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Abstract—In response to increasing grid congestion in the
Netherlands, non-firm connection and transport agreements
(CTAs) and capacity restriction contracts (CRCs) have been
introduced, allowing consumer curtailment in exchange for grid
tariff discounts or per-MW compensations. This study examines
the interaction between an electrolyzer project, facing sizing and
contracting decisions, and a network operator, responsible for
contract activations and determining grid connection capacity,
under the new Dutch regulations. The interaction is modeled
using two bilevel optimization problems with alternating leader-
follower roles. Results highlight a trade-off between CRC income
and non-firm CTA tariff discounts, showing that voluntary
congestion management by the network operator increases elec-
trolyzer profitability at CRC prices below €10/MW but reduces
it at higher prices. Furthermore, the network operator benefits
more from reacting to the electrolyzer owner’s CTA decisions
than from leading the interaction at CRC prices above €10/MW.
Ignoring the other party’s optimization problem overestimates
profits for both the network operator and the electrolyzer owner,
emphasizing the importance of coordinated decision-making.

Index Terms—Congestion management, bilateral contracts,
electrolyzers, grid connection, bilevel programming

LIST OF ABBREVIATIONS

CTA Connection and transport agreement
CRC Capacity restriction contract

FA Firm CTA

NFA Non-firm CTA

NFA85 Non-firm CTA-85

I. INTRODUCTION

The growing penetration of distributed energy resources,
coupled with the rapid electrification of transport, residential,
and industrial sectors, has led to severe congestion challenges
in power distribution and transmission grids across Europe.
Addressing these congestion issues through grid reinforce-
ments is both time-consuming and expensive, resulting in
extensive delays and long waiting lists for new connection
and transport agreements (CTAs). The situation is particularly
critical in the Netherlands, where congestion affects most
medium- and high-voltage grids, with waiting lists in some
regions surpassing a hundred pending requests [1].

The inability of consumers to connect to Dutch power grids
significantly hinders the progress of the energy transition.
Grid congestion has already stalled several green hydrogen
projects in the Netherlands [2]. These delays are particularly

concerning given the country’s ambitious carbon neutrality
goals, which require the development of 16 to 45 GW of
domestic electrolysis capacity by 2050 [3].

To address these challenges, the Dutch regulator introduced
new contract types to the grid code between 2022 and 2024,
allowing grid operators to temporarily limit the contracted
capacity of consumers to mitigate anticipated congestion. In
2022, the Dutch regulator implemented capacity restriction
contracts (CRCs), followed by non-firm CTAs in 2024 [4].
Under non-firm CTAs, consumers receive flexible (non-firm)
transport capacity instead of guaranteed (firm) capacity, in
exchange for discounts on their annual transport tariffs. El-
igibility for CRCs depends on the type of CTA chosen by
the consumer. Consumers with CRCs are compensated by the
network operator for each MW of reduced power from their
contracted capacity.

Existing studies demonstrate the potential of non-firm CTAs
and congestion management in addressing grid congestion
and facilitating renewable energy development. For example,
[5] explored budget allocation strategies for redispatch and
CRCs, while [6] proposed a sequential congestion manage-
ment scheme involving dynamic tariffs and network reconfig-
uration. Studies on non-firm CTAs include their application to
small-scale photovoltaic projects in France [7], and their role
in maximizing grid access in the Netherlands [8]. Despite these
insights, the literature tends to treat non-firm CTAs and CRCs
in isolation, overlooking their interplay and the interactions
they create between consumers and network operators. This
gap is particularly relevant in the Dutch regulatory context,
where consumers can choose from multiple non-firm CTAs
and non-firm CTA-CRC combinations.

To address this gap, this study analyzes optimal non-firm
CTA and CRC contracting decisions between a client and net-
work operator. The study considers the case of an electrolyzer
project in the Netherlands that cannot expand due to grid
congestion, a scenario mirrored in real-world projects such as
GROHW and Hessenpoort [2]. The electrolyzer owner selects
CTAs, while the network operator decides on connecting
capacity and activation timing for non-firm CTAs and CRCs.
The interaction is modeled using two bilevel optimization
problems with alternating leader-follower roles.

The remainder of the paper is organized as follows: Section
II elaborates on the new CTA and CRC contracts in the Dutch
grid code. Section III develops the mathematical framework.
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TABLE I
DUTCH GRID CODE FOR CONNECTION AND TRANSPORT AGREEMENTS

\ FA (firm) NFAS85 (non-firm) NFA (non-firm)
Remuneration None 100% of connection tariff To be determined
Transport rights All times 85% of year 0% of year
Eligible for CRC Yes Yes No
Communication N/A Before closure DA Before closure DA
Budget N/A Time budget Energy budget

Section IV presents numerical results, and finally Section V
concludes the paper.

II. NOVEL CONTRACTS IN THE DUTCH POWER SYSTEM

European network operators, as natural monopolies, are
heavily regulated to ensure fair and non-discriminatory con-
sumer access. Traditionally, network operators were required
to (i) unconditionally provide consumers with their requested
capacity on an asset within technical limits, and (ii) guarantee
access to that capacity at all times. However, with the introduc-
tion of the new CTAs and CRCs, these obligations no longer
apply in congested areas of the Netherlands'.

A. Non-firm Power Connection and Transport Agreements

Starting in April 2025, network operators in the Nether-
lands will offer consumers the choice between three types
of CTAs. The firm CTA (FA) guarantees full access to the
contracted connection capacity at all times. The non-firm
CTA-85 (NFAS85) allows the network operator to reduce the
consumer’s connection capacity within an annual time budget
BNFASS Timiting capacity for up to 15% of the hours in a year.
Lastly, the non-firm CTA (NFA) enables the network operator
to limit connection capacity at any time. However, due to a
lack of public acceptance, network operators, in consultation
with the regulator, are developing a new NFA that guarantees
the consumer a predetermined daily energy budget, BNFA,
This new NFA is assumed in this study.

Consumers who agree to non-firm contracts benefit from
discounts on their fixed connection tariffs. They can choose
a single contract or split their connection capacity across a
combination of contracts (e.g., I-MW FA, 1-MW NFASS,
and 1-MW NFA). To assist consumers in making informed
decisions between CTAs, the network operator provides cur-
rent and simulated future network profiles, along with antici-
pated congestion. This allows consumers to assess how much
transport capacity they can access with non-firm contracts and
when. The network operator informs consumers about capacity
restrictions by the day before, no later than the closing of
the day-ahead (DA) market. Details of the CTA contracts are
summarized in Table I.

'An area is considered congested when the required transport capacity
exceeds the existing grid capacity, which may result from new connection
requests, expansions by existing consumers, or changes in market conditions.

B. Capacity Restriction Contracts

Since 2022, the Dutch grid code includes two instruments
for congestion management: redispatch and CRCs. This study
focuses exclusively on CRCs. According to the grid code,
before network operators can deny new connection requests
in a congested network, they must allocate a minimum budget
B®M of €1.02/MW of transportable capacity for congestion
management, applicable to both existing and new clients in
the network. Network operators may also voluntarily allocate
a budget beyond this minimum for further congestion man-
agement efforts.

Consumers with a capacity of over 1| MW are required to
participate in congestion management if they are located in
congested areas and their CTA permits it. Similar to non-firm
connection and transport agreements, CRCs enable network
operators to limit a consumer’s connection capacity during
peak periods. Consumers are compensated per MW of reduced
power from their contracted capacity. The CRC price \CRC
can be either fixed or dynamic and is negotiated between the
consumer and the network operator. This study assumes that
connection capacity can be fully curtailed under CRCs, though
specific limits may be defined. Network operators activate
CRCs on a day-ahead basis, prior to the closure of the day-
ahead market.

Consumers with FA or NFAS85 contracts are eligible for
CRCs, while consumers with NFA contracts are exempt. Since
network operators are obligated to spend B on congestion
management, this study assumes that FA and NFAS85 contracts
automatically include a CRC. Additionally, network operators
may establish an optional CRC+ contract for congestion
management beyond the minimum budget. For consumers with
NFAS8S contracts, network operators can implement curtail-
ments by activating either CRCs or the NFA85 mechanism,
considering the respective budgets BNFAS5 and BCM. Cur-
tailments under NFA85 and CRCs can occur simultaneously,
but the same capacity cannot be curtailed twice.

III. MODEL FORMULATION

In the following, Greek letters and uppercase symbols rep-
resent parameters, while lowercase symbols denote variables.
We define the following indices and sets: The index for hours
is denoted by t € T. Additionally, ¢ € C represents the index
for CTAs, where C = {FA,NFA85 NFA}. Symbols indexed
by ¢, such as r.;, will be used later, where ¢ = 1, ¢ = 2
and ¢ = 3 correspond to the FA, NFAS8S5, and NFA contracts,
respectively.

A. Interaction Between the Electrolyzer Owner and the Net-
work Operator

We examine a scenario inspired by the GROWH project,
where the project owners’ request for a connection expansion
led to congestion and could not be fulfilled. The project aims
to expand to meet a maximum hydrogen demand D, in the
region. The introduction of new CTA and CRC contract types
enables the electrolyzer owner to request a larger connection.
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Fig. 1. Interaction between the electrolyzer owner and the network operator,
along with their respective decisions. In the figure, s; denotes the CRC
curtailments s; and s? .

When making contracting decisions, the network operator
informs the electrolyzer owner about the residual network
capacity and available transport capacity for each hour ¢ within
a given time horizon. The electrolyzer owner then submits a
connection expansion request to the network operator, speci-
fying the desired capacity for their preferred non-firm CTAs,
7°!. The network operator evaluates the request by checking
the residual grid capacity, S;, ensuring compliance with the
available CTA budgets (BNFA85 BNFAY and verifying the
congestion management budget, BM. If BM is exceeded,
the network operator assesses whether additional congestion
costs can be accepted. If the requested capacity exceeds the
available limits, the network operator may adjust the capacity
to stay within acceptable bounds. Finally, the network operator
communicates the available connection capacity, p&''d, the
contract capacities that can be accommodated, pz°, and the
expected curtailments for both CTA contracts (2 ; and 73 ;)
and CRC contracts (s; and sj) to the electrolyzer owner. The
interaction between the electrolyzer owner and the network
operator is illustrated in Figure 1.

The interaction between the electrolyzer owner and the
network operator creates a Stackelberg follower-leader game,
where the leader makes an initial decision that influences the
follower’s actions, which in turn affects the leader’s outcome.
We consider two possible leader-follower hierarchies:

(i) In the first hierarchy, the electrolyzer owner leads the
game by selecting preferred CTA capacities, anticipating
the network operator’s decisions on maximum connection
capacity and curtailment under CTA and CRC contracts,
assuming perfect knowledge of the network operator’s
optimization problem.

(i) In the second hierarchy, the network operator leads the
game by providing the residual network space and grid
connection capacity, anticipating the electrolyzer owner’s
decisions on contracting capacities, with the assumption
of perfect knowledge of the electrolyzer owner’s opti-

mization problem.

This study formulates both games as bilevel programs.
A bilevel program consists of an upper-level optimization
problem (representing the leader’s problem) constrained by a
lower-level optimization problem (representing the follower’s
problem). After appropriate reformulations, both bilevel pro-
grams ultimately result in mixed-integer linear programs.

B. Game I: Electrolyzer Owner as the Leader

We begin with the game in which the electrolyzer owner
takes the leading role, while the network operator is the
follower. The upper-level problem of the electrolyzer owner
is formulated in (1a)-(1f), subject to the lower-level problem
of the network operator, given in (2a)-(21). The set of upper-
level variables, determined by the electrolyzer owner, is ©°"P
= {p%, p¢, fi}, while the set of lower-level variables, deter-
mined by the network operator, is @nolow — {ﬁgrid, D20, T34,
T2t sj , s¢}. These variables will be defined throughout the
text as needed.

The upper-level objective function minimizes the annualized
costs minus revenues of the electrolyzer:

: 1 -grid —el H
@Inellyilp Ce pgrl + Z Tcpz =+ Z ()\fpf — A th)
ceC teT

_ Z ()\crcst + Acrc+sz-) ,
teT

(1a)

where the parameter C'°! represents the annualized capital cost
of the electrolyzer plant, and the variable p&"'¢ denotes the grid
connection capacity, which is equivalent to the electrolyzer’s
capacity. In the second term, 7, refers to the annual connection
and transport tariffs for CTA ¢, while p¢' represents the
contracted CTA capacity. In the third term, the electrolyzer
consumes power py at the electricity price Ay during hour ¢.
The electrolyzer owner sells hydrogen, f;, at a fixed hydrogen
price, A2 In the final term, the electrolyzer owner receives
compensation (A° and A“*°T) per MW of curtailed power (s;
and s;7) under CRC and CRC+ contracts in hour .

The total contracted CTA capacity is limited by the available
grid connection capacity as follows:

Zpﬂcl < pgrid.
ceC

The power consumption of the electrolyzer p§ in hour ¢ is
subject to an upper bound, given by:

Py < —sp— 8§ —Toy— T3+ Zﬁ‘;l, Vte T,
ceC
where 72 and 73, are curtailments under the NFA85 and
NFA contracts, respectively. In addition, the consumption p§
is lower-bounded by:

(1b)

(Ic)

pg > aminpgrid’ Yt € 7-7

where « is the electrolyzer’s minimum load ratio. The
hydrogen production f; of the electrolyzer is constrained by:

ft S nsysp‘t37 vt S T7 (16)
fi <D, VteT, (1)

(1d)

min
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where 7°7® is the system efficiency (kg/MWh) of the elec-
trolyzer plant and D; is the maximum hydrogen offtake in the
plant’s region in hour ¢.

Now, we present the lower-level problem of the network
operator. The lower-level objective function minimizes the
annual cost of the operator as:

Jnin Y7 (X, + AT sE) = T
teT ceC
+7 Z (T2»t + 743,t) ’ (2a)

teT
where the first term represents the CRC contracting cost, com-
pensating the electrolyzer owner. The second term includes the
tariff income of the network operator, with the variable pg°
denoting the contracted capacity for CTA c. The third term
is a small penalty, weighted by the parameter 7, designed to
steer the solution away from CTA curtailment that exceeds the
amount necessary to prevent congestion.
The variable pz° is constrained by:

P <P, Veec, (2b)
which ensures that the electrolyzer owner in the upper level,
and not the network operator, decides on the CTA capacities.

The network operator determines the grid connection ca-

pacity of the electrolyzer as:

E —no __ —grid
pc =p* :

ceC

(20)

The network operator determines the transport capacity in
hour ¢ to stay within the residual capacity of the network as:

VieT, 2d)

where S, is the residual grid capacity in hour .
The network operator’s time-budgeted curtailment decisions
under the NFAR8S5 contract are described by:

—grid

N _
D — s — 87 — 1oy — 134 < S,

T2t S ﬁgoa vt € T7 (26)
D

ros <bi—r, VteT, (2f)
nsys

> by < BNFAST, (2g)

teT

b, €{0,1}, VteT, (2h)

where the variable p5° represents the NFA85 contract capacity
accommodated by the network operator, b; is a binary variable
indicating curtailment activations for the NFAS85 contract (with
a value of one indicating the activation of curtailment and zero
otherwise), | 7| denotes the cardinality of the set T, i.e., the
number of hours in the given time horizon, and BNFA8%| T is
the CTA compliance budget, which enforces an upper bound
on the number of curtailment events over | 7.

Similarly, the network operator’s energy-budgeted curtail-
ment decisions under the NFA contract are described by:

r3. <p8°, VteT, (2)
> rge < BNApye, (2j)
teT

where the variable p5° is the NFA contract capacity accommo-
dated by the network operator, and BNFA is the corresponding
budget.

The network operator must allocate a budget for congestion
management to support the operation of the electrolyzer:

Xttt = 9BM vt e T, (2k)

where B¢M is the budget that the network operator is obliged
to allocate for congestion management in the area, distributed
among all flexible consumers in the congested network. The
parameter 6 represents the proportion of the budget not al-
located to other flexible consumers in the area and is thus
exclusively spent on the electrolyzer.

Recall that only FA and NFAS85 contracts can be combined
with CRC contracts, which is enforced by:

St 85+ <P+ P°, VEeT,

ensuring that the same capacity is not curtailed twice.

The resulting bilevel program for this game, with the
electrolyzer owner as the leader and the network operator as
the follower, is formulated as:

@1

min (1) (3a)
s.t.  (1b) — (1f) (3b)
pgrid’ 713_’15, T2,t7 8j7 St S

argmin{(2a) s.t. (2b) — (2D)}. Ge)

@no,low

C. Game II: Network Operator as the Leader

The upper-level problem for the network operator as the
leader in the second game is the same as in (2a)-(2l) in the
first game. However, it is subject to the lower-level problem
of the electrolyzer (follower), given by (4a) constrained by
(1b), (1d)-(1f), and (4b)-(4h). The set of upper-level vari-
ables, determined by the network operator, is ©"%'P
{peid, p° r3 4, 7oy, S5, 8¢ }. Furthermore, the set of lower-
level variables, determined by the electrolyzer owner, is
O°LIow — {pel p, fu, 851, 55T, rsl, rg )

Formulating the lower-level problem of the electrolyzer
owner in the second game requires adaptations of the upper-
level problem in the first game. The electrolyzer owner’s
objective is to minimize the annualized cost (i.e., minus profit):

Jmin CUpE Y Tt Y (A - A 1))
ceC teT
- Z ()\crcs;:;zl + )\cchrS(tel—i-) 7
teT

where the additional lower-level CRC curtailment decisions
¢! and S?H_ enable the lower-level problem to account for

revenue through CRC activations.
The following constraints restrict the electrolyzer owner’s
CRC curtailment decisions to the network operator’s actions:

(4a)

s <s, VteT, (4b)
spt<sf, VteT, (4c)
sS4 s <pSt 4 ps, vteT. (4d)
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Constraint (4d) ensures that the network operator can incen-
tivize the electrolyzer owner to opt for NFAS85 or FA contracts
by offering revenue from CRC activations. In (1c), p¢' is
replaced by pi© as:

p? S —S5t — S:r — T2t — T3¢t + Zﬁgoa vt € Ta
ceC

(4e)

which ensures that the network operator cannot influence
contract decisions or the minimum grid connection capacity
through their curtailment actions but instead provides the
available residual capacity in each hour t.

The following constraint is included to ensure that the
electrolyzer owner has access to the residual load profile of
the network, enabling them to choose contracts accordingly:

—sg s =g =S Y <S5, VeeT, ()
ceC

where r‘j}t and r§{t represent the electrolyzer owner’s curtail-
ment decisions under the NFA85 and NFA contracts, respec-
tively, which are restricted to the network operator’s decisions:

(4g)
(4h)

rgft <rge VEET,
r;;ft <rgs, VEET.

The resulting bilevel program for the second game is
therefore formulated as:

min () (50)
s.t.  (2b) — (2D (5b)
;5‘21 € argmin{(4a) s.t. (1b), (1d) — (1), (4b) — (4h)}.
@el,low
(50)

Note that all variable sets ©() in both bilevel programs (3)
and (5) belong to RT.

D. Cases

We solve the following four cases:

(i) Game I (EL-NO): We solve the bilevel problem (3). The
binary variable b; in the lower-level problem is relaxed
to a continuous variable in the range [0, 1], making the
lower-level problem linear and convex. We reformulate
the lower-level problem using its Karush-Kuhn-Tucker
optimality conditions and linearize the complementarity
constraints by employing SOS1 constraints instead of
Big-M formulations, ensuring optimality. To enhance
tractability, we incorporate a constraint that enforces
strong duality in the lower-level problem, as proposed
in [10].

Game II (NO-EL): We solve the bilevel problem (5),
where the lower-level problem is linear, eliminating the
need for any binary relaxation. The bilevel problem is
reformulated and solved in a manner similar to Game 1.
Ely HPR: We solve the bilevel problem (3) to its high-
point relaxation (HPR). Specifically, we reformulate the
bilevel problem (3) by eliminating the lower-level ob-
jective function (but not the constraints) of the network

(i)

(iif)

operator. As a result, the problem becomes the opti-
mization problem of the electrolyzer owner, additionally
constrained by the feasible space of the network operator.
The following constraints are also included:

Z bt 2 bSBNFA85|T|, (6a)
teT

—el
> L2 (6b)

- M )
where b; and b° are both binary variables, and M is a
sufficiently large constant. Constraints (6a) and (6b) prior-
itize the activation of NFAS85 over CRC, representing the
simplified curtailment decisions of the network operator.
The resulting single-level optimization problem is mixed-
integer linear.
NO HPR: We solve the bilevel problem (5) to its
HPR. Similarly, the bilevel problem (5) is reformulated
by removing the lower-level objective function of the
electrolyzer owner. Consequently, the problem reduces
to the optimization problem of the network operator,
additionally constrained by the feasible space of the elec-
trolyzer owner. The resulting single-level optimization
problem is, once again, mixed-integer linear.

(iv)

All of the above four problems are solved using Gurobi on a
standard laptop, achieving a minimum optimality gap of 0.1%.
The source code is publicly shared.

IV. NUMERICAL RESULTS

Table II summarizes the parameter values used in the case
study. Section IV-A presents the contracting and grid connec-
tion capacity decisions for the different model formulations
and their sensitivity to variations in A®RCT. A maximum
hydrogen demand of 1800 kg/h is assumed, corresponding
to the rated output of a 100 MW electrolyzer operating at
70% efficiency. This capacity reflects the potential upscaling of
the electrolyzer, assuming no limitations from grid congestion.
The residual congestion management budget proportion, 6, is
set to zero, indicating that the budget has already been fully
utilized, as is often the case in regions with stalled hydrogen
projects. A hydrogen selling price of 10 €/kg is assumed.
Section IV-B analyzes the sensitivity of contracting decisions
to both the hydrogen price and 6. All input data are publicly
shared.”

A. Optimal Contracting Strategies

Figure 2 presents the grid connection and CTA decisions as
a function of CRC+ prices for the Game I (EL-NO), Game II
(NO-EL), Ely HPR, and NO HPR cases. In the EL-NO game,
the electrolyzer owner determines the CTA capacities required
to secure the desired grid connection from the network op-
erator. Recall that § = 0, meaning the network operator is
not required to spend on activating the electrolyzer’s CRC. At
low CRC+ prices, the optimal electrolyzer capacity matches

2Github repository: https://github.com/ljrmmtswarts/BISTopt
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Fig. 2. Optimal grid connection and CTA capacities are shown against CRC+ prices. The profits of the electrolyzer owner (Ely) and network operator (NO)

are also displayed in the same figure, using a logarithmic scale.

TABLE II
PARAMETERS
Category Parameter Value Unit
Discount rate 0.1
Lifetime 15 [11] years
Capital recovery factor  0.1315
Electrolyzer Cagital cost Y 9375 [11] kK€MW
ce! 123.26 KEMW
omin 0.2 [11]
nYs 17.78 [11]  kg/MWh
T 87.6 k€/MW
T2 43.8 k€/MW
T3 26.28 kK€MW
Grid S time series ~ MWh
0 {0, 0.2} -
BNFA 1
BNFAS5 0.15 R
Ay time series ~ €/MWh
. eret 1-55 €/MW
Prices aere io J €/MW
A\Ha2 {5, 10} €/kg

the network’s maximum residual capacity of 63 MW. The
electrolyzer owner selects contracts with the lowest tariffs
up to 63 MW, first choosing 40 MW of NFA until BNFA
is reached, followed by 23 MW of NFAS85, which can be
curtailed via CRC+ at near-zero costs. As CRC+ prices rise,
the electrolyzer owner opts for larger NFA8S5 contracts, ensur-
ing that the network operator’s tariff income exceeds the total
CRCH+ costs, thus securing the desired connection capacity. As
the CRC+ price increases further, the total capacity decreases
to about 55 MW, at which point CRC+ activation is no longer
necessary, as curtailment via NFA85 and NFA suffices.

In the NO-EL game, the network operator takes the lead.
As CRC+ prices rise, the network operator reduces the grid
connection capacity to minimize costs, and the share of NFA85
contracts decreases. The electrolyzer owner does not select
the FA contract. By comparing the subplots for Game I (EL-
NO) and Game II (NO-EL) in Figure 2, it is evident that
the network operator benefits from being reactive to the elec-
trolyzer owner’s decisions at CRC+ prices above €10/MW.
At these prices, the EL-NO game results in higher profits

for the network operator than the NO-EL game. Figure 3
zooms in on the profit of the electrolyzer owner in both games
EL-NO and NO-EL. In the NO-EL game, the electrolyzer’s
profits increase with CRC+ prices up to €10/MW, after
which they decline as the network operator reduces CRC+
activations. In contrast, in the EL-NO game, the electrolyzer
owner’s profit exceeds that in the NO-EL game for CRC+
prices between €1/MW and €10/MW but drops sharply as
more NFA8S5 contracts are adopted. Higher CRC+ prices are
detrimental to the electrolyzer owner, as they effectively return
congestion revenue to the network operator, plus a surcharge,
by choosing higher-tariff contracts, ultimately benefiting the
network operator.

As expected, the HPRs of the EL-NO and NO-EL games
result in larger profits for both the electrolyzer owner and
the network operator, as observed in Figure 2. In the Ely
HPR, it is not the network operator, but the electrolyzer owner
who decides on the activation of CRC contracts. At low
CRC+ prices, low-tariff contracts are preferred. As the CRC+
price increases, a trade-off emerges between tariff income
and congestion costs. At CRC+ prices over €33/MW, the
electrolyzer owner switches from NFA85 to an FA contract
to benefit from additional curtailment through CRC+. This
scenario reflects a current dilemma in the Netherlands, where
some flexibility providers intentionally create congestion by
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Fig. 3. Profit of the electrolyzer owner in both EL-NO and NO-EL games
with the increasing CRC+ price.
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Fig. 4. Game II (NO-EL): Contracting decisions at low hydrogen price (left)
and 20% congestion management budget availability (right).

requesting large grid connection capacities to take advantage
of CRC curtailment benefits, provided a budget BM is avail-
able for the region. However, if no budget B®M g available,
this strategy cannot be employed.

In conclusion, a comparison of the NO-EL and EL-NO
games with their HPRs reveals that neglecting the hierarchical
structure and expanded decision space introduced by the CTA
and CRC contracts leads to an overestimation of profits for
both the network operator and the electrolyzer owner.

B. Sensitivity Analysis

Figure 4 shows the contracting decisions and connection
capacity for the NO-EL game, assuming a hydrogen price of
€5/kg, reflecting the maximum willingness to pay by potential
off-takers in the GROWH project. A trade-off between grid
tariffs and CRC+ prices is observed: At moderate prices, the
electrolyzer owner increases the share of NFA8S, but reduces
it again as CRC+ prices increase further. Comparing Figures
2 and 4, it is evident that lowering the hydrogen selling price
from €10/kg to €5/kg discourages the electrolyzer owner
from choosing a full NFA85 contract, as its high tariffs
render the project financially unviable. The tariff discount on
NFAs helps make electrolyzer projects with uncertain transport
capacity viable at low-hydrogen prices. However, Figures 2
and 4 show that lowering the hydrogen selling price reduces
grid connection capacity, as additional production fails to
offset higher capital costs and tariffs.

Figure 4 also shows the contracting decision with a cur-
tailment budget availability § = 0.2 and a hydrogen price
of €10/kg. When the network operator is required to spend
on congestion management for a larger grid connection, its
influence on the electrolyzer’s contract choices diminishes.
This reduces the likelihood of the electrolyzer opting for
the NFAS85 contract, leading to lower profits for the network
operator compared to the case with § = 0.

V. CONCLUSION

This study investigates the interaction between an expanding
electrolyzer project and a network operator in the Nether-
lands under new CTAs and CRCs. It formulates two bilevel
programs with alternating leader-follower roles between the
electrolyzer owner and the network operator. A CRC enhances
electrolyzer profits at low-CRC prices (up to €10/MW), but
becomes detrimental at higher prices, as the network operator
is unwilling to accept low-tariff contracts while covering
congestion management costs. The network operator benefits
from responding to the electrolyzer owner’s CTA decisions
at CRC prices between €10/MW and €25/MW, where the
electrolyzer is willing to pay higher tariffs to secure larger
grid connection capacities, offsetting CRC costs. Non-firm
contracts can make electrolyzer projects with uncertain trans-
port capacity bankable, even a hydrogen price of €5/kg.
Naive approaches that ignore the decisions of the other party
overestimate the profits of both the network operator and the
electrolyzer owner, underscoring the importance of a game-
theoretic approach to accurately model their interaction under
the new CTA and CRC contracts.
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