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Abstract
While single-level Nash equilibrium problems are quite well understood nowadays,
less is known aboutmulti-leadermulti-follower games. However, these have important
applications, e.g., in the analysis of electricity and gas markets, where often a limited
number of firms interacts on various subsequent markets. In this paper, we consider a
special class of two-level multi-leader multi-follower games that can be applied, e.g.,
to model strategic booking decisions in the European entry-exit gas market. For this
nontrivial class of games, we develop a solution algorithm that is able to compute the
complete set of Nash equilibria instead of just individual solutions or a bigger set of
stationary points. Additionally, we prove that for this class of games, the solution set is
finite and provide examples for instanceswithout anyNash equilibria in pure strategies.
We apply the algorithm to a case study in which we compute strategic booking and
nomination decisions in amodel of the European entry-exit gasmarket system. Finally,
we use our algorithm to provide a publicly available test library for the considered
class of multi-leader multi-follower games. This library contains problem instances
with different economic and mathematical properties so that other researchers in the
field can test and benchmark newly developed methods for this challenging class of
problems.

Keywords Game theory · Nash–Cournot equilibria · Multi-leader multi-follower
game · Peak-load pricing

Mathematics Subject Classification 1A10 · 91A65 · 91A80 · 91B74 · 90C26

1 Introduction

In this contribution we consider a class of two-level multi-leader multi-follower games
(MLFG). In these games, the same players (in the following, the firms) first compete
on an upper level deciding on capacity expansions and afterward on a lower level
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in one or more capacity-constrained Cournot games. We allow for N ≥ 2 firms and
do not require symmetry. In particular, we allow for possibly different costs across
firms at both levels, and also consider endogenous cost of capacity expansion that may
depend on the expansion decisions of all firms. For this class of MLFGs, we develop
an algorithm that provably computes the exact set of Nash equilibria. The algorithm
computes all pure strategy Nash equilibria and, in particular, it does not return any
additional non-optimal stationary points.We show that the solution set is finite and also
provide examples for instances without pure strategy Nash equilibria. In a case study,
we illustrate that the algorithm can be used to compute optimal strategic booking and
nomination decisions in a model of the European entry-exit gas market. Moreover,
we use our algorithm to provide a publicly available test library for the considered
class of multi-leader multi-follower games. This library contains problem instances
with different economic and mathematical properties (together with information on
their solutions) so that other researchers in the field can test and benchmark newly
developed methods for this challenging class of problems. Our work contributes to
several strands of literature, most prominently the mathematical analysis of MLFGs,
the peak-load-pricing literature, and the analysis of gasmarkets.We highlight themost
closely related papers in the following.

From a mathematical point of view, we consider an MLFG or an equilibrium prob-
lemwith equilibrium constraints (EPEC). Existing literature in this area can roughly be
divided into two parts: For very general MLFGs, suitable optimality conditions have
been developed, e.g., in [47,48,53], existence results based on potential functions have
been contributed, e.g., in [42,43] and some ideas for solution algorithms can be found
in [45,54]. However, the study of general MLFGs without any assumptions on their
structure has certain drawbacks. Either very strong assumptions are needed, e.g., the
existence of a potential function, which might not be satisfied in relevant applications,
or, alternatively, one only aims at the identification of stationary points instead of Nash
equilibria. This usually results in algorithms that cannot compute all Nash equilibria
of the MLFG and cannot guarantee that the computed solutions are Nash equilibria.

For those reasons, a different thread of MLFG literature focuses on the analysis of
special classes of MLFGs, for which the structure is motivated by some application.
The most prominent papers in this respect analyze electricity markets, which can be
modeled as a multi-leader game with one common follower; see, e.g., [4,14,23,28,32,
60,67,70]. To maintain tractability, the focus of the analysis is still often not on Nash
equilibria of theMLFGbut onweaker solution concepts such as localNash equilibria or
some kind of Nash stationary points based on, e.g., S- or M-stationarity conditions for
mathematical programs with equilibrium constraints. There are of course exceptions
such as [3], who fully characterize Nash equilibria of a pay-as-bid electricity market.
Our paper contributes to this strand of MLFG literature by considering a class of
MLFGs motivated by an application. For multi-leader multi-follower models in the
electricity context, see, e.g., the series of papers [37,38] in which the authors focus on
modeling and do not consider to find all possible equilibria of the resulting EPEC. In
[15] the authors investigate a bilevel problem, in which leaders know the distribution
of the demand whereas followers have information on the exact realization. Firms are
only optimizing production quantities but not capacities in their model. In this setting,
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which is a difference to our setup, the existence of a stochastic version of the Nash
equilibrium is shown.

We consider situations of capacity choice prior to fluctuating demand. The tra-
ditional investment literature focused on the case of optimal (instead of strategic)
investment decisions. This so-called “peak-load-pricing” literature was initiated by
[6,66]; for a review see [13]. Later, [36] applied those results to analyze the case of
perfectly competitive markets. More recent contributions have considered the case of
strategic capacity choice prior to competition at spot markets. One strand of literature
analyzes strategic capacity choices prior to price competition at several spot markets;
see, e.g., [19,22,61], and, more recently, [52].

We analyze the case of strategic capacity choices prior to quantity competition (à la
Cournot) at several subsequent spot markets, which results in a classical MLFG setup.
In this context, [24,27,57,71,72] consider the case of strategic capacity choice prior
to uncertain or fluctuating demand. However, all these contributions consider the case
of symmetric firms. As shown in these studies, this results in a unique and symmetric
equilibrium since a firm’s profit function, if others choose the equilibrium candidate,
is quasi-concave; see, e.g., [27].

Other contributions consider the asymmetric case as well. An asymmetric duopoly
setting is considered in [50], where firms strategically choose capacity prior to Cournot
competition (closed loop), as opposed to the case, where firms simultaneously choose
capacities and output (open loop). Whereas existence and uniqueness for the latter
case already have been shown previously, the authors establish that there can exist at
most one pure strategy equilibrium of the duopoly setup of capacity choice prior to
Cournot competition at many spot markets. Several subsequent contributions provide
characterizations and algorithms allowing to determine pure strategy Nash equilib-
ria in asymmetric setups of strategic capacity choice prior to Cournot competition;
see [69] and, even more recently, [49]. By parameterizing the degree of competitive-
ness of firms (conjectural variation formulation), these contributions provide important
insights on the effect of competitive conduct on the market outcome for a range of
parameters that includes perfectly competitive firms. However, these characterizations
and algorithms focus on specific local equilibrium candidates by identifying station-
ary points exploiting the local concavity of the firms’ profit functions. The analysis
presented in this paper significantly extends these contributions. By explicitly consid-
ering inevitably arising concave kinks and non-concavities of profit functions in the
case of multiple asymmetric firms, our analysis is able to identify all pure strategy
Nash equilibria of the MLFG.

Beyond the applications in the context of electricity markets, our approach can be
applied to situations, where the capacity of a service has to be determined upfront
and cannot be easily adjusted thereafter. Examples include investments in airplanes,
hotels, or hospital capacity. An additional important application of our setup is the
analysis of entry-exit gas markets, which is the predominant European mechanism for
gas trading; see [17,18]. This trading scheme basically decouples trade and transport
of gas. In order to be eligible to trade gas at the daily spot markets, traders have to
acquire—i.e., book—capacities, which allow them to inject or withdraw gas at a given
node. Existing papers that focus on strategic behavior in gas markets do not account
for the necessity to acquire network capacity before trade; see, e.g., [5,10,12,34,64].
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Other papers assume efficient congestion management as, e.g., [46]. Contributions,
that consider potential inefficiencies in the context of entry-exit gas markets, e.g.,
[11,25,29,65,68], provide vast and interesting political arguments regarding the up-
and downsides of the entry-exit system. However, they are typically based on small
illustrative examples to enhance and illustrate their arguments. In [26], the authors
provide a framework to analyze the interaction of gas producers and traders with the
network operator in the context of the entry-exit system in a multilevel setup. First
computational techniques and numerical results have been presented in [7,30,63]. Our
framework is complementary to this approach in the sense that it is capable to analyze
the important case of strategic interaction of firms, when making their booking and
nomination decisions. To this end, see, e.g., [1,35], which find considerable strategic
behavior (market power) in European gas markets. To the best of our knowledge, the
present paper is the first contribution to provide a formal framework, which allows to
computationally analyze strategic booking and nomination decisions in the context of
liberalized gas markets in an entry-exit regime.

The remainder of the paper is organized as follows. In Sect. 2, we introduce the
MLFG model analyzed in this paper and briefly describe the solution idea. Section 3
is devoted to the capacity-constrained Cournot games on the lower level and provides
detailed properties of their unique Nash equilibria. For better readability of the paper,
some of the proofs for this section have been relegated to the appendix. The results
are used in Sect. 4 to reformulate the two-level MLFG as a single-level Nash equilib-
rium problem, for which tailored optimality conditions are developed. The algorithm
developed in Sect. 5 then uses these optimality conditions to select Nash equilibria
among all possible candidates. In Sect. 6, we present a short numerical study, in which
our algorithm is used to compute optimal strategic booking and nomination decisions
for the entry-exit model of the European gas market, and describe the test library. We
close the paper in Sect. 7 with some final remarks.

2 Model description andmain solution idea

In this section, we present the details of our model. Let us start with some frequently
used notation. The vectors en ∈ R

N , n = 1, . . . , N , denote the canonical unit vectors
of the vector space RN . For a sufficiently smooth function f : RN → R, the partial
derivativew.r.t. the variable xn is denoted by

∂ f
∂xn

and the directional derivative at a point

x ∈ R
N in direction d ∈ R

N is denoted by f ′(x; d). For reference, we summarize all
variables, parameters, and additional notation in Table 6 of “Appendix C”.

Next we specify the considered game.We analyze the competition between firms in
the following two-level MLFG �: In the upper level, firms n = 1, . . . , N simultane-
ously choose capacities xn ≥ 0. These capacities are long-term investment decisions
of the firms that are taken at the beginning of a given time horizon. We assume that the
cost for capacity expansion, which firm n has to pay, can be described by a function
Sn : RN → (0,∞). This cost function may be different for different firms n and can
also depend on the others’ decisions xm , m �= n. We assume for all n = 1, . . . , N
that Sn is continuously differentiable and monotonically increasing in all variables xm ,
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i.e.,

Sn(x + εem) ≥ Sn(x) for all m = 1, . . . , N and ε > 0,

where x = (x1, . . . , xN )� ∈ R
N . Furthermore, we assume that xn 	→ Sn(x)xn is

convex, i.e., xn 	→ Sn(x) + xn
∂Sn
∂xn

(x) is monotonically increasing.
Given these capacities x , in the lower level, we consider several subsequent

scenarios t = 1, . . . , T , in which the same firms n = 1, . . . , N compete in a capacity-
constrained Cournot game Gt (x), i.e., they solve

max
qn,t

φn,t (qn,t ) := Pt

(
N∑

m=1

qm,t

)
qn,t − cnqn,t s.t. 0 ≤ qn,t ≤ xn . (1)

Here, xn ≥ 0 is the previously chosen capacity from the upper level, cn > 0 denotes
the production cost of firm n, Qt := ∑N

m=1 qm,t is an abbreviation for the overall
produced quantity in scenario t , and

Pt (Qt ) = θt − bQt (2)

with θt > 0 and b > 0 denotes the inverse market demand function. In the Cournot
setting considered here, this leads to similar results as classic marginal pricing under
mild assumptions; see, e.g., [31,40], where similar settings are considered. For differ-
ent scenarios t , the capacity-constrained Cournot games thus only differ in the price
intercept θt and we assume, without loss of generality,

θ1 < θ2 < · · · < θT .

Some possibilities to incorporate more scenario-dependent parameters into the model
are discussed in Remark 3.2.

Since for all firms n the feasible set [0, xn] is nonempty, compact, polyhedral (and
thus convex), and since the objective functions

qn,t 	→ φn,t (qn,t ) = Pt

(
N∑

m=1

qm,t

)
qn,t − cnqn,t

= −bq2n,t +
⎛
⎝θt − b

∑
m �=n

qm,t − cn

⎞
⎠ qn,t

are strictly concave in qn,t , by Proposition 2 in [44], the game Gt (x) has a unique
equilibrium q̂t (x) ∈ R

N for all scenarios t and all capacities x = (x1, . . . , xN )�. If
we denote the corresponding equilibrium price by P̂t (x), then the equilibrium payoff
for each firm n in scenario t is given by

φ̂n,t (x) :=
(
P̂t (x) − cn

)
q̂n,t (x).
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Fig. 1 Illustration of the multi-leader multi-follower game �

On the upper level, every firm n thus chooses its capacity xn ≥ 0 such that its
overall gain is maximized, i.e., firm n solves the problem

max
xn

πn(x) :=
T∑
t=1

wt φ̂n,t (x) − Sn(x)xn s.t. xn ≥ 0. (3)

Here, wt > 0 are weights that can be used to reflect the probability or importance of
the individual scenarios t .

The game� is defined as the two-levelMLFGdescribed by (3) and (1). The structure
of this game is illustrated in Fig. 1.

Every scenario t is a subgame of the entire game. This can be seen (even though
the game is not in extensive form) by its hierarchical structure. For each capacity
choice x in the upper level, which represents the information set for the lower level,
the capacity-constrained Cournot games Gt (x) for scenarios t = 1, . . . , T take place
after the capacities are fixed. Since each scenario t is only connected to the upper level
and independent of other scenarios t̃ �= t , each scenario t is a subgame of the MLFG.

The structure of � also implies that all Nash equilibria (x̂�, q̂�)� ∈ R
N ×R

T N of
the game � have the property that for all t = 1, . . . , T , the vector q̂t = q̂t (x̂) is the
unique Nash equilibrium of the subgame Gt (x).

Theorem 2.1 Let (x̂, q̂) ∈ R
N × R

T N be a Nash equilibrium of the game �. Then,
this Nash equilibrium is subgame perfect.

Our goal is to construct an algorithm that computes all Nash equilibria x̂ ∈ [0,∞)N

of the two-level game �. The main idea of this algorithm is as follows: For every
given vector x ≥ 0, the capacity-constrained Cournot games Gt (x) have unique Nash
equilibria q̂t (x) for all t = 1, . . . , T . We can provide explicit formulae for these Nash
equilibria and the resulting equilibrium payoff φ̂n,t (x) and can thus reduce the two-
level game to the single-level game (3). However, the objective functions πn(x) of the
resulting single-level game are only piecewise defined and can have both concave and
nonconcave kinks, see Fig. 2 for an illustration.

To be able to compute all Nash equilibria of � despite these complications, we thus

• derive tailored first-order necessary optimality conditions for Nash equilibria con-
sisting of stationarity conditions and local optimality conditions; and then

• develop an algorithm, that first computes all candidates for Nash equilibria based
on the stationarity conditions, then checks the stationary candidates w.r.t. the local
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optimality conditions, andfinally checks the locally optimal candidatesw.r.t. global
optimality by verifying that unilateral deviations are not beneficial.

3 Analysis of the lower level

For a fixed price intercept θ > 0 and capacities xn ≥ 0, we now consider the capacity-
constrained Cournot game G(x), where every firm n = 1, . . . , N solves

max
qn

φn(q) := P

(
N∑

m=1

qm

)
qn − cnqn s.t. 0 ≤ qn ≤ xn,

with cn > 0, b > 0, and P(Q) = θ − bQ. Note that we allow an arbitrary number N
of firms and do not impose any symmetry assumptions. Many aspects of this type
of game have already been broadly discussed in the literature; see, e.g., [41,51]. It
is shown in Proposition 2 of [44] that the capacity-constrained Cournot game G(x)
has a unique Nash equilibrium q̂(x). For our analysis, we need very specific infor-
mation about this unique Nash equilibrium q̂(x) and the corresponding equilibrium
payoffs φ̂n(x). To be precise, we need to know the effect of varying the price inter-
cept θ and the capacities x on the above mentioned quantities.

Our first step is thus to provide an explicit formula for the unique Nash equilib-
rium q̂(x) and—at the same time—introduce the notation needed later. To this end,
note that all firms n can only choose a strategy qn ∈ [0, xn] and we can thus split them
in the sets

Z(x) := {n = 1, . . . , N : xn = 0},
I (x) := {n /∈ Z(x) : q̂n(x) = 0},
C(x) := {n /∈ Z(x) : q̂n(x) = xn},
U (x) := {1, . . . , N } \ (Z(x) ∪ I (x) ∪ C(x))

of firms with zero capacity and firms that are inactive, constrained, or unconstrained
in the equilibrium. Using this notation, one can verify that in the unique Nash equi-
librium q̂(x) the equilibrium price is given by

P̂(x) = θ + ∑
m∈U (x) cm − b

∑
m∈C(x) xm

|U (x)| + 1
, (4)

the equilibrium strategies are

q̂n(x) =

⎧⎪⎨
⎪⎩
0, if n ∈ I (x) ∪ Z(x),
P̂(x)−cn

b , if n ∈ U (x),

xn, if n ∈ C(x),

(5)
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and the equilibrium payoff reads

φ̂n(x) =

⎧⎪⎨
⎪⎩
0, if n ∈ I (x) ∪ Z(x),
1
b (P̂(x) − cn)2, if n ∈ U (x),

(P̂(x) − cn)xn, if n ∈ C(x).

Using the equilibrium price P̂(x), we can also characterize the sets I (x),U (x),C(x)
by

I (x) = {n /∈ Z(x) : P̂(x) ≤ cn},
U (x) = {n /∈ Z(x) : cn < P̂(x) < cn + bxn},
C(x) = {n /∈ Z(x) : P̂(x) ≥ cn + bxn}.

(6)

For a more detailed analysis, it is helpful to split both sets I (x) and C(x) further
into those firms that are on the boundary to being unconstrained and those that are
strictly inactive/constrained:

I<(x) = {n ∈ I (x) : P̂(x) < cn},
I=(x) = {n ∈ I (x) : P̂(x) = cn},
C=(x) = {n ∈ C(x) : P̂(x) = cn + bxn},
C>(x) = {n ∈ C(x) : P̂(x) > cn + bxn}.

Recall that in the two-level game�, the equilibriumpayoff φ̂n,t (x) for all scenarios t
is a part of the objective functionπn(x) of firm n. For this reason,we need to understand
the effect of component-wise changes x+εen , ε ∈ R, on the equilibrium payoff φ̂n(x)
of the same firm n. As long as a deviation x + εen does not change the sets Z(x),
I (x), U (x), and C(x), the equilibrium payoff φ̂n(x) is constant w.r.t. xn , if n ∈
Z(x) ∪ I (x) ∪U (x), and strictly concave in xn , if n ∈ C(x).

To analyze the situation in which the sets Z(x), I (x), U (x), and C(x) change due
to a deviation, we consider a fixed firm n ∈ {1, . . . , N } and a small deviation x + εen
and compute its effect on the equilibrium payoff φ̂n(x). The precise formulas can be
found in Lemma B.1 in the appendix and imply the following local properties of the
map xn 	→ φ̂n(x), see Fig. 2 for a schematic illustration:

• In case n ∈ Z(x), only positive deviations are possible and the map is locally
concave.

• In case n ∈ I (x) ∪U (x), the map is locally constant.
• In case n ∈ C=(x), the map is locally concave but may have a kink in xn .
• In case n ∈ C>(x), the behavior depends on the sets I=(x) and C=(x). If

|I=(x)| = |C=(x)|, the map is locally strictly concave and differentiable. If
|I=(x)| > |C=(x)|, the map is locally concave but has a kink at xn . However,
if |I=(x)| < |C=(x)|, the map xn 	→ φ̂n(x) has a nonconcave kink at xn .
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Multi-leader-multi-follower peak load pricing 613

Fig. 2 Schematic illustration of the x-space for N = 2 firms. Highlighted from firm 1’s perspective are
the cases 1 ∈ C>(x) (in blue), 1 ∈ U (x) (in gray) and, regarding the map x1 	→ φ1(x), 1 ∈ C=(x)
without kink (in green), 1 ∈ C=(x) with concave kink (in orange), 1 ∈ C>(x) with nonconcave kink due
to 2 ∈ C=(x) (in red) (color figure online)

Since the equilibrium payoffs φ̂n,t (x) are a part of the upper-level objective func-
tion πn(x), this implies that we have to handle two difficulties when computing Nash
equilibria of �:

(1) Equilibrium strategies may be points at which xn 	→ πn(x) is not differentiable.
(2) Local optimality is not sufficient to guarantee global optimality.

Both of these difficulties, i.e., kinks and nonconcavity, already arise in the case
I (x) = ∅. Moreover, as our analysis later on reveals, only those scenarios have an
impact on a firm’s equilibrium capacity choice in which their capacity is binding.
A scenario excluded by the assumption I (x) = ∅ would thus only be relevant if in
this scenario, for some firm, it is optimal to operate at the capacity bound, but at the
same time, for other firms, it is not profitable to produce at all. This is highly unlikely
to occur in a practical context. In order to keep the notation more compact, we thus
assume that the set of inactive firms is empty from now on. A sufficient condition for
this to be true in all scenarios t is given at the beginning of the Sect. 4.

Finally, recall that in the game � we have not just one lower-level game G(x) but
instead one such game Gt (x) for each scenario t = 1, . . . , T . These games differ only
in the price intercept θt . The following result states that the outcome of G(x) is, in a
certain sense, monotone w.r.t. the price intercept θ . Its proof can be can be found in
“Appendix B”.

Lemma 3.1 Consider two capacity-constrained Cournot games G1(x),G2(x), which
differ only in the price intercept θ1 < θ2, and let q̂1(x), q̂2(x) be the corresponding
Nash equilibria. Then, P̂1(x) < P̂2(x), i.e., the equilibrium price increases for higher
intercepts. Furthermore, I1(x) ⊇ I2(x) and C1(x) ⊆ C2(x), i.e., the set of inactive
firms shrinks and the set of constrained firms grows with larger intercepts θt .

Since we assumed that the price intercepts satisfy

θ1 < θ2 < · · · < θT ,
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the previous result ensures that for all fixed capacities x ≥ 0, the sets Ct (x) of con-
strained firms in scenarios t = 1, . . . , T satisfy the inclusions

C1(x) ⊆ C2(x) ⊆ · · · ⊆ CT (x).

Furthermore, since the equilibrium prices P̂t (x) are strictly increasing, every firm n
can be in C=

t (x) in at most one scenario t and is in C>
s (x) for all subsequent scenarios

s > t . These two properties form the basis of our subsequent analysis of the upper
level and allow us to compute all Nash equilibria effectively.

Remark 3.2 In ourmodel, the different scenarios t = 1, . . . , T on the lower level differ
only in the price intercepts θt of the inverse demand function. It is also be possible to
consider scenario-dependent production costs cn,t > 0 and scenario dependent slopes
bt > 0 of the inverse demand function, as long as it is still possible to sort the scenarios
t = 1, . . . , T such that the inclusions

C1(x) ⊆ C2(x) ⊆ · · · ⊆ CT (x)

hold for all capacities x ≥ 0 and that n ∈ C=
t (x) is the case in at most one scenario

for every firm n.
A sufficient condition to ensure this property is to demand that for all fixed capacities

x ≥ 0, the value of

P̂t (x) − cn,t

bt
=

θt + ∑
m∈Ut (x) cm,t − bt

∑
m∈Ct (x) xm −

(
|Ut (x)| + 1

)
cn,t(

|Ut (x)| + 1
)
bt

is strictly increasing in t for all firms n = 1, . . . , N—or at least for all firms n ∈ Ct (x).
Lemma 3.1 shows that this is the case for strictly increasing intercepts

θ1 < · · · < θT , if the costs cn and the slope b are constant. Analogous arguments
can be used in case of strictly decreasing slopes b1 > · · · > bT or uniformly decreas-
ing production costs cn,t = cn + �t with �1 > · · · > �T . Combinations of all three
deviations satisfying these individual assumptions are also covered by the same argu-
ments by inserting artificial intermediary scenarios such that two subsequent scenarios
always only differ in one parameter, i.e., in the intercept, the slope, or the costs. Addi-
tionally, for some combinations of deviations, it is further possible to derive weaker
conditions. For example, in case of constant slopes b, time-dependent intercepts θt ,
and costs cn,t = cn + �t it suffices to demand θ1 − �1 < · · · < θT − �T .

4 Analysis of the upper level

Instead of considering only one capacity-constrained Cournot game G(x), we now go
back to considering the lower-level games Gt (x) for scenarios t = 1, . . . , T , which
differ in the price intercepts θ1 < θ2 < · · · < θT . For every scenario t , we then know
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that the corresponding game Gt (x) has a unique equilibrium q̂t (x) and that in the
equilibrium, the firms can be partitioned into the sets Z(x), It (x), Ut (x), and Ct (x).

Throughout the whole section, we assume that there are no inactive firms, i.e.,
It (x) = ∅ for all t . More precisely, we assume the following.

Assumption 4.1 For all x ≥ 0 and all t = 1, . . . , T , the equilibrium price satisfies
P̂t (x) > cn for all n = 1, . . . , N .

By Lemma C.1 in the appendix, this is ensured, e.g., if

θ1 > (|N | + 1) max
m=1,...,N

{cm} −
N∑

m=1

cm .

In addition to the capacity-constrained Cournot gamesGt (x), we now also consider
the Nash equilibrium problem � on the upper level, in which the capacities xn ≥ 0
are chosen. Recall that here all firms n = 1, . . . , N solve the problem

max
xn

πn(xn, x−n) :=
T∑
t=1

wt φ̂n,t (xn, x−n) − Sn(xn, x−n)xn s.t. xn ≥ 0, (7)

where we use the shorthand x−n ∈ R
N−1 to indicate the strategies (xm)m �=n . In case

the capacity expansion costs Sn are affine linear, (7) is a single-level Nash equilibrium
problem with piecewise quadratic objective functions, a structure similar to the prob-
lems considered in [55]. However, we also allow for nonlinear capacity expansion
costs Sn .

Based on the previous analysis of the lower level, we can now derive some useful
characteristics of feasible capacity vectors x ≥ 0. Consider an arbitrary x ≥ 0 with
the corresponding set Z(x). Then, for all t = 1, . . . , T the games Gt (x) have unique
Nash equilibria q̂t (x) with associated sets Ut (x) and Ct (x). Due to θ1 < · · · < θT
and Lemma 3.1, we immediately know

P̂1(x) < P̂2(x) < · · · < P̂T (x) and C1(x) ⊆ C2(x) ⊆ · · · ⊆ CT (x).

Thus, if a firm n is constrained in a scenario t , i.e., n ∈ Ct (x), then it remains
constrained for all subsequent scenarios t + 1, . . . , T . Furthermore, n ∈ C=

t (x) is
only possible in the first scenario, in which firm n is constrained. At the moment, it is
theoretically possible that a firm remains unconstrained for all scenarios t = 1, . . . , T .
However, one can prove that in aNash equilibrium x̂ of (7)we always haveUT (x̂) = ∅,
see Lemma C.2 in the appendix.

For a Nash equilibrium x̂ of (7) we thus introduce the following notation:

τn(x̂) :=
{
1, if n ∈ Z(x̂),

min{t ∈ {1, . . . , T } : n ∈ Ct (x̂)}, else,

τ (x̂) := (τ1(x), . . . , τN (x)) ∈ N
N ,
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Fig. 3 Schematic illustration of
the x-space for N = 2 firms and
T = 3 scenarios. Highlighted
are x̄ (in blue) with
τ(x̄) = (1, 3), E(x̄) = ∅,
F(x̄) = {1, 2}, δ(x̄) = 0 and x̃
(in red) with τ(x̃) = (3, 2),
E(x̃) = {2}, F(x̃) = {1},
δ(x̃) = 2 (color figure online)

E(x̂) := {n /∈ Z(x̂) : n ∈ C=
τn(x̂)

(x̂)},
F(x̂) := {1, . . . , N } \ (Z(x̂) ∪ E(x̂)),

δ(x̂) :=
{
0, if E(x̂) = ∅,

max{τn(x̂) : n ∈ E(x̂)}, else.

Then, τn(x̂) is the first scenario, in which firm n is constrained, E(x̂) is the set of all
firms, which are “equality-constrained” in their first constrained scenario, F(x̂) is the
set of all firms, which are strictly unconstrained/constrained in all scenarios, and δ(x̂)
is the last scenario, in which one of the firms is “equality-constrained”. An illustration
of these objects in case N = 2 and T = 3 can be found in Fig. 3.

These definitions allow us to describe certain sets and quantities more easily, e.g.,

Ut (x̂) = {n /∈ Z(x̂) : t < τn(x̂)} and Ct (x̂) = {n /∈ Z(x̂) : t ≥ τn(x̂)},
πn(x̂) =

∑
t<τn(x̂)

wt
1
b

(
P̂t (x̂) − cn

)2 +
∑

t≥τn(x̂)

wt

(
P̂t (x̂) − cn

)
x̂n − Sn(x̂)x̂n .

For the remainder of this section, let x̂ ≥ 0 be an arbitrary Nash equilibrium of (7).
To keep the notation more compact, we use the abbreviations Z := Z(x̂), τ := τ(x̂),
etc. and denote the equilibrium price in scenario t by

P̂t (x̂) = θt + ∑
m∈Ut

cm − b
∑

m∈Ct
x̂m

|Ut | + 1
= θt + ∑

m∈Ut∪C=
t
cm − b

∑
m∈C>

t
x̂m

|Ut ∪ C=
t | + 1

.

Using this terminology, we can derive necessary first-order optimality conditions
for a Nash equilibrium x̂ ; see “Appendix C” for a proof.

Theorem 4.2 Let Assumption 4.1 hold and x̂ be an arbitrary Nash equilibrium of (7).
Then, the following holds for x̂ = (x̂Z , x̂E , x̂F ):
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(a) For all n ∈ Z we have x̂n = 0 and the directional derivative satisfies

π ′
n(x̂; en) =

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut ∪ C=
t | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂) ≤ 0.

(b) For all n ∈ E we have x̂n = 1
b (P̂τn (x̂) − cn) > 0 and the directional derivatives

satisfy

π ′
n(x̂; en) =

∑
t≥τn+1

wt

[
P̂t (x̂) − cn − bx̂n

|Ut ∪ C=
t | + 1

]

− Sn(x̂) − x̂n
∂Sn
∂xn

(x̂) ≤ 0,

π ′
n(x̂;−en) = −

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut | + 1

]
+ Sn(x̂) + x̂n

∂Sn
∂xn

(x̂) ≤ 0.

(c) For all n ∈ F we have C=
t = ∅ for all t ≥ τn and xn 	→ πn(xn, x̂−n) is

differentiable at x̂n with

∂πn
∂xn

(x̂) =
∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂) = 0.

(d) The sets E and F are given by

E = {n /∈ Z : τn ≤ δ} and F = {n /∈ Z : τn > δ}.

This resultmakes several important observations possible. For aNash equilibrium x̂ ,
we only need to know τ(x̂), Z(x̂), δ(x̂) and can recover all other sets via

E(x̂) = {n /∈ Z(x̂) : τn(x̂) ≤ δ(x̂)},
F(x̂) = {n /∈ Z(x̂) : τn(x̂) > δ(x̂)},
Ut (x̂) = {n /∈ Z(x̂) : t < τn(x̂)},
Ct (x̂) = {n /∈ Z(x̂) : t ≥ τn(x̂)},

C=
t (x̂) =

{
{n /∈ Z(x̂) : τn(x̂) = t}, if t ≤ δ(x̂),

∅, if t > δ(x̂).

We thus focus on τ(x̂), Z(x̂), and δ(x̂) and the other sets are then given as above.
Every Nash equilibrium x̂ needs to satisfy the stationarity conditions

x̂n = 0 for all n ∈ Z(x̂),

P̂τn (x̂) = cn + bx̂n for all n ∈ E(x̂),
∂πn
∂xn

(x̂) = 0 for all n ∈ F(x̂).

(8)
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Additionally, everyNash equilibrium x̂ needs to satisfy the local optimality conditions

π ′
n(x̂; en) ≤ 0 for all n ∈ Z(x̂),

π ′
n(x̂; en) ≤ 0 for all n ∈ E(x̂),

π ′
n(x̂;−en) ≤ 0 for all n ∈ E(x̂).

In the next section, we use these conditions to develop a solution algorithm for �.
But before we do so, we want to close this section by stating that, under suitable
assumptions on the functions Sn , the nonlinear system of equations (8) has exactly
one solution for τ = τ(x̂), Z = Z(x̂), and δ = δ(x̂), which is the Nash equilibrium x̂ ;
see “Appendix C” for the proof. Since there are only finitely many possibilities for
τ, Z , δ, this immediately implies that � has at most finitely many Nash equilibria.

Theorem 4.3 Suppose that Assumption 4.1 holds and assume that the functions Sn are
chosen such that the map

x 	→
(
Sn(x) + xn

∂Sn
∂xn

(x)
)N

n=1

is monotone on [0,∞)N .

(a) Let x̂ ≥ 0 be a Nash equilibrium of � and τ = τ(x̂), Z = Z(x̂), and δ = δ(x̂).
Then, the system of equations

xn = 0 for all n ∈ Z ,

P̂τn (x) = cn + bxn for all n /∈ Z , τn ≤ δ,

∂πn
∂xn

(x) = 0 for all n /∈ Z , τn > δ,

has exactly one solution x∗ ≥ 0, which is x∗ = x̂ .
(b) The Nash equilibrium problem � has at most (N + 1)(T + 1)N Nash equilibria

and thus all Nash equilibria are isolated.

5 Derivation of the algorithm and proof of correctness

Based on Theorem 4.2, we can now state Algorithm 1 to compute all Nash equilibria
of the game �. The idea of this algorithm is as follows:

1. For all values of τ , Z , and δ that can occur in a Nash equilibrium, compute candi-
dates x̂ by solving the stationarity conditions (8).

2. Check the local optimality conditions in x̂ , i.e., whether all feasible directional
derivatives are nonpositive for all n ∈ Z ∪ E .

3. Verify if x̂n is globally optimal for all firms n.

Note that the stationarity conditions used in the first step ensure ∂πn
∂xn

(x̂) = 0 for
n ∈ F , but do not take the objective function πn into account for n ∈ Z ∪ E . For this
reason, in the second step, we check the signs of the feasible directional derivatives for
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all n ∈ Z ∪ E . Recall that we have to work with directional derivatives here, because
for n ∈ Z , the function πn is not defined for xn < 0 and for n ∈ E , the function πn

may have a kink at x̂n .
Since each function xn 	→ πn(xn, x̂−n) is piecewise concave, all candidates satisfy-

ing the local optimality conditions in the second step are at least local Nash equilibria
in the sense that every firm n is at a local maximum of its payoff function. However,
we still have to verify global optimality explicitly, because the objective functions πn

can have nonconcave kinks and local optimality is thus not sufficient. To this end, for
all concave pieces of the map xn 	→ πn(xn, x̂−n) we compute its maximum on the
subset of [0,∞), where this piece is correct, and compare it with πn(x̂n).

Algorithm 1 solveMLMFG()
1: for all τ ∈ {1, . . . , T }N , Z ⊆ {n = 1, . . . , N : τn = 1}, δ ∈ {0, τ1, . . . , τN } do
2: Use computeStationary(τ, Z , δ) to compute a stationary point x̂ and the corresponding equi-

librium prices P̂ .
3: if a stationary point x̂ exists then
4: Use checkLocalOptimality(x̂, τ, Z , δ, P̂) to verify local optimality of x̂ .
5: if x̂ is a local Nash equilibrium then
6: Use checkGlobalOptimality(x̂, τ, Z , P̂) to verify global optimality of x̂ .
7: if x̂ is a Nash equilibrium of (7) then
8: Add x̂ to the list of Nash equilibria of �.
9: end if
10: end if
11: end if
12: end for
13: return the set of all Nash equilibria of �

Since we check for global optimality in the third step, we could skip the local opti-
mality test in the second step. However, the global optimality test is computationally
expensive and we thus prefer to use it as rarely as possible. The detailed algorithms
executing these three steps in Algorithm 1 can be found in “Appendix D”.

We claim that Algorithm 1 correctly computes the set of all Nash equilibria of the
game �. To this end, we have to prove that all Nash equilibria x̂ are identified as
candidates in the first step and pass the second and third step successfully. We also
have to prove that all non-optimal candidates generated in the first step are eliminated
at the latest in the third step. That Nash equilibria pass the second step successfully
follows immediately from the correctness of the first step and the optimality condi-
tions in Theorem 4.2. The respective results for the first and third step are similarly
straightforward, but a bitmore technical and thus have been relegated to “AppendixD”.

All in all, it follows that Algorithm 1 computes all Nash equilibria of � under
suitable assumptions on the functions Sn .

Theorem 5.1 Suppose that Assumption 4.1 holds.

(a) Then, Algorithm 1 only returns Nash equilibria of the game �.
(b) If, additionally, the functions Sn are chosen such that the map

x 	→
(
Sn(x) + xn

∂Sn
∂xn

(x)
)N

n=1
(9)
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is monotone on [0,∞)N , then Algorithm 1 computes all Nash equilibria of the
game �.

We need the additional assumption on the maps Sn to be able to guarantee that the
algorithm finds all Nash equilibria of �: Let x̂ be a Nash equilibrium with correspond-
ing parameters τ, Z , δ. Then under Assumption (9), Theorem 4.3 guarantees that for
these parameters the stationarity conditions (8) have exactly one solution, namely the
Nash equilibrium x̂ . Thus, for these parameters the Nash equilibrium x̂ is the candidate
computed in the first step of the algorithm.

If, in contrast, for parameters τ, Z , δ corresponding to a Nash equilibrium x̂ the sta-
tionarity conditions can have more than one solution, there are two effects to consider:
It could happen that there are other Nash equilibria with the same parameters τ, Z , δ.
Since the algorithm computes only one solution of the stationarity conditions, it returns
at most one of these Nash equilibria. However, it could also happen that—besides x̂—
the stationarity conditions have other solutions, which are not Nash equilibria. If one
of these other solutions is computed in the first step, the algorithm does not notice that
there exists a Nash equilibrium corresponding to the parameters τ, Z , δ.

Fortunately, although Assumption (9) is a nontrivial assumption, it is satisfied in
certain standard cases, which are also widely used in the literature; see, e.g., [24,27,
42,49,50,57,71,72]:

• If the costs Sn of firm n only depend on xn , i.e., Sn(x) = Sn(xn), then by our
convexity assumption on xnSn(x) = xnSn(xn) for all x, y ≥ 0 we have

N∑
n=1

(Sn(x) + xn
∂Sn
∂xn

(x) − Sn(y) − yn
∂Sn
∂xn

(y))(xn − yn)

=
N∑

n=1

(Sn(xn) + xn
∂Sn
∂xn

(xn) − Sn(yn) − yn
∂Sn
∂xn

(yn))(xn − yn) ≥ 0.

• If the costs Sn are jointly given by

Sn(x) = s

(
N∑

n=1

xn

)
for all n = 1, . . . , N

with s : [0,∞) → (0,∞) being affine linear and non-decreasing, i.e., s′ ≥ 0 is
constant, then xnSn(x) is convex. Additionally, for all x, y ≥ 0 and by using the
abbreviations X := ∑N

n=1 xn , Y := ∑N
n=1 yn , we obtain
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N∑
n=1

(
Sn(x) + xn

∂Sn
∂xn

(x) − Sn(y) − yn
∂Sn
∂xn

(y)
)

(xn − yn)

=
N∑

n=1

(
s(X) + xns

′(X) − s(Y ) − yns
′(Y )

)
(xn − yn)

= (s(X) − s(Y ))(X − Y ) + s′(X)‖x − y‖22 ≥ 0

• In combinations of the previous two cases, i.e., when the firms n = 1, . . . , N can
be divided into disjoint groups Nv ⊆ {1, . . . , N } such that for all n ∈ Nv the costs
Sn(x) = Sv(

∑
m∈Nv

xm) are given by the same affine linear and non-decreasing
function, which depends only on members of the group Nv .

We close this section with two academic examples illustrating (a) that the game �

does not always have aNash equilibriumand (b) the importanceof the global optimality
check in Algorithm 4.

(a) For N = T = 2, θ = (10, 20), b = 1, c = (2.5, 5), w = (1, 1), and linear
capacity costs Sn(x) = 2(x1 + x2) for n = 1, 2, the game � has neither a Nash
equilibrium nor points satisfying the local optimality conditions; see Fig. 4.

(b) For N = 2, T = 3, θ = (10, 12, 15), b = 1, c = (4, 5), w = (1, 1, 1), and
linear capacity costs Sn(x) = x1 + x2 + 2.2 for n = 1, 2, the game � again has
no Nash equilibrium. However, there exists a point fulfilling the local optimality
conditions; see Fig. 5.

6 Numerical examples

In this section, we numerically test Algorithm 1. A case study based on the entry-exit
system of the German gasmarket is presented in Sect. 6.1. And in Sect. 6.2, we provide
a small library of examples, which can be used to highlight different characteristics
of the hierarchical Cournot game and to test solution algorithms.

6.1 Case study: strategic bookings and nominations in gas markets

The European gas market as of today is organized according to the so-called entry-exit
system; see, e.g., [26] and the references therein.Our goal is to analyze the implications
of strategic behavior of gas suppliers in this context.

Each of these suppliers n = 1, . . . , N can supply gas to the entry-exit system at a
designated entry node vn . Several gas suppliers can be located at the same entry node.
For this reason let

Nv = {n = 1, . . . , N : vn = v}

be the set of all firms located at an entry node v. Firms n ∈ Nv are able to book
capacities xn ≥ 0 at the entry node vn . Bookings are usually long-term decisions and
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Fig. 4 For τ = (1, 1) and τ = (1, 2), there exist Nash equilibria x̄ = (5/2, 5/4) (in blue) and
x̂ = (30/11, 25/22) (in red) w.r.t. the local payoff functions πτ

n . However, these are not Nash equilib-
ria of � due to a nonconcave kink in π1. Algorithm 2 eliminates those points in the consistency check,
because they are exactly on the border between both areas (color figure online)

Fig. 5 Algorithms 2 and 3 only return the candidate x̂ = (2.15, 1.4) (in red) satisfying the local optimality
conditions. However, x̂ is not a Nash equilibrium of � since x̂1 is dominated by x̄1 = 2.3 (in blue) for firm
1 (color figure online)
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the booked capacity xn grants the right of firm n to supply gas to the system at the
node vn . To stay within the physical restrictions of the system, the transmission system
operators (TSOs) establish technical capacities XTC

v for every node v, which reflect
the maximum amount of supplied gas that the system can handle.

For the specific market rules and results see, e.g., [39,59]. In our case, we model
inverse supply of capacities as a function Sn(x) = Svn (Xvn ), where the booking price
depends on the cumulative booking choices Xv := ∑

m∈Nv
xm of all firms located at

the same entry node v. The technical capacity influences the functions Sv such that if
the cumulative bookings Xv at node v surpass the technical capacity XTC

v at this node,
the price increases rapidly.

Trading of gas takes place daily at virtual trading points at which firms that have
booked entry or exit capacities can sell or buy gas. Traded quantities are then nominated
for transport on a daily basis and are free of charge. Here, the booked capacities xn of
each firm n act as upper bounds on the amount of gas qn,t that can be traded at the day-
ahead market. This day-ahead market is represented in the lower level of our model,
where t = 1, . . . , T are possible scenarios and wt is the probability or frequency of
scenario t . For a more detailed overview of the gas market regulation see, e.g., [62].

This two-levelmodel is connected to a four-levelmodel of the European gasmarket,
which is introduced in [26]. There, bookings and nominations aremodeled in level two
and three under the assumption of perfect competition. As pointed out by the authors,
the introduction of strategic behavior introduces several challenges. In particular, these
two levels cannot be reformulated anymore as a concave single-level problem due to
the possibility of nonconcave kinks in the objective functions; see the discussion at
the end of Sect. 3. The first level of the above mentioned four-level model, which
regards the TSO, is considered by the choice of technical capacities in our model,
whereas the fourth level, regarding the actual transport of gas through the network, is
not incorporated here. The game � is constructed to give insights into the behavior of
firms in the entry-exit model in a non-cooperative setting.

Our standing assumptions on Sv , i.e., Sv > 0, and that for all firms n ∈ Nv , the
map xn 	→ xnSvn (

∑
m∈Nvn

xm) is convex and increasing (w.r.t. all variables,) are not
very restrictive and allow us to consider different types of cost functions.

Depending on an initial price kv > 0, a multiplicative factor sv > 0, and the
technical capacities XTC

v > 0, several examples for booking costs are given below:

• Constant booking costs:

Sv (Xv) = kv.

• Linearly increasing booking costs:

Sv (Xv) = svXv + kv. (10)

• Piecewise defined bookings costs with constant costs up to the technical capacity
and linearly increasing costs beyond this capacity, smoothed by a parabola in a
small ε-neighborhood of XTC

v :
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Sv (Xv) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
kv, if Xv < XTC

v − ε,
sv
4ε

(
Xv − XTC

v + ε
)2 + ku, if XTC

v − ε ≤ Xv < XTC
v + ε,

sv
(
Xv − XTC

v

)
+ kv, if XTC

v + ε ≤ Xv.

(11)

Before we state the data for our case study, let us again briefly comment on the
implications of Assumption 4.1 in the context of this gas market example. Mainly for
notational reasons we have excluded scenarios t with It (x) �= ∅ from our analysis. As
we have shown, only those scenarios have an impact on a firm’s equilibrium capacity
choice in which their capacity is binding. A scenario excluded by the Assumption
It (x) = ∅ would thus only be relevant if at the same time, for one firm n, it is
optimal to nominate as much gas as the booked capacity xn allows, whereas for other
firms m it is not profitable to nominate any gas at all. This is highly unlikely to occur
in a practical context.

In the following test case, we use our algorithm to compute the optimal strategic
booking and nomination decisions for an exemplary instance of the entry-exit system
as described above. To interpret the subsequently presented quantities and results, note
that all quantities are given in TW h, whereas prices, cost of nomination, and cost of
booking are given in e/TWh.

We assume that firms can book (purchase) capacities at two different entry nodes
A, B, allowing them to nominate (sell) gas to cover demand on T = 5 different days.
Demand in our test case is calibrated to meet the daily demand in Germany at five
days in 2018.1 We calibrated the linear demand functions based on observed spot-
market prices (see [58]) and assumed a price elasticity of −0.1; see, e.g., [9,21,33].
This results in the following parameters for inverse demands Pt (Qt ), see (2),

θ1 = 109, θ2 = 126, θ3 = 184, θ4 = 306, θ5 = 442, and b = 66.2295.

Finally, we choose the weights of all days t = 1, . . . , 5 as wt = 1.
In our example, we investigate N = 4 different gas suppliers and consider seven

different settings regarding the participation of the firms in the gas market, their loca-
tion at the two nodes A and B, and the technical capacity XTC

A available at node A.
Firm 1 is located at node A, firm 4 is located at node B, firm 2 either does not partici-
pate in the market or is located at node A and firm 3 either does not participate in the
market or is located in one of the two nodes A, B.

The unit cost for procuring (or producing) gas for all firms is given by the parameters

c1 = 14, c2 = 14.5, c3 = 15, c4 = 13.

The booking costs Sv at both entry nodes v = A, B are assumed to be constant
up to the technical capacity XTC

v and linearly increasing afterward, with a smoothed
intermediate part as given in (11). We choose the same parameters for both nodes

1 Those are February 15, May 15, August 1, October 1, and December 15, for which daily consumption is
approximated by breaking down monthly data from [8] based on daily temperature values from [16].
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Table 1 Reference values for
infinite technical capacities x̂1 x̂2 x̂3 x̂4 X̂

1.264 1.256 1.249 1.279 5.048

1.576 1.568 − 1.591 4.736

2.099 − − 2.114 4.213

Table 2 Setup of the different
considered settings

Setting v1 v2 v3 v4 XTC
A XTC

B XTC
A + XTC

B

1 A A A B 3 1 4

2 A A – B 3 1 4

3 A – – B 3 1 4

4 A A A B 1 1 2

5 A A – B 1 1 2

6 A – – B 1 1 2

7 A A B B 1 1 2

v = A, B:

kv = 10, sv = 10b, ε = 0.5 · 10−5.

To obtain a reference value for the technical capacities, we first consider a situation
in which the technical capacity is not a limiting factor, i.e., XTC

v = ∞ for both entry
nodes v = A, B and, thus, both booking cost functions Sv(Xv) = kv are the same and
constant. In this case, the game � has a unique Nash equilibrium, which only depends
on the participation of the firms in the market, see Table 1 (“–” indicates that a firm
is not participating in the market), but not on their location. We observe that the total
amount of booked capacities X̂ decreases for a larger number of participating firms,
but is always larger than 4.

Based on these preliminary results we now consider the seven settings given in
Table 2, which differ in the participation of firms 2 and 3, the location of the firm 3 at
node A or B and the technical capacity XTC

A available at node A. The total technical
capacity XTC

A + XTC
B is always smaller than the total capacity booked in the case with

infinite technical capacities described above. This ensures that the technical capacities
have an influence on the Nash equilibrium of the game. We use bold to indicate that
a firm is located at node B, the remaining nodes are located at node A.

For each of the seven settings, our algorithm returned a single Nash equilibrium of
the game �. The resulting Nash equilibria for all settings are given in Table 3. Here
X̂ A, X̂ B denote the total capacity booked at nodes A, B.

Table 4 compares the profits of the firms for the different settings to each other
and furthermore compares the welfare and booking costs of the Nash equilibrium—
denoted by WNE(x̂) and Sv(x̂) for v = A, B—to the solution of the welfare
maximization problem
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Table 3 Nash equilibria of the different considered settings

Setting x̂1 x̂2 x̂3 x̂4 X̂ A X̂ B τ1(x̂) τ2(x̂) τ3(x̂) τ4(x̂) δ(x̂)

1 1.003 1.000 0.997 1.000 3.000 1.000 5 5 5 5 0

2 1.503 1.498 − 1.000 3.000 1.000 5 5 – 4 0

3 2.656 − − 1.000 2.656 1.000 5 – – 4 0

4 0.401 0.399 0.398 1.000 1.198 1.000 3 3 3 4 0

5 0.534 0.532 − 1.000 1.066 1.000 3 3 – 4 0

6 1.000 − − 1.000 1.000 1.000 4 – – 4 0

7 0.518 0.517 0.511 0.530 1.035 1.041 4 4 4 3 3

Table 4 Comparison of Nash equilibrium and welfare solution in all seven settings

Setting π1(x̂) π2(x̂) π3(x̂) π4(x̂) WNE(x̂) SA(x̂) SB (x̂) WOpt SWA SWB

1 236.0 233.0 230.0 240.6 1787.1 10.0 10.0 2202.3 138.0 143.0

2 363.2 359.1 − 280.7 1743.2 10 10.0 2202.3 138.0 143.0

3 742.9 − − 378.0 1585.7 10 10.0 2202.3 138.0 143.0

4 146.5 144.6 142.8 466.9 1419.1 141.4 10.0 1757.1 327.3 331.3

5 256.1 253.7 − 498.2 1427.8 53.6 10.0 1757.1 327.3 331.3

6 528.5 − − 534.3 1386.7 10.0 10.0 1757.1 327.3 331.3

7 244.1 241.9 235.9 250.3 1445.9 33.2 37.0 1757.1 327.3 331.3

max
x,q

T∑
t=1

wt

[∫ Qt

0
Pt (y) dy −

N∑
n=1

cnqn,t

]
−

∑
v∈{A,B}

∫ Xv

0
Sv(y) dy

s.t. 0 ≤ qn,t ≤ xn for all n = 1, . . . , N , t = 1, . . . , T .

(12)

We denote the objective value of the welfare problem by WOpt and the respective
booking costs at node v by SWv . The welfare value in the Nash equilibrium, i.e.,
WNE(x̂), is calculated by evaluating the objective function value of (12) for the given
Nash equilibrium x̂ and the resulting nominations q̂ according to (5) and τ(x̂).

We discuss the Settings 1–3 first, in which the only difference is the number of
participating firms. As one can see, in all three settings the firms respect the technical
capacities, i.e., Xv ≤ XTC

v for v = A, B. Compared to Table 1 one can say that the
technical capacity severely impacts firm 4 at node B in all Settings 1–3, but the firms
at node A mostly in Setting 1, where three firms are active at node A. In Setting 2,
where only two firms are active at node A, the effect of the technical capacity on those
firms is much smaller. In Setting 3, where only firm 1 is active at node A, the effect
of the technical capacity XTC

B = 1 on firm 4 causes firm 1 to book more than in the
reference case with unlimited technical capacities. However, firm 1 still stays below
XTC
A = 3. In all three settings these discrepancies in bookings are not large enough for

any of the firms to be willing to exceed the technical capacity and pay higher booking
costs.
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Table 5 Overview of the eight different categories

Category Instances Description

A 2 Unique Nash eq. with δ = 0, asymmetrical firms, N = 2

B 2 Unique Nash eq. with δ = 0, symmetrical firms, N = 2

C 2 Unique Nash eq. with δ = 0, asymmetrical firms, N = 4

D 2 Unique Nash eq. with δ = 0, symmetrical firms, N = 4

E 2 Unique Nash eq. with δ > 0

F 2 No Nash equilibria at all, not even local ones

G 3 Combinations of local and/or global Nash equilibria

H 10 Test cases analyzed in Sect. 6.1

Firm 4 has the same booking x̂4 = 1 in all Settings 1–3. In Setting 1, firm 4 is
only nominating the full capacity in the last scenario t = 5, i.e. τ4(x̂) = 5, whereas
in Settings 2 and 3 it is already nominating its full capacity in scenario t = 4, i.e.,
τ4(x̂) = 4. This indicates that the number of active firms at node A influences the
behavior of firm 4 located at node B.

As one can see in Table 4, fewer active firms at node A have a positive impact on
the profit of all remaining firms—even the accumulated profit

∑
πn(x̂) is increasing

when the number of active firms is decreasing. In contrast, the generated welfare in
the Nash equilibrium x̂ is decreasing for a smaller number of active firms. Especially
in Setting 3 in which the technical capacity at node A is not fully utilized, there is a
considerable decrease in welfare compared to Setting 2.

In all of the Settings 4–6, the technical capacity is the main limiting factor of the
model. Consequently, in Settings 4 and 5, the firms located at node A are willing to
pay larger booking costs to book beyond the technical capacity XTC

A = 1. This results
in a much lower profit of firms located at node A, whereas firm 4 located at node B has
a significantly higher profit than in Settings 1–3. One can see that the booked amount
at node A, which exceeds the technical capacity, decreases with the number of active
firms.

Comparing the welfare generated in the Nash equilibria in Settings 4–6, the welfare
increases from Setting 4 to 5 and is smallest in Setting 6. The increase between
Settings 4 and 5 differs from the previous observation in Setting 1–3 that the welfare
decreases for smaller numbers of active firms. The low welfare in Setting 4 might be
caused by the extremely high booking costs SA(x̂) at node A.

If we now compare Settings 4 and 7, which only differ in the location of firm 3,
we can see that a more even distribution of firms at the nodes has a positive impact
on welfare. Although the firms at both nodes book beyond the technical capacity in
Setting 7, the accumulated booking costs SA(x̂) + SB(x̂) are much lower in Setting 7
than in Setting 4.

In general one can say that more competition decreases the profit of the firms.
Additionally, more competition also increases thewelfare, as long as it does not exceed
the capacities of the system; see Setting 4.
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6.2 Instance library

Since Algorithm 1 computes all Nash equilibria under certain assumptions (see The-
orem 5.1) we are able to provide a library of MLFG problems together with all
corresponding solutions. The purpose of this library is to provide small to medium
sized test cases that can be used by other researchers to test their algorithms. For this
reason, we have compiled several types of problem instances with differences in the
economic setup and different properties of the resulting Nash equilibria. The instances
collected in this library are split into eight categories, (A–H; see Table 5). Category H
contains the problems solved in the case study in Sect. 6.1, whereas categories A–G
are constructed such that they fit the model described in Sect. 2 and satisfy Assump-
tion 4.1 as well as Condition (9). In total there are 25 instances in the library. The
instance data and results are publicly available at https://doi.org/10.7488/ds/3055.

For each problem instance, the provided data consists of the number of firms N , the
number of scenarios T , the vector θ = (θ1, . . . , θT ) of price intercepts of the linear
inverse demand function, the slope b of the linear inverse demand function, the vector
c = (c1, . . . , cN ) of production costs of the firms, and the vector w = (w1, . . . , wT )

of scenario weights. The capacity expansion costs Sn for Category H are described in
Sect. 6.1. In Categories A–G the capacity expansion costs Sn are modeled as linear
functions with slope sn and offset kn , see (10). Here, either each firm n has their own
capacity expansion cost function Sn depending only on xn , or several (or all) firms
share a capacity expansion cost function, which then depends on their cumulative
capacity. In the data for the test examples, this is indicated by firms being located at a
node and all firms located in the same node share one capacity expansion cost function.

For each test instance the results contain a list of local Nash equilibria, the runtime2

of Algorithm 1 and the number of function calls for Algorithms 2, 3, and 4. Each
local Nash equilibrium consists of the vector of capacities x , the resulting payoff
vector π and welfare (see (12)), the pattern τ , the set of firms with zero capacity Z , the
information about exactly constrained firms δ, and the information whether the local
Nash equilibrium is a (global) Nash equilibrium or not. If a local Nash equilibrium
is not a Nash equilibrium, for one player n an alternative strategy xn with a better
objective function value is given together with the generated revenue at that dominant
point. Since Algorithm 4 stops after finding a better strategy for one player, we do not
provide a complete list of players with dominating strategies. The results for all test
instances can be downloaded from the above mentioned repository.

7 Conclusion

We have analyzed a classic peak-load-pricing setup, in which firms choose to build
capacities to serve fluctuating demand. In our asymmetric setup, nonconvexities arise,
which can induce the existence of multiple equilibria or even the failure of existence
of a pure strategy equilibrium. For our approach to be applicable, it is crucial that
the lower-level equilibrium is unique and that it is possible to analytically state the

2 Computations have been done in Matlab on an Intel(R) Core(TM) i5-7200U with 8GB of RAM.
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resulting lower-level outcome for different levels of capacity choices x and all scenar-
ios t . Furthermore, our setup is chosen such that a systematic and clear partition of the
x-space is possible, which allows us to efficiently search for all possible Nash equi-
libria. This results in certain requirements for the scenario-dependence of our model
parameters. Possible extensions are discussed in detail in Remark 3.2.

Based on our theoretical insights, we developed a solution algorithm for the consid-
ered class of two-levelMLFGs.Todo so,weprovided a detailed analysis of the solution
of the lower-level capacity-constrained Cournot game, which enabled us to reformu-
late the two-level game as a single-level game. Although the profit functions of the
resulting single-level Nash equilibrium problem are nonconcave and only piecewise
differentiable, we could develop tailored optimality conditions, which all Nash equi-
libria have to satisfy. These conditions form the basis of the solution algorithm, which
provably computes all Nash equilibria, but does not return any non-optimal stationary
points. We showed that the number of pure strategy equilibria in the considered class
of MLFGs is finite and that a pure strategy Nash equilibrium does not always exist.

We illustrated the importance of the considered class of MLFGs and the effective-
ness of our solution algorithm in a case study, in which we were able to compute
optimal strategic booking and nomination decisions in the entry-exit system, which
is is the predominant mechanism in the European gas market. Our study deepens the
mathematical understanding ofMLFGs, as we are now able to completely solve a non-
trivial class of MLFGs with important applications. Additionally, this special class of
MLFGs and the corresponding problem instances provided in the test library can be
used as a benchmark to asses the quality of solutions generated by other, possibly
more general solution methods for MLFGs.

Let us finally sketch some possible avenues for future research. Our approach
allows for an interpretation of the different scenarios t both as fluctuating demand
over a certain period of time as well as discrete realizations of uncertainty. For the
case of risk-neutral upper-level decisions, the weights wt have to be calibrated to
encompass both the frequency and the probability of the possible scenarios. In the
context of uncertainties our approach could also be applied to handle risk-averse
decisions of strategic firms, which would result in transformed upper-level objectives
of firms (e.g., by applying risk functions, see, e.g., [2] or [56]), but would leave the
solution of the lower-level problems untouched.

Our approach currently considers the case of many potentially asymmetric firms,
in which each firm decides on investment and production for a single technology. An
interesting and realistic extension of our approach would also be the case of firms
deciding on several technologies—or in the context of our setting—groups of single
technology firms jointly maximizing their profit. For the lower-level equilibria, this
would induce a situation in which a firm first entirely uses the technology with cheap-
est production cost and then the more expensive technologies are subsequently put to
work. In this case, lower-level equilibria can still be determined analytically and are
unique. Thus, applying our conceptual approach would still be possible in general but
would require additional notation taking into account the modified objectives of firms
and to keep track of when technologies switch from zero to positive production. A full
consideration of this multi-technology case would considerably inflate the notational
burden and therefore is beyond the scope of our current analysis.
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Last but not least, one can try to transfer the ideas used here to wider classes of
MLFGs and to couple the approach with a network model to assess the impact of the
interplay of strategic behavior and network restrictions on the efficiency of entry-exit
gas markets.
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Appendix A: Notation

Symbols commonly used throughout the paper can be found in Table 6.

Table 6 Symbols used throughout the paper. For fixed scenarios and/or capacities reduced symbols are
used as stated in the relevant section

Symbol Description

Problem variables and parameters

� The two-level game

Gt (x) Lower-level game in scenario t for fixed capacity x

xn Capacity choice of firm n

qn,t Production of firm n in scenario t

Qt Aggregate production in scenario t

πn(x) Objective function of firm n in �

φn,t (qt ) Objective function of firm n in Gt (x)

Sn(x) Cost function for capacity expansion of firm n

Pt (Qt ) Inverse demand function in scenario t

θt Intercept of Pt

b Slope of all Pt

cn Variable production cost of firm n

Decorators

·̂ Variable/set · at equilibrium
Sets of firms

Z(x) Firms with zero capacity

It (x) Firms not in Z(x) with zero production in scenario t
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Table 6 continued

Symbol Description

Ct (x) Firms not in Z(x) at full capacity in scenario t

Ut (x) Firms neither in Z(x), It (x), or Ct (x) in scenario t

C=
t (x) Firms at full capacity with Pt (x) = cn + bxn in scenario t

C>
t (x) Firms at full capacity with Pt (x) > cn + bxn in scenario t

E(x) Firms that are in C=
t (x) in their 1st constrained scenario t

F(x) Firms that are in C>
t (x) in their 1st constrained scenario t

Scenarios

τn(x) First scenario, in which firm n is constrained

τ(x) Vector of all τn(x)

δ(x) Last scenario, in which some firm is in C=
t (x)

Appendix B: Auxiliary results for Sect. 3

The effect of small unilateral deviations x + εen on the equilibrium payoff φn(x) of
the same firm n is studied in the subsequent result.

Lemma B.1 For every firm n = 1, . . . , N, all x ∈ [0,∞)N and all sufficiently small
deviations ε ∈ R the sets Z(x + εen), I (x + εen), U (x + εen), C(x + εen), and the
equilibrium payoff φ̂n(x + εen) are given in Table 7.

Proof. Note that the equilibrium price P̂(x) does not change if we treat firms from
I=(x) or C=(x), i.e., firms that are on the boundary to being unconstrained, the same
way as unconstrained firms:

P̂(x) = θ + ∑
m∈U (x) cm − b

∑
m∈C(x) xm

|U (x)| + 1

= θ + ∑
m∈U (x)∪I=(x)∪C=(x) cm − b

∑
m∈C>(x) xm

|U (x) ∪ I=(x) ∪ C=(x)| + 1
.

We focus on discussing the resulting changes in the equilibrium price P̂(x) and the
sets Z(x), I (x),U (x),C(x). The change in the equilibrium payoff then follows by
comparing the formula for φ̂n(x) in x and x + εen .

(a) For a firm n ∈ Z(x) only positive deviations ε > 0 are possible. In case P̂(x) ≤
cn , firm n moves from Z(x) to I (x + εen) and nothing else changes.
In case P̂(x) > cn , firm n moves from Z(x) to C(x + εen). Since this decreases
the equilibrium price, firms from C=(x) are now in U (x + εen). This results in
the new equilibrium price

P̂(x + εen) = P̂(x) − bε

|U (x) ∪ C=(x)| + 1
.
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(b) For a firm n ∈ I (x) a deviation ε ∈ R in the capacity xn has no effect at all.
(c) For a firm n ∈ U (x) small deviations ε ∈ R do not change the equilibrium

price P̂(x) and, sinceU (x) is defined via strict inequalities, all sets stay the same,
too.

(d) For a firm n ∈ C=(x) a small negative deviation ε < 0 increases the equilibrium
price. Thus, firms from I=(x) are now in U (x + εen), which results in the new
equilibrium price

P̂(x + εen) = P̂(x) − bε

|U (x) ∪ I=(x)| + 1
.

In contrast, a small positive deviation ε > 0 does not change the equilibrium
price, because firm n moves from C=(x) to U (x + εen).

(e) For a firm n ∈ C>(x) a small negative deviation ε < 0 increases the equilibrium
price. Thus, firms from I=(x) are now in U (x + εen), which results in the new
equilibrium price

P̂(x + εen) = P̂(x) − bε

|U (x) ∪ I=(x)| + 1
.

Table 7 Effect of unilateral deviations on the sets Z(x), I (x),U (x),C(x) and the equilibrium payoff φ̂n(x)
according to Lemma B.1

n ε Z(x + εen) I (x + εen) U (x + εen) C(x + εen)

φ̂n(x + εen)

n ∈ Z(x) ε > 0 Z(x) \ {n} I (x) ∪ {n} U (x) C(x)

with P̂(x) ≤ cn φ̂n(x)

n ∈ Z(x) ε > 0 Z(x) \ {n} I (x) U (x) ∪ C=(x) (C(x) \ C=(x)) ∪ {n}
with P̂(x) > cn φ̂n(x) +

[
P̂(x) − cn − bxn|U (x)∪C=(x)|+1

]
ε − b

|U (x)∪C=(x)|+1 ε2

n ∈ I (x) ε ∈ R Z(x) I (x) U (x) C(x)

φ̂n(x)

n ∈ U (x) ε ∈ R Z(x) I (x) U (x) C(x)

φ̂n(x)

n ∈ C=(x) ε < 0 Z(x) I<(x) U (x) ∪ I=(x) C(x)

φ̂n(x) +
[
P̂(x) − cn − bxn|U (x)∪I=(x)|+1

]
ε − b

|U (x)∪I=(x)|+1 ε2

ε > 0 Z(x) I (x) U (x) ∪ {n} C(x) \ {n}
φ̂n(x)

n ∈ C>(x) ε < 0 Z(x) I<(x) U (x) ∪ I=(x) C(x)

φ̂n(x) +
[
P̂(x) − cn − bxn|U (x)∪I=(x)|+1

]
ε − b

|U (x)∪I=(x)|+1 ε2

ε > 0 Z(x) I (x) U (x) ∪ C=(x) C>(x)

φ̂n(x) +
[
P̂(x) − cn − bxn|U (x)∪C=(x)|+1

]
ε − b

|U (x)∪C=(x)|+1 ε2
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In contrast, a small positive deviation ε > 0 decreases the equilibrium price—
because firm n stays in C(x + εen)—and thus firms from C=(x) are now in
U (x + εen). This results in the new equilibrium price

P̂(x + εen) = P̂(x) − bε

|U (x) ∪ C=(x)| + 1
.

We now give a proof of Lemma 3.1.

Proof Consider a given price intercept θ and a positive deviation ε > 0. Since the
capacities x are fixed in this proof but the intercept θ varies, we denote the dependence
of the important quantities on θ and not on x within this proof.

As long as this deviation is small enough, the corresponding sets in the Nash
equilibrium change to

Z(θ + ε) = Z(θ), I (θ + ε) = I<(θ),

U (θ + ε) = U (θ) ∪ I=(θ), C(θ + ε) = C(θ)

with the corresponding new equilibrium price given by

P̂(θ + ε) = P̂(θ) + ε

|U (θ) ∪ I=(θ)| + 1
> P̂(θ).

This formula is correct up to the point where the deviation is large enough to cause
firms from I<(θ) to move to I=(θ + ε) or firms fromU (θ) to move to C=(θ + ε). In
these points, the map ε 	→ P̂(θ + ε) is still continuous and strictly increasing but its
slope changes.

For θ1 < θ2, this implies P̂(θ1) < P̂(θ2) and thus I (θ1) ⊇ I (θ2) and
C(θ1) ⊆ C(θ2).

Appendix C: Auxiliary results for Sect. 4

A sufficient condition for the set It (x) of inactive firms being empty is given below.

Lemma C.1 Assume that in a scenario t , the price intercept θt satisfies

θt > (N + 1) max
m=1,...,N

cm −
N∑

m=1

cm .

Then, in the unique Nash equilibrium the equilibrium price P̂t (x) satisfies

P̂t (x) > cn for all n = 1, . . . , N

and, thus, the set of inactive firms It (x) is empty.
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Proof Since we only consider one scenario t in this proof, we omit the index t . We
know that all firms n ∈ C(x) satisfy P̂(x) ≥ cn +bxn . Exploiting this in the definition
of the equilibrium price P̂(x), we can infer that

(|U (x)| + 1)P̂(x) = θ +
∑

m∈U (x)

cm − b
∑

m∈C(x)

xm

≥ θ +
∑

m∈U (x)∪C(x)

cm − |C(x)|P̂(x)

implies

P̂(x) ≥ θ + ∑
m∈U (x)∪C(x) cm

|U (x)| + |C(x)| + 1
.

Using the assumption on θ , this implies

P̂(x)

≥ θ + ∑
m∈U (x)∪C(x) cm

|U (x)| + |C(x)| + 1

>

(N + 1) max
m=1,...,N

cm − ∑N
m=1 cm + ∑

m∈U (x)∪C(x) cm

|U (x)| + |C(x)| + 1

=
(N+1−|Z(x) ∪ I (x)|) max

m=1,...,N
cm+|Z(x) ∪ I (x)| max

m=1,...,N
cm−∑

m∈Z(x)∪I (x) cm

N + 1−|Z(x) ∪ I (x)|
≥ max

m=1,...,N
cm ≥ cn

for all firms n. An inactive firm n ∈ I (x) has to satisfy P̂(x) ≤ cn . Consequently,
under the given assumption, I (x) = ∅ follows.

The next result shows that in a Nash equilibrium x̂ of the game �, all firms are
constrained at least in scenario T .

Lemma C.2 Suppose that Assumption 4.1 holds. Then, in a Nash equilibrium x̂ of (7)
we have

UT (x̂) = ∅ and x̂n ≤ 1

b

(
θT +

N∑
m=1

cm

)
=: γ.

for all firms n = 1, . . . , N.

Proof Assume that there is a firm n with n ∈ Ut (x̂) for all t = 1, . . . , T . Then,
n /∈ Z(x̂) and by Lemma B.1, its payoff for a small deviation ε ∈ R is given by

πn(x̂ + εen) =
T∑
t=1

wt
1

b

(
P̂t (x̂) − cn

)2 − Sn(x̂ + εen)(x̂n + ε).
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Since Sn(x) is positive and increasing, firm n can thus increase its payoff by reduc-
ing xn , a contradiction to x̂ being a Nash equilibrium. Consequently, every firm n is
constrained at least in t = T .

As we have just shown for a Nash equilibrium x̂ of (7), every firm n /∈ Z(x̂) is
constrained at least in scenario t = T and thus

cn + bx̂n ≤ P̂T (x̂) = θT + ∑
m∈UT (x̂) cm − b

∑
m∈CT (x̂) x̂m

|UT (x̂)| + 1
≤ θT +

N∑
m=1

cm

holds. Consequently, for all firms n /∈ Z(x̂) we have

x̂n ≤ 1

b

(
θT +

N∑
m=1

cm

)
=: γ.

For firms n ∈ Z(x̂) the inequality holds due to γ > 0.

Below we give the proof of Theorem 4.2, which provides necessary optimality
conditions for Nash equilibria x̂ of �.

Proof (a) For all firms n ∈ Z we know that x̂n = 0 is the global maximum of
xn 	→ πn(xn, x̂−n) and, thus, the directional derivative has to satisfyπ ′

n(x̂, en) ≤ 0.
Here, we can use τn = 1 and Lemma B.1 to compute the directional derivative

π ′
n(x̂; en) =

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut ∪ C=
t | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂).

(b) For all firms n ∈ E we know by definition of E = {n /∈ Z : n ∈ C=
τn

} that

P̂τn (x̂) = cn + bx̂n �⇒ x̂n = 1

b
(P̂τn (x̂) − cn) > 0.

Since x̂n > 0 is the global maximum of xn 	→ πn(xn, x̂−n), both directional
derivatives have to satisfy π ′

n(x̂, en) ≤ 0 and π ′
n(x̂,−en) ≤ 0. Using Lemma B.1

again yields

π ′
n(x̂; en) =

∑
t≥τn+1

wt

[
P̂t (x̂) − cn − bx̂n

|Ut ∪ C=
t | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂),

π ′
n(x̂;−en) = −

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut | + 1

]
+ Sn(x̂) + x̂n

∂Sn
∂xn

(x̂).

(c) For all firms n ∈ F we know that x̂n > 0 is the global maximum of xn 	→
πn(xn, x̂−n) and, thus, both directional derivatives have to satisfy π ′

n(x̂, en) ≤ 0
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and π ′
n(x̂,−en) ≤ 0. Using Lemma B.1, we can compute these directional deriva-

tives and obtain

π ′
n(x̂; en) =

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut ∪ C=
t | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂),

π ′
n(x̂;−en) = −

∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut | + 1

]
+ Sn(x̂) + x̂n

∂Sn
∂xn

(x̂).

Adding both directional derivatives yields

x̂n
∑

t≥τn ,C=
t �=∅

wt b

[
1

|Ut | + 1
− 1

|Ut ∪ C=
t | + 1

]
≤ 0.

Since x̂n, b, wt > 0, this implies C=
t = ∅ for all t ≥ τn . Consequently,

π ′
n(x̂;−en) = −π ′

n(x̂; en), i.e., the map xn 	→ πn(xn, x̂−n) is differentiable at
x̂n with

∂πn
∂xn

(x̂) =
∑
t≥τn

wt

[
P̂t (x̂) − cn − bx̂n

|Ut | + 1

]
− Sn(x̂) − x̂n

∂Sn
∂xn

(x̂) = 0.

(d) By definition F ∪ E = {n /∈ Z} and E ⊆ {n /∈ Z : τn ≤ δ} holds. Part (c) implies
F ⊆ {n /∈ Z : τn > δ}, which completes the proof.

Below, Theorem 4.3 is proven, which states how many solutions the stationarity
conditions (8) can have.

Proof (a) We know by Theorem 4.2 that x̂ is one solution of the system of equations. It
thus suffices to prove that the system has at most one solution to ensure uniqueness.

We can compute solutions x∗ = (x∗
Z , x∗

E , x∗
F ) of the system one after the other.

The unique solution of the first equation is x∗
Z = 0. To see that the second equation

has a unique solution x∗
E , note that for all t ≤ δ we have C>

t = Ct−1 and thus

P̂t (x) = θt + ∑
m∈Ut∪C=

t
cm − b

∑
m∈Ct−1

xm

|Ut ∪ C=
t | + 1

.

The equilibrium price P̂t (x) thus only depends on the value of xm of firms m with
τm < t . Consequently, the second equation has a unique solution x∗

E , which is
computed in order of ascending values of τn .

In case F �= ∅, it remains to show that for given x∗
Z and x∗

E , the third equation has
a unique solution x∗

F . To this end, recall that for all n ∈ F , we have

∂πn
∂xn

(x∗
Z , x∗

E , xF ) =
∑
t≥τn

wt

[
P̂t (x

∗
Z , x∗

E , xF ) − cn − bxn
|Ut | + 1

]

123



Multi-leader-multi-follower peak load pricing 637

− Sn(x
∗
Z , x∗

E , xF ) − xn
∂Sn
∂xn

(x∗
Z , x∗

E , xF ).

We now prove that the map

xF 	→ H(xF ) :=
(
− ∂πn

∂xn
(x∗

Z , x∗
E , xF )

)
n∈F

is strongly monotone on XF := [0,∞)|F |. By Theorem 2.3.3(b) in [20], this
implies that the complementarity system

xF ≥ 0, H(xF ) ≥ 0, x�
F H(xF ) = 0

has exactly one solution and the equation H(xF ) = 0 thus has at most one solution
xF > 0.

Due to the assumptions on Sn we know that for all xF , yF ≥ 0, we have

∑
n∈F

(
Sn(x

∗
Z , x∗

E , xF ) + xn
∂Sn
∂xn

(x∗
Z , x∗

E , xF )

− Sn(x
∗
Z , x∗

E , yF ) − yn
∂Sn
∂xn

(x∗
Z , x∗

E , yF )
)
(xn − yn)

=
∑
n∈F

(
Sn(x

∗
Z , x∗

E , xF ) + xn
∂Sn
∂xn

(x∗
Z , x∗

E , xF )

− Sn(x
∗
Z , x∗

E , yF ) − yn
∂Sn
∂xn

(x∗
Z , x∗

E , yF )
)
(xn − yn)

+
∑

n∈E∪Z

(
Sn(x

∗
Z , x∗

E , xF ) + x∗
n

∂Sn
∂xn

(x∗
Z , x∗

E , xF )

− Sn(x
∗
Z , x∗

E , yF ) − x∗
n

∂Sn
∂xn

(x∗
Z , x∗

E , yF )
)
(x∗

n − x∗
n )

≥ 0.

Consequently, we obtain that for all xF , yF ≥ 0 it holds

(H(xF ) − H(yF ))� (xF − yF )

≥
∑
n∈F

⎛
⎝−

∑
t≥τn

wt
b

|Ut | + 1

⎡
⎣
⎛
⎝ ∑

m∈Ct∩F

ym − xm

⎞
⎠ + (yn − xn)

⎤
⎦
⎞
⎠ (xn − yn)

=
∑
t>δ

wt b

|Ut | + 1

∑
n∈Ct∩F

⎡
⎣
⎛
⎝ ∑

m∈Ct∩F

xm − ym

⎞
⎠ + (xn − yn)

⎤
⎦ (xn − yn)

=
∑
t>δ

wt b

|Ut | + 1

⎡
⎢⎣
⎛
⎝ ∑

m∈Ct∩F

xm − ym

⎞
⎠

2

+
∑

m∈Ct∩F

(xn − yn)
2

⎤
⎥⎦ .

Since F �= ∅, we know δ < T and CT = E ∪ F , UT = ∅ and thus[
H(xF ) − H(yF )

]T
(xF − yF )
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≥ wT b

⎡
⎣
(∑
m∈F

xm − ym

)2

+
∑
m∈F

(xn − yn)
2

⎤
⎦

≥ wT b‖xF − yF‖22
holds. This proves the strong monotonicity of H on XF and that the third equation
has at most one solution x∗

F ≥ 0.
(b) Part (a) ensures that different Nash equilibria x̂ must have different parameters

τ = τ(x̂), Z = Z(x̂), and δ = δ(x̂). For combinations of τ and Z , there are at
most (T + 1)N possibilities and for δ, there are at most N + 1 possibilities. In
total, this yields at most (N + 1)(T + 1)N Nash equilibria.

Appendix D: Auxiliary results for Sect. 5

In this section, we describe how the different parts of Algorithm 1 work in detail.
Checking the criteria for local optimality is straight-forward, so the majority of the
section deals with the identification stationary points and the check for global opti-
mality.

Lemma D.1 Suppose that Assumption 4.1 holds. Then, given a Nash equilibrium x̂
of (7) we can compute the equilibrium prices as follows:

(a) For all t with 1 ≤ t ≤ δ,

P̂t (x̂) = θt + ∑
m /∈Z cm − ∑

s<t |C=
s |P̂s

|Ut ∪ C=
t | + 1

.

(b) For all t with δ < t ≤ T ,

P̂t (x̂) = θt + ∑
m∈Ut

cm − b
∑

m∈Ct∩E x̂m − b
∑

m∈Ct∩F x̂m

|Ut | + 1
.

Proof In case E �= ∅, we have δ ≥ 1 and for all t ≤ δ,

P̂t (x̂) = θt + ∑
m∈Ut

cm − b
∑

m∈Ct
x̂m

|Ut | + 1

= θt + ∑
m∈Ut∪C=

t
cm − b

∑
m∈C>

t
x̂m

|Ut ∪ C=
t | + 1

= θt + ∑
m∈Ut∪C=

t
cm − b

∑
s<t

∑
m∈C=

s
x̂m

|Ut ∪ C=
t | + 1

= θt + ∑
m∈Ut∪C=

t
cm − ∑

s<t
∑

m∈C=
s
P̂s + ∑

m∈C>
t
cm

|Ut ∪ C=
t | + 1

= θt + ∑
m /∈Z cm − ∑

s<t |C=
s |P̂s

|Ut ∪ C=
t | + 1
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Algorithm 2 computeStationary(τ, Z , δ)
Input: Set τ ∈ {1, . . . , T }N , Z ⊆ {n = 1, . . . , N : τn = 1}, δ ∈ {0, τ1, . . . , τN }.
1: x̂Z := 0.
2: Compute P̂t for all t = 1, . . . , δ; see Lemma D.1 (a).
3: Compute x̂E ; see Lemma D.2 (b).
4: if x̂E �> 0 then
5: return “No candidate exists for (τ, Z , δ).”
6: end if
7: if F �= ∅ then
8: Try to compute a solution x̂F of H(xF ) = 0; see Lemma D.2 (c).
9: if x̂F does not exist or x̂F �> 0 then
10: return “No candidate exists for (τ, Z , δ).”
11: end if
12: Define P̂t for all t > δ; see Lemma D.1 (b).
13: end if
14: for all n ∈ E ∪ F do
15: for all t < τn do
16: if P̂t ≥ cn + bx̂n then
17: return “No candidate exists for (τ, Z , δ).”
18: end if
19: end for
20: for all t > τn do
21: if P̂t ≤ cn + bx̂n then
22: return “No candidate exists for (τ, Z , δ).”
23: end if
24: end for
25: end for
26: for all n ∈ F do
27: if P̂τn ≤ cn + bx̂n then
28: return “No candidate exists for (τ, Z , δ).”
29: end if
30: end for
31: return x̂ = (x̂Z , x̂E , x̂F ) and P̂ := (P̂1, . . . , P̂T ).

Algorithm 3 checkLocalOptimality(x̂, τ (x̂), Z(x̂), δ(x̂), P̂(x̂))
Input: A feasible point x̂ ≥ 0 with the corresponding data τ := τ(x̂), Z := Z(x̂), δ := δ(x̂), and

equilibrium prices P̂ := P̂(x̂) = (P̂1(x̂), . . . , P̂T (x̂)).
1: for all n ∈ Z do
2: Compute π ′

n(x̂; en); see Theorem 4.2 (a).
3: if π ′

n(x̂; en) > 0 then
4: return “x̂ is not a local Nash equilibrium.”
5: end if
6: end for
7: for all n ∈ E := {n /∈ Z : τn ≤ δ} do
8: Compute π ′

n(x̂; en) and π ′
n(x̂; −en); see Theorem 4.2 (b).

9: if π ′
n(x̂; en) > 0 or π ′

n(x̂; −en) > 0 then
10: return “x̂ is not a local Nash equilibrium.”
11: end if
12: end for
13: return “x̂ is a local Nash equilibrium.”
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Algorithm 4 checkGlobalOptimality(x̂, τ (x̂), Z(x̂), P̂(x̂))

Input: A feasible point x̂ ≥ 0 with the corresponding data τ(x̂), Z(x̂), and equilibrium prices P̂(x̂) =
(P̂1(x̂), . . . , P̂T (x̂)).

Initialization: For all n = 1, . . . , N compute

πn(x̂n , x̂−n) =
∑

t<τn (x̂)

wt

b
(P̂t (x̂) − cn)2 +

∑
t≥τn (x̂)

wt (P̂t (x̂) − cn)x̂n − x̂n Sn(x̂n , x̂−n).

1: for all n = 1, . . . , N do
2: Define Z−n := Z(x̂) \ {n}.
3: for all τ ∈ {1, . . . , T , T + 1}N with τm = 1 for all m ∈ Z−n do
4: Compute P̂t,−n for all t = 1, . . . , N ; see Equation (14a).
5: for all t < τn do
6: if P̂t,−n does not satisfy condition (13) then
7: Continue with the next τ .
8: end if
9: end for
10: Compute the lower and upper bound L , U on xn ≥ 0; see Equations (15).
11: if L ≥ U then
12: Continue with the next τ .
13: end if
14: Compute the unique solution x̃n of Equation (16).
15: Compute x∗

n = min{max{L, 0, x̃n},U }.
16: if πn(x∗

n , x̂−n) > πn(x̂n , x̂−n) then
17: return “x̂ is not a Nash equilibrium of (7)”.
18: end if
19: end for
20: end for
21: return “x̂ is a Nash equilibrium of (7)”.

holds. This shows Part (a). Moreover, for all δ < t ≤ T we have

P̂t (x̂) = θt + ∑
m∈Ut

cm − b
∑

m∈Ct
x̂m

|Ut | + 1

= θt + ∑
m∈Ut

cm − b
∑

m∈Ct∩E x̂m − b
∑

m∈Ct∩F x̂m

|Ut | + 1
.

This shows Part (b).

Lemma D.2 Suppose that Assumption 4.1 holds. Then, for a Nash equilibrium x̂ =
(x̂Z , x̂E , x̂F ) of (7) it holds that

(a) x̂Z = 0.
(b) x̂E is given by

x̂n = 1

b
(P̂τn − cn) for all n ∈ E .

123



Multi-leader-multi-follower peak load pricing 641

(c) x̂F is a solution of the system of equations HF (xF ) = 0, where HF (xF ) is defined
as follows:

H(xF ) :=
(

−
∑
t≥τn

wt

[
P̂t (xF ) − cn − bxn

|Ut | + 1

]

+ Sn(x̂Z , x̂E , xF ) + xn
∂Sn
∂xn

(x̂Z , x̂E , xF )

)
n∈F

.

In the definition of HF , P̂t (xF ) is given by

P̂t (xF ) := θt + ∑
m∈Ut

cm − b
∑

m∈Ct∩E x̂m − b
∑

m∈Ct∩F xm

|Ut | + 1
.

for all t > δ.

Proof Condition (a) holds by definition. Condition (b) follows from the stationarity
conditions (8) and the definition of E . Condition (c) follows from the stationarity
conditions (8).

Combining these two observations with Theorem 4.3 yields the following result.

Lemma D.3 Suppose that Assumption 4.1 holds and let τ ∈ {1, . . . , T }N , Z ⊆ {n =
1, . . . , N : τn = 1}, and δ ∈ {0, τ1, . . . , τN } be given.
(a) If Algorithm 2 returns x̂ , then x̂ ≥ 0 as well as τ(x̂) = τ , Z(x̂) = Z, δ(x̂) = δ,

and P̂t (x̂) = P̂t for all t = 1, . . . , T . Furthermore, x̂ satisfies the stationarity
conditions (8).

(b) If x̂ is a Nash equilibrium of � with τ(x̂) = τ , Z(x̂) = Z, as well as δ(x̂) = δ and
if the functions Sn are chosen such that the map

x 	→
(
Sn(x) + xn

∂Sn
∂xn

(x)
)N

n=1

is monotone on [0,∞)N , then x̂ is the unique return value of Algorithm 2.

Proof (a) Follows directly from the construction of Algorithm 2 together with
Lemma D.1 and Lemma D.2.

(b) If x̂ is a Nash equilibrium and τ(x̂) = τ , Z(x̂) = Z , δ(x̂) = δ holds, we know from
Theorem 4.3 (a) that the stationarity conditions (8) only have the solution x̂ and
thus, using (a), Algorithm 2 can only return x̂ . Since x̂ also satisfies all additional
conditions (x̂E > 0, x̂F > 0, . . .) Algorithm 2 returns x̂ .

This theorem shows us that Algorithm D.3 is correct. The conditions for local
optimality have already been discussed in Theorem 4.2. Hence, it remains to discuss
global optimality conditions and the correctness of Algorithm 4. We check for global
optimality by checking that no firm n has an incentive to deviate from the solution. For
every firm n, we generate all patterns τ , that are compatible with x̂−n , and compute
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bounds L < xn ≤ U for possible strategies xn of firm n with τ(xn, x̂−n) = τ . For
each pattern τ , we then compute the optimal strategy x∗

n for firm n on the interval
[max{0, L},U ]. If this strategy leads to a strictly better payoff for firm n, then, by
continuity, we have shown that x̂ is not a Nash equilibrium as there exists a better
strategy on the interval (L,U ]. But if no pattern τ leads to a better strategy for firm n,
we are sure that we have found a Nash equilibrium. The following lemma goes into
more detail.

Lemma D.4 Let x̂ ≥ 0, a firm n, and τ ∈ {1, . . . , T , T + 1}N be given.

(a) If there exists xn ≥ 0 with τ(xn, x̂−n) = τ , the following conditions hold:

(1) τm = 1 for all m ∈ Z−n := Z(x̂)\ {n}.
(2) The price P̂t,−n satisfies

max
m /∈Z ,τm≤t

cm + bx̂m ≤ P̂t,−n < min
m �=n,τm>t

cm + bx̂m for all t < τn, (13)

where P̂t,−n is defined as

P̂t,−n := θt + ∑
m∈Ut

cm − b
∑

m∈Ct\{n} x̂m
|Ut | + 1

(14a)

with Ut := {m /∈ Z−n : t < τm}, (14b)

Ct := {m /∈ Z−n : t ≥ τm}. (14c)

(b) Let xn ≥ 0 be given with τ(xn, x̂−n) = τ . Then, L < xn ≤ U holds, where

L := max{L1, L2} with
L1 := max

{
1
b (P̂t,−n − cn) : t < τn

}
,

L2 := max
{
1
b (|Ut | + 1)(P̂t,−n − cm − bx̂m) : t ≥ τn, τm > t

}
and

U := min{U1,U2} with
U1 := min

{
1
b (|Ut | + 1)(|Ut | + 2)−1(P̂t,−n − cn) : t ≥ τn

}
,

U2 := min
{
1
b (|Ut | + 1)(P̂t,−n − cm − bx̂m) : t ≥ τn, τm ≤ t,m /∈ Z ∪ {n}

}
.

(15)

(c) Let xn ≥ 0 be given with τ = τ(xn, x̂−n). Then, the function

xn 	→ πτ (xn, x̂−n)

has its unconstrained maximum at the unique solution x̃n of the equation

∑
t≥τn

wt

[
P̂t,−n − cn − 2bx̃n

|Ut | + 1

]
− Sn(x̃n, x̂−n) − x̃n∇xn Sn(x̃n, x̂−n) = 0,

(16)
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where P̂t,−n and Ut are defined as in (14a) and (14b). The maximum x∗ on
the interval [max{0, L},U ], with L and U as in Eq. (15), is given by x∗ =
min{max{L, 0, x̃n},U }.

Proof (a) Condition (1) follows directly from the definition of Z(x̂). To compute the
bounds on the prices P̂t,−n , we use the definition of P̂t (x), Ut , and Ct to obtain

P̂t (x) = θt + ∑
m∈Ut

cm − b
∑

m∈Ct
xm

|Ut | + 1

=

⎧⎪⎨
⎪⎩

θt+∑
m∈Ut cm−b

∑
m∈Ct \{n} x̂m

|Ut |+1 = P̂t,−n, if t < τn,

θt+∑
m∈Ut cm−b

∑
m∈Ct \{n} x̂m

|Ut |+1 − bxn|Ut |+1 = P̂t,−n − bxn|Ut |+1 , if t ≥ τn .

Rearrangement yields the bounds on Pt,−n .
(b) From the prices Pt,−n and τ , we can derive bounds on the value of xn . The specific

bounds follow from the definition of Ut and Ct .
(c) For all xn ≥ 0 with τ(xn, x̂−n) = τ , the payoff of firm n has the form

πn(xn, x̂−n) = πτ
n (xn, x̂−n)

=
∑
t<τn

wt
1
b (P̂t,−n − cn)

2

+
∑
t≥τn

wt

[
P̂t,−n − bxn

|Ut | + 1
− cn

]
xn − xnSn(xn, x̂n).

Due to b > 0 and the assumptions on Sn , this function is uniformly concave
in xn and thus has exactly one unconstrained maximum x̃n , which is the unique
solution of ∂πτ

n
∂xn

(xn, x̂−n) = 0. The constrained maximum on [max{0, L},U ] then
is x∗

n = min{max{L, 0, x̃n},U }.
With these results proven,wehave shown thatAlgorithm4 is correct.We summarize

this in the following lemma.

Lemma D.5 Consider an arbitrary x̂ ≥ 0. Then, Algorithm 4 terminates successfully
if and only if x̂ is a Nash equilibrium of �.
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