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Wholesale Electricity Markets

• Electricity is a non-storable commodity → supply must meet demand at all times.

• Two ways to organize wholesale market:

(a) A uniform-price auction (UPA). (b) A pay-as-bid auction (PABA).

• Which method is better?
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This Paper

• We compare those two multi-unit auction formats.

• In the short term: bidding behaviors and price-cost mark-ups.

• In the long term: investment and generation portfolio. ← novel

• Construction of perfect competition model with

- uncertain and elastic demand,

- a continuum of generation technologies (from base-load to peak-load).
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Our Results

• Pay-as-bid auctions are inefficient.

• Short-term inefficiency: in equilibrium firms submit bids > MC. Hence, WTP > MC.

• Long-term inefficiency: revenue of base-load producers is depressed during high demand

→ distorts generation mix.

• Also consumer surplus is lower with PABA.
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Literature: Auction Theory on PABA

• Federico & Rahman (2003): Competitive - Multiple technologies - Fixed capacity.

- PABA increases consumer surplus, because infra-marginal plants are paid less.

- But efficiency decreases, as marginal plants receive more than their marginal cost.

- Inefficiencies are not so large to destroy gain in CS.

→ We extend this model by allowing firms to invest in different technologies.

• Holmberg (2009): Oligopoly - SFE - Single technology - Fixed capacity.

- Average prices in PABA are lower than those in UPA. Hence, CS is higher with PABA

[demand shocks are Pareto distributed of the second kind].

- Demand is perfectly inelastic: no welfare effects.
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Literature: Auction Theory on PABA (cont’d)

• Fabra et al. (2006): Duopoly - 1 bid & 1 technology per firm - Fixed capacity.

- UPA: pure strategy equilibrium / PABA: mixed-strategy equilibrium.

- PABA has lower average price than UPA. So consumer surplus is higher.

- No welfare effects as demand is perfectly inelastic.

• Fabra et al. (2011): Duopoly - 1 bid & 1 technology per firm - Capacity investment.

- PABA generally leads to more competitive behavior and lower prices than UPA.

- Under reasonable assumptions aggregate capacity is the same.

→ We find that aggregate capacity stays the same, but inefficient generation mix with

PABA.
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Literature: Auction Theory on PABA (cont’d)

Demand CS Welfare Investment Model

Federico & Rahman ’03 elastic + – no perf. comp, monop.

Holmberg ’09 inelastic + = no oligopoly SFE

Fabra et al. ’06 inelastic + = no duopoly

Fabra et al. ’11 inelastic + = yes, 1 tech duopoly

Our paper elastic – – yes, ∞ tech perf. comp.

Note: Our model has perfect competition. Reflects the situation in which there are no entry

barriers in the long run.
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Why Pay-as-Bid auction?

• Still understudied!

• Illiquid Market: no well-established clearing price that reflects social value of electricity.

Hence a Uniform price auction may not work.

• Products are not perfect substitutes: e.g. Auctioneer has to activate power plants

out-of-merit (e.g. because of transmission constraints)

• Auctioneer wants to have lower payments.

• Capacity market in Belgium starts as pay-as-bid, will convert to uniform price auction

• Some reserve markets work as Pay-as-bid auctions.
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Why not to use a Pay-as-Bid auction?

• Long run efficiency matters more than short-run payments. Our paper shows that UPA is

better!

• Firms need to bid just below the equilibrium price to maximize profits. This require costly

price predictions.

• If predictions are wrong (for instance because not all bidders have the same information):

then power plants will be scheduled out of merit (high cost before low cost firm).

• Problem is more likely to occur with high frequency trade (short-lived bids, predictable

demand, bidders have different info)

• Note: If firms are hedged (forward contracts, retail-arm): then the exposure to the spot

market is only marginal: Differences between Pay-as-bid and Uniform price become smaller.

Conjecture Frank Wolak: Differences might disappear.
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Literature: Optimal Portfolio in Electricity Markets

• Inability to store electricity → supply must follow demand

• Efficient to use a mixture of technologies
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Literature: Optimal Portfolio in Electricity Markets (cont’d)

• Screening curves: Which technology is cheapest depends on capacity factor (Stoft, 2002).

• Peak load pricing: Leads to short and long run efficiency (Boitieux, 1949).
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Note: Optimal Portfolio in Electricity Markets

• We will be using a continuum of technologies (as in Zoettl).

• Allows us to use differential equations to solve bidding and investment equilibrium

• Future: numerical simulation model with discrete technologies, but not sure we will have

pure strategies bidding equilibria.

• We will not explicitly model intermittent generation. So the model is ill-suited to deal with

large scale renewable energy integration. For small scale integration: First approximation:

derating available capacity.

• Natalia Fabra has done some work on bidding with uncertain production capacity
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Model



Model Set-up: Supply

• Continuous set of technologies with marginal cost c ∈ (0, c̄] with c̄ the VOLL.

• Technology frontier described by convex capital cost function k(c) satisfying INADA.

• Infinitely many small firms can invest in technology c

• Total expected profit: π(c) = T (b(c))− k(c)− c · H(b(c)):

- expected transfers: T (b(c)),

- expected capacity factor: H(b(c)).
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Model Set-up: Demand

• Consumers are price takers.

• Stochastic and elastic inverse demand function: p = P(q) + ε.

Normalized such that ε is the intercept of the demand function (P(0) = 0).

• Demand shock ε distributed with CDF F (ε) over [ε, ε̄].

Quantile function Q(·) = F−1(·).
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Model Set-up: Market Clearing

• Bidding and investment strategies {b(c),G (c)}:
- b(c) bids by firm with marginal cost c. Assume b′(c) > 0.

- G(c) total installed capacity with marginal costs equal or less than c.

• Market clearing then determines clearing price pε, quantity Qε, and marginal power plant

cε for any given demand shock ε.
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Model Set-up: Market Clearing

• We will index the different states of the world not by the demand shock ε but by the

marginal power plant c (firm’s type).

• The market clearing condition when firm of type c is marginal is

p(c) = b(c) = P(G (c)) + ε(c),

This determines ε(c), the demand shock for which firm of type c is marginal.

• The capacity factor h(c) of a firm of type c is then given by

h(c) = 1− F (ε(c)).

• The expected revenue T (c) of a firm of type c under uniform price and pay-as-bid auctions:

T up(c) =

∫ c̄

c

b(t) dh(t), T pab(c) = b(c)h(c).
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Competitive Market Equilibrium

• What constitutes a competitive bidding and investment equilibrium {b(c),G (c)}?
• Assumptions:

- Producers invest and bid before the demand shock is realized (long-lasting bids).

- Producers are price-takers: they take the stochastic distribution of prices as given.

- No entry barriers.

• Competitive Market Equilibrium:

- Short-run: firm sets b(c) to maximize profit for a given stochastic price distribution with CDF

Z(p). This price distribution is consistent with market clearing:

Z(p(c)) = F (ε(c)).

- Long-run: firm makes zero expected profit π(c) = 0.
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Analysis



I. Bidding Equilibrium

• The optimal bidding strategies follow the FOC (Federico & Rahman, 2003)

(a) Profit maximization bid under uniform-price

auctions (UPA) for a single firm.

(b) Profit maximization bid under pay-as-bid

auctions (PABA) for a single firm.

bUP(c) = c , bPAB(c) = c +
1− Z (bPAB(c))

Z ′(bPAB(c))
. 18



I. Bidding Equilibrium (cont’d):

• Complication with PAB: the price distribution Z (p) is endogenous and depends on b(c)

which is unknown.

• We can use the envelope theorem on profit π(c) = (b(c)− c)h(c)

dπ

dc
=
∂π

∂c

∣∣∣∣
b(c),h(c)

to derive the bidding equilibrium:

−h(c) =
d

dc
[b(c)− c)h(c)] .

which can be combined with the market clearing to find the bid equilibrium b(c)

h(c) = 1− F [b(c)− P(G (c))].
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I. Bidding Equilibrium (cont’d)

• With uniform distributed shocks ε ∼ U[ε, ε̄], linear demand P(q) = −ρq and linear

investment G (c) = α + βc .

• There are positive mark-ups for PABA, except for the highest demand shock.
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II. Investment Equilibrium

• Independent of auction format, the capacity factor h(c) satisfies

h(c) = −k ′(c).

• Intuition

- Remember that expected profit is given by:

π(c) = T (b(c))− k(c)− c · H(b(c))

- Using the envelope theorem (b is optimal), the information rents of firm with type c satisfy

dπ(c)

dc
= −k ′(c)− h(c)

- Free entry requires profits to be zero hence:

π(c) = 0 −→ dπ(c)

dc
= 0
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II. Investment Equilibrium (cont’d)

• Firm with technology c bids its marginal cost (in UPA) or levelized cost (in PABA)

bUP(c) = c , bPAB(c) = c +
k(c)

h(c)
.

• The cumulative installed capacity G j(c) for j ∈ {PAB,UP} satisfies

bj(c) = P(G j(c)) + Q(1− h(c))︸ ︷︷ ︸
=ε(c)

.

• The Lerner index PABA is the reciprocal of the elasticity εk(c) of investment costs:

L =
b(c)− c

c
=

k(c)

|k ′(c)|c
:=

1

εk(c)
.

Not due to market power, but necessary to recoup investment costs.
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Example



A Functional-Form Model: Assumptions

• Linear demand function

P(q) = −ρq with ρ > 0

• Convex investment cost

k(c) =
1

γ + 1

(c̄ − c)γ+1

c̄ − c
with γ ∈ (0, 1)

• Uniformly distributed demand shocks over [ε, ε̄].
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Producers’ optimal bidding strategy and investment decision

Figure 3: Comparison of bidding (solid) and portfolios (dashed) between UPA and PABA.
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Comparison of PABA versus UPA

• Investments

- Aggregate investments are identical in the two auctions as in Fabra et al. (2011), ḠUP = ḠPAB.

- But the generation mix is distorted.

- Fewer investments in the baseload capacity (GPAB < GUP).

- More investments in all intermediate technologies (G ′
PAB

> G ′
UP

).

• All firms make zero profit (free entry), so welfare = CS

- The UPA is efficient (= Peak-load pricing, Boitieux (1949)), so CSUP > CSPAB.

- CS with high demand is higher: as volume is the same & consumers pay less.

- CS with low demand is lower: as volume is smaller & price is higher.
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Summary and Future Research



Summary of Results

• Our research speaks to the question how auction formats affect short-term (bidding) and

long-term (investment incentives) decisions.

• Inefficiency does not necessarily originate from market power. It could come from market

design. Under PABA,

- In the short run, consumers’ WTP is higher than producers’ marginal costs.

= Allocative inefficiency

- In the long run, revenue for baseload is distorted downwards incentives for investment decrease.

= Distortion in generation mix
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