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Abstract—Deep electrification of energy-intensive industry
increases exposure to volatile electricity prices and, in the
Dutch context, disproportionately high grid tariffs. This paper
quantifies the techno-economic value of multi-purpose demand
response (DR) for a theoretical 500 MW zero-emission oil refinery
in Pernis, the Netherlands, modeled as a coupled electricity—
hydrogen multi-energy system. A linear programming model co-
optimizes hourly dispatch and capacity sizing of battery storage,
hydrogen storage, and electrolyzers, minimizing opportunity,
operational, and annualized investment costs over a full simu-
lation year. Results show that DR reduces total annual costs by
24-27% relative to the no-flexibility baseline. Grid connection
capacity (GCC) emerges as the dominant cost lever: reducing
GCC from 500 MW to 204 MW yields an additional instant
saving of 73 M<€/yr, making optimized DR the most cost-effective
zero-emission design.

Index Terms—demand response, multi-energy systems, indus-
trial electrification, grid tariff, battery energy storage

I. INTRODUCTION

Limiting global warming to 1.5°C has intensified the need
for rapid decarbonization of energy-intensive industries [1],
[2]. Oil and gas operations accounted for approximately
15% of global energy-related greenhouse gas emissions in
2022 [3]. In the Netherlands, deep electrification and green
hydrogen are being pursued to achieve near-zero emissions
in industrial clusters by 2035 [4]. However, this transition
fundamentally reshapes industrial cost structures: replacing
fossil fuels with electricity increases exposure to day-ahead
market price volatility [5] and, in the Dutch context, to network
tariffs that are among the highest in Europe and projected to
double by 2035 [6].

Demand response can provide flexibility by adapting elec-
tricity consumption to market and system conditions, yet its
industrial potential remains underutilized [7], [8]. Oil refiner-
ies, in particular, present a challenging DR context. They
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operate as large-scale continuous processes with tight ramp-
rate constraints, heterogeneous unit interdependencies, and in
a future electrified configuration a tightly coupled electricity
hydrogen demand structure. While refineries have been iden-
tified as high-potential candidates for industrial DR [9], the
heterogeneity and complexity of refinery processes hinder the
direct application of standardized DR frameworks [10].

Prior work has demonstrated cost savings through day-
ahead load scheduling in refineries [11], and broader energy-
hub studies have addressed joint storage and generation opti-
mization [12]. However, integrated models that simultaneously
co-optimize capacity sizing, hourly dispatch, and opportunity
costs from production curtailment remain limited for fully
electrified, low-emission industrial hubs [6].

This paper addresses these gaps by analyzing a theoretical
500 MW zero-emission electrified oil refinery in Pernis, the
Netherlands, modeled as a coupled electricity—hydrogen multi-
energy system. The main contributions are as follows.

e A linear programming framework that co-optimizes asset
sizing and hourly operation for an electricity—hydrogen
industrial multi-energy system.

o A comparative analysis of scenarios that quantifies key
cost drivers and identifies the reduction of GCC as a
dominant zero-capital competitiveness lever specific to
the Dutch network tariff regime.

The remainder of this paper is organized as follows: Sec-
tion II describes the system model and scenarios; Section III
presents the mathematical formulation; Section IV details
the simulation setup; Section V discusses the results; and
Section VI concludes the paper.

II. SYSTEM MODEL AND SCENARIOS

A. Industrial Hub Configuration

The case study is a theoretical 500 MW zero-emission oil
refinery located in the Botlek area of Pernis, the Netherlands,
modeled for the year 2035. The site is represented as a
coupled electricity—hydrogen multi-energy system (see Fig. 1),
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Fig. 1: Electricity—hydrogen network topology of the electrified industrial hub (Sc3 and Sc4).

in which conventional fossil-fuel heating and grey hydrogen
production are replaced by electrically driven alternatives,
consistent with near-zero emission pathways for the Dutch
refinery sector [4].

Following the electrified hub design of [12], the 500 MW
total demand is split into two coupled but independently
controllable shares:

o Industrial Process (IP): 162.5 MW (32.5%), repre-
senting electrified process heat, variable-speed drives,
and auxiliary low-voltage loads. This share has limited
flexibility: production level is restricted to 70-100% of
nominal demand with a maximum ramp rate of 2%/h.

o Electrolyzers (EL): 337.5 MW (67.5%), meeting the
refinery hydrogen demand for both feedstock and fuel
via PEM electrolysis. Electrolyzers are operated above a
30% baseload floor to maintain warm-start capability and
reflect lifetime considerations, but can otherwise respond
quickly to price signals.

The hub is connected to the Dutch transmission grid and
complemented by two wind power plants: an 86.4 MW on-
shore installation co-located at the Botlek site, and a 341 MW
offshore wind allocation from the Hollandse Kust Noord
wind farm, dedicated to powering the electrolyzers at the
Maasvlakte. Both wind capacities are fixed across all DR
scenarios. A 100 MW hydrogen turbine is included as a
backup generation unit and as an additional flexibility option
for sustained high-price events. However, converting electricity
to hydrogen via electrolysis and back to electricity via the
turbine yields a round-trip efficiency of only 36%, making
this pathway costly relative to direct grid imports except in
extreme price conditions.

B. Asset Techno-Economic Parameters

Techno-economic parameters are projected to 2035 and
summarized in Table I. Investment costs are annualized over
each asset’s expected lifetime. Fixed operation and mainte-
nance (O&M) costs are represented as an annual fraction of

TABLE I: Techno-economic parameters (2035 projection)

Asset Efficiency CAPEX O&M
(€KW, €/kWh, €/kg)  (%l/yr)
PEM Electrolyzer 0.80 1000 €/kW 2
Li-ion BESS 0.98 76 €/kWh 2
Ho Storage 0.90 200 €/kg 2
Ho Turbine 0.45 498 €/kW 1
WPPL (onshore) - 100 M<€(total) 7
WPPO (offshore) - 1000 M€(total) 7

WPPL: local wind power plant; WPPO: offshore wind power plant.

total installed cost. For assets procured at site (electrolyzers,
battery, hydrogen storage, and hydrogen turbine), a factor
k = 3 is applied to manufacturer CAPEX to account for
engineering, installation, and contingency costs, consistent
with industrial project costing practice at the case-study site.
This factor is not applied to wind power plants, whose quoted
costs already reflect total installed cost.

Grid fees for 2035 are estimated at approximately
150 M€/yr for a 500 MW connection, based on Dutch TSO
ten-year tariff forecast and power market outlooks [6], [13].
This figure reflects the three-part Dutch tariff structure: a
fixed monthly charge, a contracted capacity component, and a
monthly peak offtake charge.

C. Simulation Scenarios

Four scenarios systematically assess the value of demand re-
sponse and the role of investment assumptions, as summarized
in Table II. Scl serves as the non-flexible benchmark, estab-
lishing the cost of grid-dependent electrification without any
storage or load-shifting. Sc2 provides a fossil-fuel reference
by supplying all demand from local natural-gas generation,
evaluated against EU ETS carbon price projections of 100
and 200 €/tCO;. Sc3 assesses the marginal operational value
of flexibility by repurposing an existing outage-mitigation
backup system for market-driven DR, treating its CAPEX as
sunk. Sc4 is the primary scenario, where BESS and hydrogen



TABLE II: Simulation scenario configurations and economic
basis

Scenario  System Configuration Economic Basis

Scl Grid imports only (DAM); no
storage or flexibility.

Non-flexible baseline

Sc2 500 MW local natural-gas gener-  Fossil-fuel ~ benchmark
ation; no grid connection. (100-200 €/tCO2)

Sc3 Grid, wind, BESS, H2 storage, Sunk CAPEX (repur-
H> turbine. posed backup)

Sc4 Grid, wind, and co-optimized Full co-optimization

BESS and Ha storage sizing. (CAPEX + OPEX)

DAM: Day-Ahead Market.

storage capacities are co-optimized alongside hourly dispatch
to minimize total annual cost.

III. MATHEMATICAL FORMULATION

An hourly Linear Programming (LP) model is formulated
over a full simulation year 7 = {1,...,8760} to minimize the
total annual cost of the electrified industrial hub. All variables
are continuous; the LP structure guarantees convergence to a
global optimum.

A. Objective Function

The objective is the weighted sum of three cost components:

min COPP 4 COPEX | ~CAPEX (1)

1) Opportunity Cost: Lost revenue when the industrial
process operates below its nominal demand DF, is penalized
as:

COpp = Z(Dg)d - DIP (t)) )\margina (2)
teT

where Apargin = 205 €/MWh is derived from a conservative
mid-cycle refinery margin of 6 USD/barrel [14] and the Pernis
processing capacity of 447,000 barrels/day [15].

2) Operational Cost: Operational cost comprises day-ahead
electricity purchases for both the industrial process and elec-
trolyzers, annual grid fees, and fixed O&M costs:

Copex = Y _ Apam(?) (EéApm(t) + Eg/fm(t))
teT
+ Carigrees + Y Cognm 3)
s

where Z = {BESS, EL, HoS, Ho T, WPPL, WPPO} is the set
of all assets, and Cgyigrees follows the three-part Dutch tariff
structure consisting of a fixed monthly charge, a contracted
capacity component, and a monthly peak offtake charge.

3) Investment Cost: Annualized investment cost is com-
puted over each asset’s lifetime L ;. For on-site assets j € H =
{BESS, EL, H5S,H5T}, a factor k = 3 scales manufacturer
CAPEX to total installed cost. Wind power plant costs already
reflect total installed cost and are annualized directly:

(CCAPEX _ Cror - + Cror K Aj Ainv,j (4)
LwppL ~ Lwpro L;

JEH
where A; denotes the capacity of asset j and Aj,y,; its unit
investment cost.

B. Key Constraints

1) Power Balance: At each hour, the industrial process
demand must be met by grid imports, local wind, battery
discharge, and hydrogen turbine generation:

EBam(t) + Ewppr(t) + Ebpss (t) + EII{PZT(t) =D"™(t) (5)

Electrolyzer demand is supplied by offshore wind and grid
imports:
Eim(t) + Eppo (t) = DP(t) ©)

2) Storage Dynamics: Battery state of charge and hydrogen
storage level are updated each hour. Charging and discharging
efficiencies npgss are applied symmetrically, and the battery
action Elpq(t) is positive for discharge and negative for
charging:

Spess(t) = Spess(t — 1) — Efpgs(t) @)

SoCumin ApEss < Spess(t) < S0Cmax Aprss  (8)

where SoCin = 0.10 and SoCpyax = 0.90. Similarly, for
hydrogen storage:

Sst(t) = Sst(t - 1) - Hst(t) )]

0 < Sn,s(t) < Amys (10)

3) Hydrogen  Balance: Hydrogen  produced by

electrolyzers—from both offshore wind and grid imports—

together with storage withdrawals must satisfy the industrial
process hydrogen demand and hydrogen turbine consumption:

Hyppo(t)+ Hpam (1) + Hu,s (t) = H™® (t) + Hy,r(t) (11)

where hydrogen production from each electricity source is
related to electrical input by electrolyzer efficiency ngr, and
the hydrogen energy content agpyg = 39.4 kWh/kg:

Hy(t) = EPL(¢) - L s € {(WPPO,DAM}  (12)
AEH

4) Industrial Process—Hydrogen Coupling: The hydrogen

demand of the industrial process scales linearly with its
electrical production level:

H™(t) = vy D™ (1) (13)

where vy = (PgL/Pip) - (nEL/agn) is a constant conversion
factor derived from the electrolyzer-to-process demand ratio
and electrolyzer efficiency.

5) Operational Limits: Industrial process demand is subject
to a ramp-rate constraint and production bounds:

’DIP(t) o DIP(t _ 1)| S RIP
0.7 Dy < D' () < Dgig

(14)
5)

Electrolyzer operation is bounded by installed capacity Agy,
and a 30% baseload floor:

0.3 Agr, < D¥N(t) < Agr. (16)
Grid imports at each site are capped by the contracted GCC:

Efa() <G™  EfL(t) < GP- (17)



All power and energy variables are non-negative; the battery
action EXoo(t) € [~Rpgss, Rprss] is the only signed
variable, with negative values denoting charging.

IV. SIMULATION SETUP AND INPUT DATA

The optimization model is implemented in Python using
Pyomo [16] and solved with Gurobi [17], exploiting the barrier
algorithm for large-scale LP problems. The annual simulation
comprises 8,760 hourly time steps and converges in under
4 seconds on standard hardware.

Hourly Dutch DAM prices from 2023 are used to preserve
realistic price volatility, including negative price events down
to approximately —500 €/MWh, which occurred in 3.6% of
hours that year. The mean price over the simulation year
is 95.83 €/MWh. Wind speed profiles are obtained from
the NASA power dataset [18] for the Botlek (onshore) and
Maasvlakte (offshore) locations, and extrapolated to turbine
hub height using a combined logarithmic-power law wind
profile. Electrical power output is then computed using a five-
parameter logistic turbine power curve model.

The simulations assume perfect foresight over the full
year, meaning the optimizer has complete knowledge of all
future price and wind profiles at the start of the simulation.
Additional assumptions are as follows: all available wind
generation is consumed on-site (no curtailment); the grid
connection is demand-only (no feed-in); and the industrial
process and electrolyzers are assumed operational at the start
of the simulation, so cold-start dynamics are not modeled.

V. RESULTS AND INTERPRETATION
A. Economic Benchmarking and Scenario Performance

The total annual costs across all four scenarios are compared
in Fig. 2. Full DAM reliance without flexibility (Scl) is the
most expensive pathway at 570 M<€/yr, of which grid fees
alone account for 150 M€/yr (26% of total cost), which is a
direct consequence of the disproportionately high Dutch net-
work tariff structure. Moreover, implementing DR significantly
improves economic viability. Sc3 characterized by DR with
free backup and Sc4 with optimized DR reduce annual costs
by 27% and 24% respectively relative to Scl. The difference
between Sc3 and Sc4 reflects the investment cost of the
optimized assets: when backup system CAPEX is treated as
sunk (Sc3), the operational savings are fully captured without
additional investment burden.

The natural-gas benchmark (Sc2) highlights the competi-
tiveness challenge of zero-emission electrification. Under a
low carbon price of 100 €/tCO3, Sc2 costs 394 M€/yr, which
is still below both DR scenarios. Only when carbon prices
reach 200 €/tCO, does Sc2 approach Scl (538 M€/yr),
at which point the optimized DR scenario (Sc4) becomes
cost-competitive with the fossil baseline. This carbon price
dependency underscores that the economic case for zero-
emission industrial electrification is sensitive to EU ETS
price trajectories, and that DR is a necessary but not always
sufficient condition for competitiveness under current tariff
structures.
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Fig. 2: Scenario annual cost comparison and breakdown for
Sc1-Sc4.

B. Cost-Optimal Design and Asset Utilization (Scenario 4)

The optimizer selects a dual-layer storage portfolio to bal-
ance short-term price volatility and structural hydrogen supply
risk. Key results are summarized in Table III.

TABLE III: Optimized sizing and utilization of refinery assets
in Scenario 4

Asset Capacity CF / Cycles Primary Role
Electrolyzer  337.5 MW 80% Ha supply
BESS 388 MWh 687 cycles/yr Price arbitrage
Ho Storage 74.1t 76 cycles/yr Supply buffer
Ha Turbine 100 MW 0.4% Outage resilience
WPPL 86.4 MW 71% Energy offset
WPPO 341 MW 69% Ha production

Electrolyzer capacity is maintained at the minimum allowed
337.5 MW, confirming that overcapacity is not cost-effective
under the modeled assumptions. The 388 MWh BESS provides
approximately 2.5 hours of industrial process supply at full
capacity, making it well-suited for exploiting short-duration
price spikes and negative-price intervals. The 74.1 t hydrogen
storage covers 0.5-1 day of process hydrogen demand, acting
as a structural buffer against sustained periods of low wind
and high prices.

The hydrogen turbine operates with a capacity factor (CF)
of just 0.4% (approximately 35 full-load hours per year),
confirming that the high conversion losses associated with the
electricity—hydrogen—electricity pathway make it uneconomi-
cal for routine market-driven dispatch. Its role is effectively
limited to outage resilience, as reflected in the sensitivity
analysis shown later in Section V-D.

The annual energy flow decomposition in Fig. 3a shows that
offshore wind satisfies the majority of electrolyzer demand
(approximately 87% of electrolyzer energy), while the grid
covers the remaining 13% to maintain the 30% baseload floor
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Fig. 4: A week with negative DAM prices in Sc4: a) elec-
trolyzer operation, b) industrial-process operation, and c)
DAM price.

and exploit negative-price events. Local wind similarly offsets
a large share of industrial process demand, with the grid and
battery covering the remainder. The hydrogen that is produced
by the electrolysers is used both as feedstock and as fuel in
the industrial process as shown in Fig. 3b.

C. Operational behavior: Volatility vs. Scarcity

The hourly dispatch reveals two distinct operational strate-
gies depending on market conditions. Tactical arbitrage is
activated during negative-price intervals (Fig. 4). The system
aggressively charges the BESS and ramps electrolyzers to
maximum, effectively converting surplus grid energy into
stored electricity and hydrogen. The battery is pre-emptied
in the hours immediately preceding a negative-price window
(possible by unrealistic perfect foresight) to maximize charg-
ing capacity. This behavior transforms price volatility from a
cost risk into a revenue opportunity.
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Fig. 5: A week with little wind and a high price spike in Sc4:
a) electrolyzer operation, b) industrial-process operation, and
¢) DAM price.

Structural scarcity management dominates during sustained
high-price and low-wind episodes (Fig. 5). The industrial
process operates at its 70% production floor for extended
periods, minimizing grid exposure through production-level
adjustment (PLA). The hydrogen storage is drawn down to
maintain feedstock and fuel supply to the industrial process,
while the BESS bridges short price peaks. The hydrogen
turbine is only activated when both the battery is depleted
and DAM prices remain elevated long enough to justify the
conversion losses, which explains its low capacity factor.
These two strategies are complementary: the BESS handles
short-duration volatility (hours), while hydrogen storage and
PLA handle multi-hour to multi-day scarcity events.

D. Sensitivity Analysis: Strategic Levers

Table IV reports the marginal annual savings of each asset or
operational measure, calculated by removing one component
at a time from the Sc4 configuration. Three findings stand
out. First, the two measures with the highest marginal value
require zero capital investment, highlighting that operational
and contractual flexibility are as important as hardware de-
ployment for industrial decarbonization. Reducing GCC from
500 MW to 204 MW cuts fixed network charges substantially
but increases reliance on local wind and hydrogen storage,
shifting the flexibility burden toward longer-duration assets.

Second, both wind power plants deliver strong savings rela-
tive to their investment cost, with the local plant recovering its
CAPEX in under three years. The offshore plant has a longer



TABLE IV: Marginal annual savings and payback analy-
sis (Sc4)

Asset / Measure  Saving  Payback Primary Role
(M€/yr)

GCC Reduction 73 Instant Fixed cost avoid-

ance

PLA 44 Instant Scarcity mitigation

WPPO 42 <24 yr  Energy offset

WPPL 37 <3 yr Energy offset

H> Storage 15 <3 yr Structural buffer

BESS 5 <17 yr  Tactical arbitrage

Hs Turbine —8 Never Outage resilience

payback due to its higher absolute investment (1000 M€)
but remains essential for meeting electrolyzer baseload from
renewable sources.

Third, the hydrogen turbine is the only asset that fails
to recover its investment (—8 M<€/yr), confirming that its
economic justification rests entirely on outage resilience rather
than market-driven operation. Its CAPEX is therefore better
accounted for as a reliability cost rather than a DR investment.

Finally, a price sensitivity analysis shows that reducing
the mean DAM price from 95.83 to 75 €/MWh (—22%)
reduces Scl total cost by 16%, but Sc4 total cost by only
4%, demonstrating that DR substantially reduces the system’s
exposure to average price levels, which is a valuable hedge
property as electricity prices are expected to decline toward
2035.

VI. CONCLUSION

This paper demonstrated that multi-purpose demand re-
sponse can make zero-emission industrial electrification eco-
nomically viable, reducing total annual costs by 24-27%
relative to a non-flexible baseline. A key finding with broader
implications is that the two most valuable flexibility measures
(GCC reduction and production-level adjustment) require zero
capital investment, suggesting that contractual and operational
reforms may deliver faster returns than hardware deployment
for energy-intensive industries facing the dual pressure of
rising grid tariffs and volatile electricity prices. The hydrogen
turbine result further challenges the assumption that a fully
self-sufficient zero-emission backup system is economically
self-justifying through DR revenue alone.

Several directions remain open. Rolling-horizon and
stochastic optimization frameworks would quantify the gap
between the theoretical optimum reported here and practically
achievable savings under realistic forecast uncertainty. Incor-
porating electrolyzer degradation, frequency reserve markets,
and thermal energy flows would broaden the valuation of
industrial flexibility. The sensitivity of optimal dispatch to
Amargin and the transferability of the GCC finding to other
national tariff regimes also remain to be investigated. Finally,
while DR substantially improves competitiveness, the dispro-
portionately high Dutch grid tariffs identified as the dominant
cost driver point to a structural barrier that targeted policy
reform must address alongside technical optimization.
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