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Abstract — Modeling energy resources is essential to benefit
from their inherent energy flexibility. This paper describes a
generic model structure to model flexible energy resources.
Based on the presented generic model structure, an
electrolyzer connected with a hydrogen storage system is
modeled and its operation is subsequently optimized to
minimize operational expenses. Within the case study the
participation of the modeled system in the intra-day market for
electric energy is analyzed. The results of the analysis illustrate
the potential of energy flexibility by optimally responding to
external signals, e.g., prices for electric energy.
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NOMENCLATURE
ICE%EI/MWh Cost of electric energy
Cstorage INkWh  Capacity of the energy storage
EUR Euro
H in kWh Hydrogen production target
h; in kW Hydrogen power output in i
i Index for time interval
n(x) Efficiency in dependence on x
P inkW Power
SOC State of charge
t, At Time, Time interval
Q Generic factor

L. INTRODUCTION

According to the Paris Agreement, many countries aim
to achieve a carbon neutral economy by 2050. This implies
that, among other things, the renewable energy generation
capacity needs to be massively expanded within the coming
decades [1]. Major renewable energy resources like wind
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and solar power entail the challenge of intermittent
availability.

This has an impact on both spot market electricity
pricing and power grid stability. A possible approach to
tackle these challenges is to leverage the flexibility of
individual components of the power system’s components
[2]. This can be accomplished using storage systems like
batteries and material buffers or by shifting the electricity
demand towards times when renewable energy is abundant.

Flexibility is defined as a capability of a system able to
execute different paths of action at given occasions. Systems
providing energy flexibility are able to temporally decouple
energy demand from its supply [3]. This ability can be
classified into demand-side and supply-side flexibility, as
well as the flexibility of energy storage systems. This study
considers the latter as it has the greatest flexibility potential.
Zhao et al. show that making use of energy flexibility can
result in lower operational expenses [4]. For minimizing the
costs, mathematical modeling of energy resources with a
subsequent optimization of their operation is commonly
applied. To simplify this engineering process and to provide
consistent models, a generic model structure to represent
flexible energy resources is presented here.

Several previous publications deal with the topic of
generic mathematical model structures which are used to
optimize the operation of flexible energy resources. A
review for the modeling approaches and the optimization of
integration of renewable energy resources is provided by
Wagh and Kulkarni [5]. Schott ef al. present a descriptive
data model for industrial flexibility with respect to power
consumption which was developed in the Kopernikus
project SynErgie [6]. Khatri et al. develop a generic
modeling approach which is used to consider the active
participation of industrial enterprises in electricity markets
[7]. Whereas Corsetti et al. deal with the modeling and
deployment of multi-energy flexibility as an energy lattice
framework [8].

Energy hubs provide the possibility to model complex
energy systems with multiple conversions and multiple
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energy flows [9]. This concept serves as a foundation for a
generic framework for the modeling of energy systems that
include numerous energy carriers presented by Krause et al.
[10]. Tt can also be applied in combination with the power
nodes modeling framework which focusses on modeling
energy storage systems [11]. Both concepts enable the user
to conduct detailed, system level investigations. To model
one energy resource without multiple energy carriers, the
authors formulate the hypothesis that a simplified approach
can be used. The detailed analysis of current research in
energy resource modeling results in the awareness that a
generic model structure is needed which is described in this
paper. Therefore, the main contribution of this paper is a
generic model structure for energy resources with an
appropriate level of detail for the optimization and its
application to a use case.

The generic model structure is intended to represent a
wide variety of flexible energy resources from energy
converters like electrolyzers or diesel engines over storage
systems like batteries or material buffers to production
machines and processes or household appliances. The
mathematical representations of these energy resources
allow their use in optimization models which can determine
the most economic or the most climate-friendly operation
schedule.

To demonstrate the applicability of the presented model
structure, it is applied to model a hydrogen production
facility consisting of an electrolyzer and a hydrogen storage
system. To illustrate the benefit of flexible energy resources,
a comparison of static operation with a fixed operation point
and variable operation, optimizing the participation at the
intra-day market is carried out.

This paper is structured as follows: Sec. II describes the
methodology applied in modeling and optimization. The
case study in Sec. III analyzes the energy flexibility inherent
to the hydrogen production facility. A critical reflection and
conclusion is given in Sec. IV.

II. GENERIC MODEL FOR FLEXIBLE ENERGY
RESOURCES

Based on the state of the art outlined in Sec. I, this
section presents the methodology applied to build models
for energy flexibility. First a generic model structure is
presented (Sec.Il -A). The methodology for the
optimization is presented in Sec. II -B.

A. Generic Model for Energy Flexibility

The analysis of different mathematical models shows
that a lot of different models representing energy resources
exist. However, to ensure that every model of different
energy resources provides the same structure, a generic
model structure is built and presented in the following.

TABLE 1: SELECTED MATHEMATICAL MODEL OF FLEXIBLE ENERGY
RESOURCES.

Energy

Relevant Equations
Resource

P our = P(O)in - n(Pn (@)

Electrolyzer
[12_18] P(t)in =< l:’ma\x

P : At
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Energy

Relevant Equations
Resource
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x is a factor representing throtteling at higher

windspeeds.
Solar PV [25- Pout(t) = Pinsmlled n: X(t)
27] X is a factor representing solar irradiation

The equations listed in TABLE 1 determine the power
output of the respective system. For energy resources
generating electrical energy of renewable resources, the
calculation is conducted by multiplying the maximum or
rated power by an operation point or other influencing
factors such as wind speed. In addition, energy resources
which convert one energy carrier into another and are
controllable are modeled somehow different. An
electrolyzer, for example, converts electric energy into
chemically bonded energy in the form of hydrogen. The
conversion depends on the power input and always causes
power losses. As stated in Eq. 1, it is possible to model this
energy resource and its dependencies. An energy resource’s
power output P,,,; can be calculated from its power input
P;, and — if applicable — the corresponding efficiency
N(Py,) . n also represents influencing factors in case of
renewable generation. To represent the energy resource as
accurately as possible, a minimum Py, ,,,;,, and maximum
input power Py, 14, can also be set as model constraints.

Pout (Pin)
= {Pin : n(Pin)' Pin,min < Pin < Pin,max (I)
0: Pin < Pin,min

This generic model structure can be extended to
represent the dynamic behavior of energy resources such as
the response to a change in the operating set point or a
change of its environment, i.e., its boundary conditions.
Further limitations can be imposed on the permissive
operating conditions, e.g., regarding operating hours or
dependencies to other systems.

The generic model description shown in Eq. 1 is also
applicable to energy storage systems. The power input P;,
can be coupled to the power output of another system, as
shown in Eq. 2. The state of charge (SOC) of the storage is
calculated by an energy balance (Eq. 3). The SOC of a given
time step (t; + At) depends on the SOC of the previous time
step (t;) as well as the power input P;, and output P,,,; of
the storage during the time step At divided by the storage’s
capacity Cgtorqge and the efficiency of (dis-) charging
N(P;). Further, the energy generation target per interval and
desired power output can be defined according to the system
configuration and the modeler’s needs.

Pin,SysZ = Pout,Sysl 2)
SOC(t; + At) = SOC(t;)
+|Pin| 'nin(PL’n)'At |Pout| - At (3)

CStorage CStorage *Nout (Pout)

The time resolution of the model can be adapted to fit
the needs of the researcher. Guidelines for a suitable time-
resolution of a model of flexible energy resources are
provided by Cao and Sirén [28]. Often an interval of
15 minutes is selected if an analysis aims at intraday power
market participation.

To instantiate the generic model, data about the energy
resource’s system characteristics, the maximum or rated
power, and possible limits of the operational point need to



be known. In addition, the capacity and efficiencies (if
applicable) of the storage is also needed.

Optimization
To optimize the use of the energy flexibility described
by the instantiated generic model, an optimization problem
must be formulated. To implement unified models of energy
resources, the optimization problem is based on the
presented generic model approach. In addition, an objective
function and operational constraints must be established.

The optimization problem can realize the maximization
or minimization of the objective function according to
Eq. (4) depending on the power, as well as possible generic
factors ();, which represent for example the current energy
prices.

tmax
min/max objective = Z P; - At - Q;

i=0

)

On the basis of this objective function, which satisfies
the criteria of a linear optimization problem according to ,
Unger and Dempe [29], the function can be optimized in
dependency on the decision variable (Eq. 4: P;).

Furthermore, constraints need to be set and considered,
which can be deduced from the mathematical description of
the generic model. For example, constraining the power
input of the system so that the power neither falls below a
defined minimum value nor exceeds a defined maximum
value (see Eq. 5). This constraint can be derived from Eq. 1.
Additional constraints might be set for, e.g., energy
production within the interval.

Pin,min < Pin < Pin,max (5)
If multiple systems are coupled together, it is also necessary
to ensure that the input power of system 2 is equal to the
output power of system 1 (see Eq. 2).

II1.

Within this case study, the generic model is instantiated
for an electrolyzer and a hydrogen storage system. After
demonstrating the applicability of the approach, the model
is used to optimize the electric energy to hydrogen
conversion against a historic prices for electric energy
traded in the intra-day market provided by EPEX
SPOT [30].

CASE STUDY

As an exemplary energy resource, the electrolyzer
Siemens Silyzer 200 with a rated electric power of 6,000 kW
is modeled using the characteristics derived from real
operation. As a modeling environment, the Energy Option
Model [31] is used in combination with the solver IBM
CPLEX [32].

Eqs. 7-9 describe the electrolyzer and its storage system
by instantiating the generic model developed in Sec. II. The
objective function (Eq. (6)) describes the minimization of
the costs of electric energy through power consumption.

tmax
min objective = z Py - At - Coy
i=0

(6)

Eq. 7 instantiates the generic model described in Sec. I1I
using the characteristics of the electrolyzer.
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(7)

Phyclrogen = P -n(Pey)

Equations 8-11 represent constraints for the operation:
Eq. 8 limits the electric power (see TABLE 2), Eq.9
represents the storage and constrains the operation to not
overfill the storage.

)
)

Pel,min < Pel < Pel,max

0<S0C(t) <1 Vvt

Apart from Eq.3, which is applied as a constraint to
represent the energy balance in the hydrogen storage
system, Egs. 10 & 11further define the operation by setting
targets for the hydrogen production in the interval H and the
power output of the storage (or of the electrolyzer directly)
h;. h; can also be interpreted as the hydrogen demand of a
consumer.

tmax
Z PHydrogen i At =H (10)
=0

Pout,Storage,i =h (11)

Two operation modes of the electrolyzer are compared:
Inflexible operation with a fixed operation point and flexible
operation with the ability of the process to modulate its
power input between Pgj.uim and Py gy . Due to its
operation mode, no hydrogen storage system is necessary to
operate the energy resource in the inflexible mode. In both
cases the constraints described in Eqs. 10 & 11 are satisfied
and the total amount of hydrogen produced is the same. The
selected time interval for the case study is August 12" until
August 21, 2022. Values for all key parameters are shown
in TABLE 2.

TABLE 2: KEY PARAMETERS AND RESULTS OF THE COMPARISON.

Parameter Flexible Inflexible
Cost of electric energy 398,207 EUR | 430,140 EUR
Hydrogen production H 599 MWh 599 MWh
Hydrogen demand h; 2,500 kW 2,500 kW
Hydrogen output 900 ... 3,700 kW 2,500 kW
electrolyzer

Storage size Csyorage 10,000 kWh 0kWh
Electric power F; of 1,200 .... 6,000 kW 4,000 kW
electrolyzer > T ’

The analysis shows that reacting to prices of electric
energy at the intra-day market yields 7 % lower costs
compared to the inflexible operation. The grey curve in
FIGURE 1 shows the difference between the hydrogen output
of the hydrogen production system between the flexible and
the inflexible operation modes over an exemplary timespan
of 30 hours. To achieve the previously stated savings, the
hydrogen output power of the electrolyzer alternates
between the maximum and minimum permissible operating
point, deviating from the average hydrogen demand h; by
more than + 1 MW as shown in FIGURE 1.
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FIGURE 1: PRICE OF ELECTRIC ENERGY (GREEN) [30] AND DEVIATION
OF THE FLEXIBLE OPERATION FROM INFLEXIBLE OPERATION
(HYDROGEN OUTPUT, GREY).

FIGURE 2 shows the corresponding state of charge in the
same representative time interval. The grey curve in
FIGURE 2 demonstrates that the hydrogen storage system is
charged during the hours exhibiting the lowest electricity
prices. Correspondingly, the hydrogen storage system is
discharged during the hours exhibiting the highest
electricity prices.
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FIGURE 2: PRICE OF ELECTRIC ENERGY (GREEN) [30] AND SOC
(FLEXIBLE OPERATION, GREY).

The analysis shows that a flexible operation of the
electrolyzer is favorable compared to a static operation with
a fixed operation point in terms of cost savings achieved
through real-time pricing.

IVv. DISCUSSION AND CONCLUSION

This paper presents a generic model structure to
represent flexible energy resources and to optimize their
operation. The model structure is derived from multiple
energy resource models of different energy resources found
in other publications. The applicability is demonstrated in a
case study where the generic model is instantiated to model
an electrolyzer and a hydrogen storage system. Subsequent
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optimization based on the model, including respective
constraints, shows financial benefits of energy flexibility
compared to inflexible operation.

While the applicability of the generic model structure is
demonstrated in this case study, several assumptions are
made that might not be applicable to other case studies. To
simplify the case study, it was assumed that the production
capacity of the electrolyzer and the storage capacity of the
hydrogen storage system are fixed values. Future case
studies can extend this optimization to include the capacities
of the two energy resources as optimization variables to
solve the resulting component sizing problem. This entails
the need to include other important cost factors such as the
capital expenditure of both systems in the optimization
problem or other operational expenses, such as costs for
rapidly changing the operational point which can lead to
increased degradation of the electrolyzer, even though it has
been shown in [33] that this impact is negligible. Moreover,
successive projects should aim to more precisely reflect the
real technical behavior of implemented units, e.g., by
implementing ramping constraints. To include additional
factors of the energy price course such as lower PV
production in winter, a longer timespan than the 10 days
considered in this study is desirable.

Another challenge to be addressed in future works are
the uncertainties regarding the energy prices on the EPEX
SPOT markets which need to be considered in forecasted
flexibility scheduling. Today, prices for intraday energy
trading are only available for a certain day from 3 pm on the
previous day and even these prices are subject to changes up
until five minutes before power delivery is due. This means
that an optimization of the operation schedule beyond the
next day is subject to major uncertainties. While methods
exist to predict prices for different power markets, future
works should consider the statistical uncertainty in price
predictions and implement it in the modeling approach. An
existing approach to address this uncertainty is statistical
programming, which will be implemented on top of the
existing methods in future works.
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