.45) 25.23
Unit 3 COAL 19.33 (4.32) 37.48 - - -
Unit 4 GAS 19.98 (0.76) 32.81
Unit 5 GAS 20.18 (1.86) 25.23 - - -
Unit 6 GAS 24.09 (0.86) 15.50 - - -
Unit 7 GAS 26.25 (1.61) 19.98 - - -
Unit 8 GAS 27.95  (2.39) 25.23 - - -
Unit9 GAS 27.27  (1.58) 25.23
Unit 10 COAL 2747 (2.06) 31.46 - - -
Unit 11 GAS 29.09 (1.08) 28.02
Unit 12 COAL 36.61 (0.47) 36.02 - - -
Generation firm 2 Unit 1 COAL 23.30 (2.68)
Unit 2 COAL 20.91 (2.43) 29.13 27.88 (3.72) 34.93
Unit 3 COAL - - - 26.77 (4.04) 38.55
Unit 4  GAS 20.66 (2.17) 14.55 3441 (3.62) 24.10
Unit 5 COAL - - - 29.21 (4.01) 38.55
Unit 6  GAS 27.04 (2.31) 21.08 45.04 (3.84) 36.04
Unit 7 GAS 27.26 (2.68) 21.08 45.41 (4.47) 36.04
Generation firm 3 Unit 1 GAS 16.77 (1.10) 25.86 24.86 (1.83) 36.80
Unit 2 GAS 21.98 (1.62) 41.85 32.57 (2.70) 60.49
Unit 3 COAL 27.47 (2.06) 31.39
Unit 4 GAS 24.74 (1.15) 21.21 36.67 (1.92) 29.91
Unit 5 GAS 24.90 (4.82) 36.61 36.91 (8.04) 52.74
Unit 6 COAL 32.20 (4.74) 37.30 - - -
Unit 7 GAS 26.96 (4.11) 32.85 39.67 (6.85) 46.45
Unit 8 COAL 34.28 (7.27) 36.85
Unit 9  GAS 29.83 (2.55) 31.28 44.60 (4.24) 45.15
Unit 10 GAS 33.49 (2.10) 26.55 49.64 (3.49) 37.83
Unit 11  GAS - - - 48.74 (7.55) 51.89
Unit 12 GAS 43.21  (13.67) 32.81 64.04  (22.78) 47.10
Unit 13 GAS 54.99 (133.01) 32.81 81.50 (221.59) 47.10
Unit 14 GAS 139.39 (311.75) 32.81 206.59 (519.37) 47.10
Generation firm 4 Unit 1 COAL 27.03 (0.80) 29.13 - - -
Unit 2 COAL 27.77 (0.57) - 27.77 (1.17) -
Unit 3 COAL 29.38 (3.77) 31.35 32.05 (6.45) 35.63
Unit 4 COAL 31.42 (3.18) 34.69 41.89 (3.60) 42.11
Unit 5 COAL 39.54 (2.90) 38.95
Unit 6 GAS - - - 41.25 (2.61) 45.87
Unit 7 COAL - - - 42.43 (1.74) 36.85
Unit 8 GAS - - - 45.42 (4.87) 51.83
Unit 9 GAS 40.45 (2.96) 32.85 59.53 (4.94) 46.45
Unit 10 COAL 57.24 (4.97) 36.85
Unit 11 GAS - - - 75.91 (8.39) 51.89
VI firm Unit 1 GAS 15.28 (1.70) 20.93 25.46 (2.83) 34.73
Unit 2 GAS 15.33 (1.88) 15.56 25.53 (3.13) 25.78
Unit 3 GAS 17.62 (1.74) 14.55 29.36 (2.90) 24.10
Unit 4 GAS 26.29 (6.72) 22.12 43.80  (11.19) 37.77
Unit 5 GAS 29.01 (7.81) 22.12 48.33  (13.02) 37.77
Unit 6 GAS 4391 (7.59) 22.12 73.15  (12.64) 37.77

Notes: The sample covers 2018-2021. Marginal costs are estimated at the unit level using the
GMM estimator. The GMM marginal costs are computed at each unit’s average output level.
Generation Firm 1 exits during the sample period. Several assets either retire or convert to
different fuel types. Engineering cost estimates are unavailable for two assets.
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Appendix K Risk Aversion in Forward Choices and
Risk-Neutral Bidding

In the Cournot model, we assume that firms choose forward positions using a risk-averse
objective in the first stage, but choose production according to a profit-maximization objec-
tive without uncertainty in the second stage. This distinction provides a tractable model
of forward contracting and bidding. In practice, however, firms may still face residual un-
certainty at the bidding stage, even after most demand uncertainty has been resolved. This
residual uncertainty may arise from forecast errors, renewable output deviations, or private
information held by competitors. This raises the question of whether a risk-neutral bidding
condition is a good approximation when estimating forward positions.

One interpretation of this modeling choice is organizational. The firm as a whole may
be risk neutral, but the forward-stage risk-averse objective provides a reduced-form approx-
imation to the risk-management desk’s hedge choice. The parameter \ then captures the
shadow cost of low-cash-flow states that matters for forward contracting, rather than risk
aversion in every firm decision. The risk-management desk chooses the forward position tak-
ing these low-frequency cash-flow concerns into account, while anticipating that the dispatch
desk will later choose production or bids according to an expected-profit continuation prob-
lem. This separation is also consistent with industry practice. Hortagsu and Puller (2008)
report, based on interviews with ERCOT market participants, that traders who negotiate
forward contracts and traders who bid in the real-time balancing market are distinct and
often belong to different trading desks.

Under this interpretation, risk aversion governs the hedge decision, whereas the local
hourly bidding first-order condition is governed by expected profits. The risk-management
desk has already purchased the relevant insurance through the forward position, so the dis-
patch desk does not need to obtain additional insurance through local hourly bid distortions.
Instead, the dispatch desk takes the forward position as given and solves the expected-profit
continuation problem. The model is dynamically consistent because the bidding behavior
anticipated by the risk-management desk coincides with the continuation problem solved
by the dispatch desk. Below, we consider a second interpretation in which the risk-averse
objective also applies to hourly bidding, and show that the risk-neutral bidding condition

remains a good approximation.
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Intuitively, forward hedging decisions are made at a longer horizon, when firms have
limited information about realized demand and system conditions. By contrast, real-time
bidding takes the form of a supply schedule. A local bid perturbation affects market outcomes
only in states in which that bid sets the market-clearing price with positive probability.
Hence, a necessary condition for optimality is that no local deviation is profitable: at each
step of the supply curve, the firm must not gain by marginally raising or lowering the
offer. The relevant risk is therefore conditional on the step being marginal, rather than
the unconditional risk faced when choosing forward positions. This conditioning reveals
information about the realized residual demand curve and partially conditions the firm’s
bidding incentive on the aggregate state. In the continuous-schedule benchmark of Hortagsu
and Puller (2008), the supply curve provides full state contingency by mapping each market-
clearing state into a quantity, so the risk-averse and risk-neutral bidding conditions coincide.

The remainder of this section provides an empirical diagnostic for this second inter-
pretation. We show that, conditional on a bid step setting the market-clearing price, the
residual variation relevant for the local bid perturbation is small. Thus, the risk relevant for
forward-contracting decisions is much larger than the residual risk relevant for marginal real-
time bidding incentives, and the risk-averse correction to the bidding first-order condition is
quantitatively negligible.

Consider the CARA expected-utility objective

E[- exp(—A7;(b))], A >0, (53)

where X is the coefficient of absolute risk aversion. In the step-function bidding problem, a
marginal change in bid b;;x, affects market outcomes only in states in which that bid step
sets the market-clearing price. Therefore, after dropping the strictly positive multiplicative

constant A\, the CARA first-order condition can be written as

Elexp(=Am:) Aijen | pn = bijin] = 0, (54)
where
aph / anh
Ajjrn = (Qin — vi + (on — G ;
jkn = (Qin h)abz'jkh (pn )abz‘jkh
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and

mi(b) = pr(bn) Qin(bn) — Zcij (¢:;(0)) = (pr(br) — p”)vin.
J
Define conditional expected profit and the corresponding conditional profit deviation as
ijen = E[m; | o = bijkn]
and
Zijkh = T — ijkh-

By construction,

E[Zijkn | pr = bijkn) = 0.

Since

i = Wijkh + Zijkh,

we have

exp(—A ;) = exp(—A ftijrn) eXp(—A Zijin)-

Conditional on py, = bjjkn, the term exp(—A p kn) is a strictly positive constant. Thus,

equation (54) is equivalent to
E[exp(—/\ Zijkh>Aijkh | Pn = bijkh] =0. (55)
For small A, a Taylor expansion around A = 0 gives*t

exp(—A Zijin) = 1 — A Zijin + 7ijin(A),

24The accuracy of the approximation depends on the magnitude of the dimensionless product AZijkh,
where Zjjpn = m — E[m; | pr = bijkh]. Suppose that A is the same risk-aversion parameter governing the
firm’s forward-position choice. Expected profit is measured in monetary units, whereas the variance of
profit is measured in squared monetary units. The parameter A\ therefore rescales the unconditional variance
penalty so that it is comparable to expected profit. Because the unconditional variance of profit is large
relative to the level of expected profit, a firm that trades off expected profit against variance, rather than
simply minimizing variance, must have a numerically small A\. Consistent with this scaling, our estimates
are (Agpns Ay) = (1.0 x 1077, 3.16 x 1076) .

Moreover, Z; iy is a profit deviation measured in levels (monetary units), not a squared quantity, and
it is defined conditionally: it captures profit variation only across states in which the same bid step sets
the market-clearing price. Conditioning removes the large variation that arises across different price-setting
segments, so Z;;xp is small relative to the overall dispersion of profit. Thus, the product AZ;; is plausibly
small, supporting the first-order Taylor approximation around A = 0.

108



where - 53
A Zz‘jkh B A Zijkh .

2 6

Tijkn(A) =

Substituting this expansion into equation (55) gives

0 =E[Ajjkn | Pr = bijrn)
- )\E[ZijkhAijkh | Pr = bijkh]
+ Erijen(N)Aijkn | pn = bijin] -

The first-order approximation of equation (56) becomes
E[Ajkn | pr = bijin) — NE[ZijenDijin | pr = bijrn] = 0.
Because Z,ji;, has conditional mean zero,
E[ZijkhAijkh | bn = bijkh] = COV(E', Aijkh | P = bijkh) .

Therefore, the approximated CARA first-order condition is

E[Aijk:h | pbn = bijkh] - A COV(%’, Aijkh ‘ Pn = bijkh) ~ 0.

Let
7 = pu(bn) Qin(br) — Z Cij(g;5(b))

denote variable profit excluding the forward payoff. Since
T =T — (Pn — pf)’/ih:

and the forward payoft is constant conditional on pj, = b;jrn, we have

Cov(mi, Aijkn | Pr = bijin) = Cov(T;, Aijkn | Ph = bijin) -

Thus,

E[Ajkn | pr = bijin] — X Cov(Ti, Aijrn | pr = bijrn) = 0.
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The first term,
E[Aijkn | Pr = bijkal
is the risk-neutral marginal-profit term used in our estimation. The second term is the

first-order risk-aversion correction implied by CARA utility.
By Cauchy—Schwarz,

|Cov (7, Aijkn | pr = bijkh)\ < \/Vﬁr[%i | pr = bijkh] \/Var[Aijkh | pr = bijkh]-
Thus, the absolute contribution of the CARA covariance correction is bounded by

X Cov (T, Aijin | Ph = bijin)|

<A \/Var[%} | Pr = bijin) \/Var[Aijkh | Pr = bijin]- (60)

We use this bound to assess whether the first-order CARA correction is quantitatively im-

portant relative to the risk-neutral marginal-profit term. For each bid step, define

CARA _ A/ Var[T; | pn = bigin]\/Var[Aijen | pn = bijin]
ijkh |]E[Az]kh ’ Pn = bijkh”

. (61)

The ratio Ri " is the upper bound on the absolute CARA covariance correction divided
by the absolute risk-neutral marginal-profit term.

The intuition is that conditioning on p; = b;jk, removes the main source of payoff vari-
ation: variation in the market-clearing price. Once the marginal bid is fixed, the remaining
variation in m; and A;j, comes primarily from quantity movements within the set of states
in which the same bid step sets the price. In particular, the residual variation is driven by
fluctuations in the dispatched quantity of the marginal segment, holding the price fixed at
bijrn. This substantially reduces the conditional variance of profits and therefore limits the
possible magnitude of the covariance correction. If R%’,?,?A is small, then the second term in
(59) is small relative to the first term, and the risk-neutral first-order condition provides a
good approximation to the risk-averse bidding condition.

The objects in 7;, Ajjkn, and K;jr, depend on the structural cost parameters «; and on

the forward position v;,. To evaluate the diagnostic under plausible parameter values, we
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use engineering cost values for «;. For forward positions, we consider hedge ratios

v € {—1,-0.5,0,0.5,1},
as well as the estimated hedge ratios 7; = —0.34 and ~; = 0.77. We then recompute R%Q,?A
under each specification. This exercise tests whether the covariance correction remains small
across a wide range of cost and forward position assumptions.

In the empirical exercise, we report Rfjﬁm using the estimated value of A. Although
A is estimated within the model, the implied forward positions are consistent with firms’
annual reports and industry descriptions. This external consistency suggests that the es-
timated value of A captures economically plausible hedging incentives rather than being
driven solely by within-model variation. It is therefore best to interpret \ as a plausible
order-of-magnitude benchmark rather than a precise point estimate. As we show below, the
diagnostic is not sensitive to this choice: scaling A up by a factor of 10 or 100 leaves the
conclusion unchanged.

Table 7 reports summary statistics for R%‘,?,?A across alternative values of ;. The ratios
are small across the relevant bid steps and parameter specifications. Thus, the risk-aversion
correction is quantitatively negligible relative to the marginal effect of bids on expected
profits.

A useful benchmark for interpreting Table 7 is the analogous relative-magnitude diag-
nostic in Reguant (2014). The omitted term in that setting is different: it captures the
effect of marginal changes in simple hourly bids on expected profits through changes in the
probability that a complex bid is binding. In our setting, the omitted term is the risk-averse
covariance correction. Nevertheless, the logic of the diagnostic is similar: compare the com-
ponent omitted from the estimating FOC with the marginal effect of bids on expected profits,
which is the component used in estimation. Reguant reports that the omitted component is
no greater than 10.55 percent of the marginal-profit component on average, with median and
interquartile range equal to zero. Our exercise applies the same type of comparison in a more
conservative way: we report a Cauchy—Schwarz upper bound on the covariance correction
rather than the covariance correction itself; we fix marginal costs at engineering estimates
rather than choosing the cost parameters that minimize the GMM criterion; and we evaluate

the diagnostic not only at the estimated forward position parameters but also across a range

of candidate forward position values, including values far from the estimated hedge ratios.
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Thus, Table 7 should be read as a conservative robustness check showing that the omitted
risk-averse correction is small relative to the risk-neutral marginal-profit component of the
bidding FOC.

To make this comparison transparent, Tables 8 and 9 report the two components of
the risk-averse FOC separately. Table 8 reports the Cauchy—Schwarz upper bound on the
absolute covariance correction, while Table 9 reports the absolute value of the risk-neutral
marginal-profit term, |E[A;jxn | pn = bijkn]|. These tables can be read as residual tables for
the local bidding FOC. For a candidate value of v;, holding the engineering cost parameters
fixed, Table 9 reports the sample analogue of the risk-neutral FOC residual. In theory, the
correct cost and forward position parameters set this object equal to zero. In the data,
the sample analogue remains nonzero because of marginal cost shocks, forward position
shocks, measurement error, and other approximation errors. The GMM estimator chooses
parameters that make these FOC residuals as small as possible, but some residual variation
is irreducible.

This residual-table interpretation is visible in the estimates. For example, for Generation
firm 4, v = 0.77 is close to the GMM-estimated forward position parameter. At this value,
Table 9 reports a mean risk-neutral FOC residual of 488, compared with 1780 at v = —1, a
clearly implausible forward position value. Relative to typical hourly profits of about 60,000
CAD for generation-only firms, reported in Table 3, these values correspond to about 0.8
percent and 3.0 percent of profits, respectively. Thus, moving toward the empirically relevant
forward position value substantially reduces the risk-neutral FOC residual. By contrast,
Table 8 reports covariance-correction bounds of about 0.5 at both values of ~, which is
negligible on the same profit scale. The same logic applies to the vertically integrated firm.
The covariance correction remains small relative to the corresponding risk-neutral marginal-
profit residual.

The scale of these objects should be interpreted as a profit scale. The local FOC com-

ponent can be written as

0Qin
Obijkn’

Aijin = (Qin, — vin) + (pr — CY)

Thus, Ajjkn is the local change in profit from perturbing a bid. The price-MC wedge enters
multiplied by the local quantity response, 0Q;n/0b;jkn, and the FOC also contains the infra-

marginal exposure term @);;, — ;. A natural benchmark for these magnitudes is therefore
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the firm’s profit from the relevant hourly market outcome. On this scale, the risk-neutral
residuals in Table 9 are the economically relevant residuals that the GMM criterion is de-
signed to minimize, while the covariance-correction bounds in Table 8 are much smaller.
This comparison reinforces the conclusion that the empirically relevant component of the
bidding first-order condition is the risk-neutral marginal-profit term, and that the omitted

risk-averse correction is quantitatively second order.
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Table 7: Relative Magnitudes in the CARA FOC

Firm v Mean Median p25 p75

VI firm 1 -1.00  0.0016  0.0000 0.0000 0.0005
-0.50 0.0008  0.0000 0.0000 0.0005

-0.34 0.0003  0.0000 0.0000 0.0005

0.00 0.0006  0.0000 0.0000 0.0004

0.50 0.0004  0.0000 0.0000 0.0003

0.77 0.0007  0.0000 0.0000 0.0003

1.00 0.0002  0.0000 0.0000 0.0002

Generation firm 1 -1.00 0.0000  0.0000 0.0000 0.0000
-0.50  0.0000  0.0000 0.0000 0.0000
-0.34 0.0000  0.0000 0.0000 0.0000
0.00 0.0000  0.0000 0.0000 0.0000
0.50 0.0001  0.0000 0.0000 0.0000
0.77 0.0000  0.0000 0.0000 0.0000
1.00  0.0000  0.0000 0.0000 0.0000

Generation firm 2 -1.00 0.0000 0.0000 0.0000 0.0000
-0.50 0.0275  0.0000 0.0000 0.0000
-0.34 0.0001  0.0000 0.0000 0.0000
0.00 0.0001  0.0000 0.0000 0.0000
0.50 0.0002  0.0000 0.0000 0.0000
0.77 0.0001  0.0000 0.0000 0.0000
1.00 0.0002  0.0000 0.0000 0.0001

Generation firm 3 -1.00 0.0000  0.0000 0.0000 0.0000
-0.50  0.0000  0.0000 0.0000 0.0000
-0.34  0.0000  0.0000 0.0000 0.0000
0.00 0.0007  0.0000 0.0000 0.0000
0.50 0.0000  0.0000 0.0000 0.0000
0.77 0.0001  0.0000 0.0000 0.0000
1.00 0.0001  0.0000 0.0000 0.0000

Generation firm 4 -1.00 0.0007  0.0000 0.0000 0.0000
-0.50  0.0010  0.0000 0.0000 0.0001

-0.34 0.0035 0.0000 0.0000 0.0001

0.00 0.0032  0.0000 0.0000 0.0001

0.50 0.0130  0.0001 0.0000 0.0003

0.77 0.0021  0.0001 0.0000 0.0007

1.00 0.0045 0.0001 0.0000 0.0008

Notes: This table reports summary statistics of R%‘;}E{A. The sample is restricted to bid-step cells with at

least 20 observations.
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Table 8: Upper Bound on the Absolute Covariance Correction

Firm v Mean Median p25 p75

VI firm 1 -1.00 0.2296  0.0000 0.0000 0.4353
-0.50 0.2296  0.0000 0.0000 0.4353
-0.34 0.2296  0.0000 0.0000 0.4353
0.00 0.2296  0.0000 0.0000 0.4353
0.50 0.2296  0.0000 0.0000 0.4353
0.77 0.2296  0.0000 0.0000 0.4353
1.00 0.2296  0.0000 0.0000 0.4353

Generation firm 1 -1.00 0.0085  0.0031 0.0000 0.0133
-0.50 0.0085  0.0031 0.0000 0.0133
-0.34 0.0085 0.0031 0.0000 0.0133
0.00 0.0085 0.0031 0.0000 0.0133
0.50 0.0085  0.0031 0.0000 0.0133
0.77 0.0085  0.0031 0.0000 0.0133
1.00 0.0085  0.0031 0.0000 0.0133

Generation firm 2 -1.00 0.0485 0.0074 0.0034 0.0232
-0.50 0.0485 0.0074 0.0034 0.0232
-0.34 0.0485 0.0074 0.0034 0.0232
0.00 0.0485 0.0074 0.0034 0.0232
0.50 0.0485 0.0074 0.0034 0.0232
0.77 0.0485 0.0074 0.0034 0.0232
1.00 0.0485  0.0074 0.0034 0.0232

Generation firm 3 -1.00 0.0239  0.0000 0.0000 0.0000
-0.50  0.0239  0.0000 0.0000 0.0000
-0.34 0.0239  0.0000 0.0000 0.0000
0.00 0.0239  0.0000 0.0000 0.0000
0.50 0.0239  0.0000 0.0000 0.0000
0.77 0.0239  0.0000 0.0000 0.0000
1.00 0.0239  0.0000 0.0000 0.0000

Generation firm 4 -1.00 0.5448  0.0158 0.0000 0.0579

-0.50 0.5448  0.0158 0.0000 0.0579

-0.34 0.5448  0.0158 0.0000 0.0579

0.00 0.5448  0.0158 0.0000 0.0579

0.50 0.5448  0.0158 0.0000 0.0579

0.77 0.5448  0.0158 0.0000 0.0579

1.00 0.5448  0.0158 0.0000 0.0579
Notes: This table reports summary statistics for the Cauchy—Schwarz upper bound on the ab-
solute covariance correction in the CARA bidding first-order condition. The reported object

is )\\/Var (7 | prn = bijkh]\/\/ar [Aijkn | pr = bijin]. These objects bound the absolute values of
A Cov (7, Aijkn | pr = bijkn). The sample is restricted to bid-step cells with at least 20 observations.
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Table 9: Absolute Marginal-Profit Term in the Bidding FOC

Firm y Mean Median p25 p75
VI firm 1 -1.00  949.7771 1035.3556  567.0984 1287.3775
-0.50  801.5358  765.7693  408.1279 1077.2406

-0.34  773.7729  710.1492  330.4651 1120.8542

0.00  771.2757  544.7862  240.6045 1158.6670

0.50  978.5596  680.8463  337.3647 1599.7927

0.77 1148.2656  966.4960  451.7778 1855.7508

1.00 1328.2118 1162.9306 673.7742 2057.3718

Generation firm 1 -1.00 1049.4842 1314.3588  468.1678 1533.7785
-0.50  973.8631  999.5500 614.3259 1370.1686

-0.34  956.3041  888.9027  651.4045 1234.5686

0.00 9189911  731.7405 612.4558 1069.6428

0.50 872.8369  709.2934  312.8987 1344.1938

0.77  905.7502  660.6273  140.7558 1490.0948

1.00 982.5938  704.0433  202.9241 1626.9382

Generation firm 2 -1.00 2125.1873 2294.1475 1620.6331 2658.0779
-0.50 1778.1810 1729.1986 1312.4363 1989.5072

-0.34 1669.7152 1554.6790 1279.1467 1791.2325

0.00 1440.2451 1198.9050  959.5611 1426.9144

0.50 1132.3133  588.4333  446.7715 1082.4674

0.77 1016.1731  290.0734  165.2487 1321.4909

1.00 1058.3277  289.6719  113.9285 1567.7835

Generation firm 3 -1.00 1927.0744 2070.0230 1605.7316 2327.6530
-0.50 1392.4910 1479.0603 1131.4383 1706.3321

-0.34  1226.2490 1284.7289  988.1705 1505.6635

0.00  883.2657  899.2454  695.6529 1084.9647

0.50  434.8735 384.1771  291.2076  525.1349

0.77  251.2420  145.6769 83.6963  246.1758

1.00 315.9812 1825672 103.9003  379.7253

Generation firm 4 -1.00 1780.9407 1699.0492 1316.9135 2251.3144
-0.50 1339.4702 1266.3942  943.1526 1667.7451

-0.34 1201.5267 1108.3288  828.2380 1469.5453

0.00 920.3738  813.1379  553.0042 1068.0167

0.50  576.9920 377.0444 < 212.3986  498.3509

0.77  488.8893  170.7788 69.8428  394.5811

1.00 580.3695  211.7623  110.1940  583.8508

Notes: This table reports summary statistics for [E [A;;xp | pn = bijin]|, the absolute value of the risk-neutral
marginal-profit term in the bidding first-order condition. The sample is restricted to bid-step cells with at
least 20 observations. dropped.
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Appendix L Back-of-the-Envelope Calculation of the
Creditworthiness Value of Hedging

Fully endogenizing firms’ risk aversion is beyond the scope of the paper. This appendix
instead provides a back-of-the-envelope calculation that quantifies the magnitude of the
creditworthiness channel. The exercise asks whether the variation in retail profits generated
by unhedged exposure is large enough to affect the VI firm’s borrowing costs.

The finance literature provides several reasons why hedging can create firm value. Smith
and Stulz (1985) show that hedging is valuable when expected financial distress costs are
convex. Stulz (1990) and Bessembinder (1991) study environments in which low-cash-flow
states generate underinvestment because of monitoring frictions, contracting frictions, or
debt overhang. Froot et al. (1993) show that when external finance is costly, hedging real-
locates internal funds toward states in which financing constraints are most severe.

Empirical evidence is consistent with this channel. Corporate risk management has
been shown to increase firm value in settings with large hedgeable risks, including weather-
driven risks among electric and gas utilities (Pérez-Gonzalez and Yun, 2013; Do et al., 2024),
commodity-price risk among oil and gas firms (MacKay and Moeller, 2007; Gilje and Tail-
lard, 2017), fuel-price risk among airlines (Carter et al., 2006), and foreign-exchange exposure
among nonfinancial firms (Allayannis and Weston, 2001). Most closely related to our setting,
Pérez-Gonzédlez and Yun (2013) exploit the introduction of weather derivatives in 1997 and
show that risk management increased firm value for U.S. electric and gas utilities. Do et al.
(2024) further show that weather-derivative hedging lowers borrowing costs for U.S. elec-
tricity and natural gas firms. These findings are consistent with a creditworthiness channel:
by reducing cash-flow volatility and downside risk, hedging can improve access to external
finance and lower borrowing costs.

We use this channel to interpret the VI firm’s hedge position. The calculation proceeds
in three steps. First, we use simulated annual retail profits to quantify the magnitude of
downside cash-flow states. Second, we map these cash-flow reductions into interest-coverage
ratios and synthetic credit spreads. Third, we compare the implied borrowing-cost savings

with the expected-profit cost of hedging in the counterfactual model.
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Appendix L.1 Why Downside Scenarios Matter for Creditworthi-

ness

Credit ratings are particularly sensitive to downside cash-flow realizations. This is important
because the value of hedging does not come primarily from raising average cash flows. It
comes from reducing the probability that the firm enters states in which credit metrics
deteriorate enough to increase financing costs.

Rating agencies’ through-the-cycle methodologies formalize this focus. Under a through-
the-cycle rating philosophy, ratings are intended to measure default risk over a full economic
cycle rather than at a single point in time. In practice, this means that agencies place
substantial weight on how the borrower performs in adverse states. A Federal Reserve
study of credit-risk ratings at large U.S. banks describes this approach as estimating the
borrower’s condition at the worst point in the economic or industry cycle and assigning the
rating according to the risk posed in that state.

Moody’s corporate methodology is also asymmetric in this sense. Its fundamental credit
analysis evaluates credit performance across a range of plausible economic scenarios, and
scorecard outcomes may be stronger than the assigned rating at the top of the cycle and
weaker at the bottom of the cycle. This asymmetry is natural for credit analysis: unusu-
ally strong cash-flow states rarely reduce borrowing costs below the relevant rating bucket,
whereas weak cash-flow states can trigger downgrades, covenant pressure, or refinancing
difficulties.

The same logic appears in DBRS’s treatment of the VI firm. DBRS applies downside
stress assumptions to cash-flow profiles and reports sensitivity analyses under declines in net
cash flow. In its 2018 rating report, DBRS notes that a negative rating action could occur
if key credit metrics deteriorated, while a positive rating action was considered unlikely over
the medium term. The report’s discussion of challenges emphasizes wholesale price volatility,
Alberta market uncertainty, and regulatory risk. These features make downside scenarios

the relevant states for evaluating the creditworthiness value of hedging.

Appendix L.2 Simulated Annual Profits

We next quantify the size of downside cash-flow states using the estimates of the Cournot

model from Section 5. We fix the risk-aversion parameter for generation-only firms at
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the estimated value, A\5zy = 1.0 x 1077, and compare two benchmarks for the verti-
cally integrated firm: the risk-neutral benchmark, A = 0, and the risk-averse benchmark,
A=\, =316 x 1075 In each case, firms choose swap forward positions in the first stage
and make production decisions in the second stage.

Let 7 denote hourly profit under A = 0, and let 7} denote hourly profit under A =

3.16 x 1075, The Cournot simulation gives the mean and variance of hourly profits,
E[r,), Elm],  Var(m), Var(m).

Assuming hourly profits are independent and identically distributed, annual profits are given

by
8760

=Y ", je{0x}
h=1

Thus,
E[IIY] = 8760 E[r]], Var(Il?) = 8760 Var(r?).

We use these implied annual moments to simulate annual profit realizations under the two
benchmarks.

Figure 19 plots simulated annual profits relative to their means, sorted by magnitude.
The figure shows that the risk-neutral benchmark generates substantially larger downside risk
than the risk-averse benchmark. In the lower tail of the annual profit difference, profits differ
by approximately $70 million CAD at the 1st percentile and approximately $50 million CAD
at the 10th percentile. These magnitudes motivate the borrowing-cost calculation below: if
exposure to downside cash-flow states can reduce annual EBIT by $50 million CAD, then

even modest effects on credit risk or borrowing rates may be economically meaningful.

Appendix L.3 Mapping Cash-Flow Losses into Borrowing Costs
We map cash-flow losses into borrowing costs using the interest-coverage ratio, defined as

EBIT

Interest Coverage Ratio = :
Interest Expense

This ratio measures the extent to which operating earnings cover interest obligations. For

example, a coverage ratio of 2.4 means that earnings are 2.4 times interest expense. A ratio
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Iy (A = 316 x 10°°) — E[I,,,(A = 316 x 107%)]
Ty, (A = 0) = E[TIy,(A = 0)]

Deviation from mean profit (million CAD)

0 2500 5000 7500 10000
Simulation index

Figure 19: Simulated annual profits relative to the benchmark-specific mean. The figure
compares the risk-neutral benchmark, A\ = 0, with the risk-averse benchmark, A = 3.16 x
1075, The lower tail shows that annual profits can differ by roughly $50-70 million CAD
across the two benchmarks.

of 1.0 means that earnings just cover interest expense.

Table 10 reports the synthetic rating schedule from Damodaran (2026). The table maps
interest-coverage ratios into rating categories and default spreads. The final column adds
a Government of Canada 10-year yield of 3.47 percent to the default spread, producing an
implied borrowing rate for each coverage bucket.

The calculation is mechanical. Let A denote the EBIT reduction induced by a downside

retail-profit realization. The counterfactual coverage ratio is

EBIT — A

C A) = |
overage( ) Interest EXpeﬂse

We then assign the firm to the corresponding spread bucket in Table 10. The implied increase

in annual borrowing costs is

ABorrowing Cost = [s(Coverage(A)) — s(Coverage(0))] x Long-Term Debt,

where s(-) denotes the default spread associated with a coverage-ratio bucket.
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Table 10: Synthetic Ratings and Borrowing Rates by Interest Coverage Ratio

Coverage Ratio Rating Default Spread Borrowing Rate

< 0.20 D 19.00% 22.47%
0.20 — 0.65 C 16.00% 19.47%
0.65 — 0.80 CcC 12.61% 16.08%
0.80 — 1.25 CcCC 8.85% 12.32%
1.25 - 1.50 B- 5.09% 8.56%
1.50 — 1.75 B 3.21% 6.68%
1.75 - 2.00 B+ 2.75% 6.22%
2.00 — 2.25 BB 1.84% 5.31%
2.25 — 2.50 BB+ 1.38% 4.85%
2.50 — 3.00 BBB 1.11% 4.58%
3.00 — 4.25 A- 0.89% 4.36%
4.25 —5.50 A 0.78% 4.25%
5.50 — 6.50 A+ 0.70% 4.17%
6.50 — 8.50 AA 0.55% 4.02%

> 8.50 AAA 0.40% 3.87%

Appendix L.4 Borrowing-Cost Effects for the VI Firm

We apply this mapping to the VI firm’s 2021 and 2019 financial statements. The exercise
takes interest expense, EBIT, and long-term debt from the financial statements, computes
the baseline coverage ratio, and then reduces EBIT by $50 million. These reductions match

the approximate size of the downside retail-profit exposure in Figure 19.

2021 Financial Report

The 2021 inputs are

Interest Expense = $118M+$11M = $129M, EBIT = $300M, Long-Term Debt = $3,550M.

The baseline coverage ratio is

300
— =2
129 33,

which falls in the BB+ bucket, with a default spread of 1.38 percent.
A $50 million reduction in EBIT gives

250
— =194
129 %
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which falls in the B+ bucket, with a default spread of 2.75 percent. The implied increase in

annual borrowing costs is therefore
(2.75% — 1.38%) x $3,550M = 1.37% x $3,550M = $48.6M.

2019 Financial Report

The 2019 inputs are
Interest Expense = $117TM+$19M = $136M, EBIT = $208M, Long-Term Debt = $2,796M.

The baseline coverage ratio is

208
— =1.33
136 ’

which falls in the B bucket, with a default spread of 3.21 percent.
A $50 million reduction in EBIT gives

158
— =1.16
136 ’

which falls in the CCC bucket, with a default spread of 8.85 percent. The implied increase

in annual borrowing costs is
(8.85% — 3.21%) x $2,796M = 5.64% x $2,796M = $157.7M.

Thus, a $50 million downside EBIT realization can increase implied annual borrowing costs
by $48.6 million using the 2021 financial statements and by $157.7 million using the 2019
financial statements. The effect is discrete because borrowing costs change only when the

cash-flow loss moves the firm across a coverage-ratio threshold.

Appendix L.5 Does Hedging Create Firm Value?

We finally compare these borrowing-cost effects with the expected-profit cost of hedging
in the counterfactual model. In the Cournot counterfactual, increasing the VI firm’s risk-
aversion parameter from A = 0 to A = \},; = 3.16 x 107° reduces expected profit by roughly

$24 million per year while substantially reducing profit variance. Figures 17 and 18 illustrate
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this tradeoff. Expected profit declines modestly as risk aversion increases, while the variance
of profit falls sharply.

The back-of-the-envelope calculation suggests that this tradeoff is plausibly value-creating.
A $50 million downside cash-flow realization can move the firm across rating thresholds and
increase annual borrowing costs by $49-158 million across the firm’s debt stack. By con-
trast, the expected-profit cost of hedging in the counterfactual model is approximately $24
million per year. The cost of hedging is therefore plausibly smaller than the financing-cost
consequence of remaining exposed to downside retail-profit states. In this sense, hedging
can create firm value not by increasing expected operating cash flows, but by reducing the

probability of costly deterioration in credit metrics.
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