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Abstract: As a consequence of the increasing share of renewable energies and sector coupling
technologies, new approaches are needed for the study, planning, and control of modern energy
systems. Such new structures may add extra stress to the electric grid, as is the case with heat
pumps and electrical vehicles. Therefore, the optimal performance of the system must be estimated
considering the constraints imposed by the different sectors. In this research, an energy system
dispatch optimization model is employed. It includes an iterative approach for generating grid
constraints, which is decoupled from the linear unit commitment problem. The dispatch of all energy
carriers in the system is optimized while considering the physical electrical grid limits. From the
considered scenarios, it was found that in a typical German neighborhood with 150 households,
a PV penetration of ∼5 kWp per household can lead to curtailment of ∼60 MWh per year due to
line loading. Furthermore, the proposed method eliminates grid violations due to the addition
of new sectors and reduces the energy curtailment up to 45%. With the optimization of the heat
pump operation, an increase of 7% of the self-consumption was achieved with similar results for the
combination of battery systems and electrical vehicles. In conclusion, a safe and optimal operation of
a complex energy system is fulfilled. Efficient control strategies and more accurate plant sizing could
be derived from this work.

Keywords: sector coupling; optimal power flow; energy system optimization; grid flexibilization;
oemof-Solph; PowerFactory

1. Introduction
1.1. Background

Nowadays, there are several initiatives and international efforts to reduce the CO2
emissions in all energy sectors as part of the Paris agreement [1]. In Germany, the so-called
“Energiewende” establishes the goals for the energy transformation towards a zero-emission
national energy system [2]. A fundamental step to achieve such ambitious goals is the
electrification of the residential heat and transport sectors that accounted in 2016 for ∼10%
and ∼18.2% of the total emissions in Germany, respectively [3]. By 2050, an increase of
50% of the district heating in Europe is expected, with approximately 30% of that demand
being covered by heat pumps [4]. However, combined heat and power is expected to serve
as a bridge technology coupling electricity and heat sectors [5]. Additionally, a fleet of
around six million electrical vehicles is planned by the German government by 2030 [6].
This makes the analysis of modern and future energy systems more challenging, due to the
added complexity of the new technologies and energy sectors. Along with a significant
deployment of renewable sources in the electricity grid, the integration of these sector
coupling technologies may add an extra burden to the existing distribution grids [7,8].
Therefore, new concepts and techniques are needed to properly study and optimize the
grid structure for adequate operation of such new energy systems [9]. In this research, an
approach that enables the ease evaluation and optimization of energy systems considering
the power grid limits is developed. This methodology was based on the energy system for
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the “Energetisches Nachbarschaftsquartier Fliegerhorst Oldenburg”, which will be a living
laboratory in the city of Oldenburg, Germany [10].

1.2. Optimization of Energy Systems

Typically, the aggregation approach has been of common use in the literature when
it comes to the analysis and optimization of energy systems [11]. Then, the optimization
problem is independent of its actual physical characteristics. Mathematically, the energy
system optimization problem can be expressed as:

min : ∑
t∈T

(
∑

(s,e)∈E
∑
i∈I1

ci
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i
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n
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aj
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m(t), ∀j ∈ J, ∀t ∈ T (2)

0 ≤ pi
(s,e)(t) ≤ p̄i

(s,e)(t), ∀(s, e) ∈ E, ∀t ∈ T (3)

0 ≤ pi
n(t) ≤ p̄i

n(t), ∀n ∈ N, ∀t ∈ T (4)

The Equation (1) minimizes the cost in a period T at a resolution τ. The set E represents
the energy flow between nodes, whereas the set N represents the flows between nodes
and sources. The sets I1 to I4 establish the alternative to have multiple flows with different
associated costs. Fixed and time-varying costs are included in c. The variable p denotes the
power that flows between nodes and sources. The set J constitutes the types of sectors to
consider (e.g., heat and electricity), whereas the set M represents the demand associated
with the jth sector. The inequality constraint (2) ensures that the sum of the M demands
for each jth sector is fulfilled by the sum of the sources multiplied by the coupling factor a
corresponding to the nth source and the jth sector. The constraints (3) and (4) represent the
boundary conditions for flows and sources.

Many approaches are found in the literature dealing with the optimization of energy
systems considering the actual electrical grid topology. For power systems, the implementa-
tion of linearized power flows approaches to relax the optimization problem is of common
use in the researched literature [12,13]. Whereas the typical DC power flow neglects reactive
power, some studies have enhanced the method by adding the consideration of reactive
power and with the implementation of data-driven approaches to determine voltage mag-
nitudes and angles [14]. Novoa et al. [15] have applied a decoupled linearized power
flow [16] in combination with a mixed-integer linear problem to find the optimal allocation
of PV and batteries within an energy system. However, these methods are less accurate
than the AC power flow and more complex than the DC power flow. The combination of a
commercial tool to solve power flow problems with a linear unit commitment is presented
by Nolden et al [17]. In this approach, only an electrical system without storage at a single
time step is considered. Similarly, Fortenbacher et al. [11] propose a distributed model
predictive control within sub-grids to solve a multi-period dispatch optimization problem.

When an entire energy system with multiple energy carriers is optimized, generally
the physical structures are disregarded and the systems are simplified. Some solutions
to work around the over-simplification of the models have been developed. Lohmeier
et al have proposed specialized tools for each energy sector that can be implemented
together in a co-simulation [18]. As the physical constraints of the energy systems are
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considered, the complexity in solving such problems also increases. For instance, non-
convex systems result when hydraulic equations are taken into consideration in an energy
hub with multiple energy carriers [19]. The time-step dependency from energy storage may
add extra complexity to the already mentioned systems. The utilization of the Newton–
Rapson method is inefficient in time-domain equations. Therefore, Levron et al. [20] have
used in combination with a power flow solver, dynamic programming to tackle the time-
dependent functions. As the share of renewable energies increases at the medium and
low voltage of the grid, some power quality issues such as line over-loading and over-
voltages may appear [7,9]. For this reason, the potential of CHP and P2G options has been
considered to provide grid flexibilization [21,22].

The main contribution of this research is the development of a decoupled approach
for the dispatch optimization of a sector coupled energy system. The method takes into
consideration the electric grid limits to optimally integrate different energy sectors into
an energy system. In order to assess the method, some scenarios comprising an energy
system with high share of renewables, storage systems, and sector coupling technologies
were considered. As a main result, it was found that high shares of PV without storage
lead to a higher energy curtailment. Additionally, the proposed method was capable of
reducing energy curtailment and increase self-consumption of the energy system by adding
flexibility through the implementation of heat pumps and electric vehicles.

2. Methodology

In this section, the implemented methodology to consider grid limitations in dispatch
optimization problems in energy systems is presented. The idea behind this work is to
reduce the complexity of the optimization problem when considering grid constraints.
The unit commitment problem and the power flow solutions are decoupled, the solution
to the unit commitment is realized considering a mixed-integer linear problem (MILP)
using oemof-Solph [23], whereas an AC optimal power flow (OPF) calculation is carried
out in PowerFactory [24] to verify grid quality standards compliance. From this OPF, grid
congestion and voltage violations are avoided; the measurements to achieve this are re-
implemented in the linear problem as constraints. Figure 1 shows this iterative process to
obtain the solution of the optimization problem in the energy system. Even though this
approach could be applied to any energy system, regardless of its dimension, this work is
primarily intended for its implementation on mid and low voltage systems as described in
Section 1.

2.1. Overview: Iterative Process

Since sector coupling and energy storage technologies will be present in the energy
systems of the future, an iterative approach is needed when decoupling the unit dispatch
optimization and the grid constraint generation. This is due to the fact that the constraint
generation from the OPF may influence the dispatch of the sector coupling technologies
and storage such as heat pumps, heat water tank, and batteries.

This section presents an overview of the main steps depicted in Figure 1.

1. Energy system structure: Here, the energy sectors to be considered are defined as
well as the relevant technologies and their models. Natural renewable resources and
demands time series must also be included. Time steps have to be big enough to make
valid the steady-state assumption of the different energy sectors [18]. In this work,
only the electric and heat sector are considered and a time step of an hour during
a year is evaluated. Although several technologies, markets, and demands could
be present in a distributed energy system [25], only the ones presented in Table 1
were considered in this study. Furthermore, the energy system is seen as a system
aggregator from the grid perspective. This means that the system can buy and sell
electricity in the market.
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Figure 1. Steps for constraints generation in the optimization process.

Table 1. Summary of the considered energy system components.

Source Market Storage Coupling Demand

Photovoltaic
(PV) Natural Gas Battery Heat Pump Electricity

Cogeneration
(CHP) Electricity Hot Water

Storage CHP Heat

Gas Boiler Electro-Vehicles

2. Linear unit commit: Using a holistic approach, an abstraction of the energy system
structure is created in oemof-Solph. This abstraction contains all possible energy
flows between sources and sinks, and between energy sectors through the coupling
technologies as depicted in Figure 2.
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Figure 2. Simplified example of an energy system structure representation in oemof-Solph and the
energy flow between sectors. The blue lines represent the electrical part of the system, whereas the
red and orange represent the heat and gas sectors, respectively.

Costs and additional constraints can be associated with each of the energy flows [23].
Here, the system will only consider the economical constraints of the energy flows.
Therefore, the objective function is the cost minimization. From Equation (1), the
following objective equation is derived for the considered energy system:

min : ∑
t∈T

(
pelec_ext(t) · cday_ahead(t) (5)

+ pin_chp(t) · cgas + pin_boiler(t) · cgas

)
· τ (6)

where pelec_ext represents the imported or exported electric power from the exter-
nal grid, cday_ahead the day ahead price for a given time, pin_chp and pin_boiler the
gas import for the CHP and boiler, respectively, and cgas represents the cost of
gas. The power given or provided to the external grid at a given time is given
by pext = pelec_loads − pelec_gen. The electric generation pelec_gen and electric loads
pelec_loads can be defined as follows:

pelec_gen(t) = ppv(t) + pelec_chp(t) (7)

pelec_loads(t) = pelec_demand(t) + pbattery(t) + pev(t) + pelec_heat_pump(t) (8)

In Equations (7) and (8), the parameters ppv and pelec_chp refer to the PV generation
and the CHP electric power generation within the system, whereas the parameters
pelec_demand, pbattery, pev, and pelec_heat_pump refer to the electric demand, the battery
power consumption, electrical vehicle charging, and the heat pump demand, re-
spectively. Every storage unit (including EVs) has been considered as a load. That
means that a negative power represents a power injection to the system. The same
convention has been used for the external grid power flow. As constraints for the
optimization problem, the thermal and electric demands must be supplied at any time.
Equations (9) and (10) depict such constraints where pth_demand, pelec_demand, and ppv
are fixed time series.

pth_demand(t) = pth_heat_pump(t) + pth_boiler(t) + pth_chp(t)− pth_storage(t) (9)

pelec_demand(t) = pelec_ext + ppv(t) + pelec_chp(t)− pbattery(t)− pev(t)− pelec_heat_pump(t) (10)

As a result, the optimized power dispatch for each non-fixed source to supply the
demand at each time step is obtained. However, up to this point, just the total installed
capacities and demands have been considered as per the inequality (4). The actual
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topology of the electrical and thermal grid has been also disregarded as a common
practice in the optimization of energy systems [19].

3. Grid topology consideration: Before integrating these flows into the electrical grid
in PowerFactory, the flow distribution must be considered. This applies only to the
electric sources, sinks, and sector coupling technologies. The distribution of heat
technologies is disregarded since only the electrical grid topology is being considered
in this study.
To represent a typical low voltage grid, one of the so-called “Merit Order Netz-Ausbau
2030” (MONA) reference grids is used. The ONT_8003 grid model is used as refer-
ence [26] and depicted in Figure 3. This topology represents a typical low voltage grid
in Germany.

Figure 3. Representation of the ONT_8003 MONA grid with the addition of the technologies men-
tioned in Table 1.

The energy flows for each node per technology are derived from the optimization
results and the capacity installed per building.

4. Power flow calculation: Once the flow distributions at each node have been ob-
tained, these energy flows must be added as time characteristics to the corresponding
elements in PowerFactory.
To determine if the optimized dispatch complies with the grid standards, a quasi-
dynamic power flow (QDPF) study is performed for a year with 1 h time steps. From
the results of the QDPF, lines exceeding 100% loading and voltage variation outside
of the range of ±10% of the nominal voltage are considered as grid violations [8].
The time steps containing such violations will be re-optimized by PowerFactory
to avoid line congestion and bus voltage violations. For the system to converge,
a dispatchable source is considered as slack, so it has enough power to cover the
demand in case that the renewable sources are curtailed due to system violations.

5. Constraints generation: Similar to the constraint generation for the linear optimiza-
tion [27], the oemof-Solph model will be limited by constraints generated from the
OPF as denoted in Equation (4). Power time-series are the link between the two tools.
Therefore, PowerFactory and oemof-Solph will exchange information about the active
power flows, being the reactive power flow after the last OPF calculation considered
as optimal.



Energies 2022, 15, 192 7 of 14

To build the OPF problem, the following objective function and constraints are consid-
ered:

min : ∑
t∈Top f

(
pop f

elec_ext(t) · cday_ahead(t)

+ pop f
in_chp(t) · cgas

)
· τ

(11)

s.t.Sl
line(t) ≤ Sl

nom(t), ∀l ∈ L (12)

Sline =
√

P2
line + Q2

line (13)

0.9 ·Vnom ≤ |Vb
bus(t)| ≤ 1.1 ·Vnom, ∀b ∈ B (14)

−ebattery(t− τ)

τ
≤ pop f

battery(t) ≤
kbattery − ebattery(t− τ)

τ
(15)

0 ≤ pop f
pv (t) ≤ ppv(t) (16)

Sn ≤ Sn
nom, ∀n ∈ N (17)

In Equation (11), the term for the thermal boiler is not considered. This is due to the
fact that only electric units are taken into consideration in the OPF. The set Top f is a
sub set of T comprising only the periods of time that led to grid violations from step 4.
The variables pop f

elec_ext and pop f
elec_chp denote the optimized power flows to avoid such

violations. The constraints (12) and (13) ensure that the nominal capacity Snom of any
line of the system is not violated by the actual power flow Sline. The set of all lines in
the energy system is denoted by L. The actual power flow in the line is given by the
square root of the sum of squares of the real power Pline and the reactive power Qline.
To ensure voltage compliance, the constraint (14) is included. This keeps the voltage
magnitude |Vbus| of all buses in the system, denoted by the set B, within ±10% of the
nominal voltage Vnom. The constraint (15) limits the power that can be drawn by the
batteries. The difference between the battery system capacity kbattery and the battery
system energy content ebattery at the previous time-step t− τ provides the available
energy to be drawn for charging the batteries. The energy content is provided from
the linear optimization performed in step 2. The difference is divided by τ in order to
get the charging power limit. A lower energy bound is given to allow the discharge
of the batteries. This lower bound is equal to the negative of the energy content. In
the OPF additional flexibility is provided with the PV system. The optimizer can
reduce the power output pop f

pv as per constraint (16). Furthermore, to keep the thermal
limits of all technologies within acceptable ranges, constraint (17) is included. Where
the apparent power Sn of each technology of the set N must not exceed the nominal
apparent power Sn

nom. Similarly to the linear optimization, constraint (10) must be
complied by the OPF, therefore:

pelec_demand(t) = pop f
elec_ext(t) + pop f

pv (t)+

pop f
elec_chp(t)− pop f

battery(t)− pop f
ev (t)− pop f

elec_heat_pump(t)
(18)

In Equation (18), the superscript op f denotes the power flow obtained from the OPF
from the respective source or sink. Considering that COPheat_pump =

pth_heat_pump
pelec_heat_pump

and
pth_sources = pth_heat_pump + pth_boiler + pth_chp, Equations (18) and (9) can be combined
to yield:

pth_demand − pth_sources − pth_heat_pump − pth_storage

COPheat_pump
= pop f

elec_ext + pop f
elec_gen − pop f

elec_loads

+pop f
elec_heat_pump

(19)
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Equation (19) shows how the changes in the OPF have to be compensated by the
heat elements in the energy system. However, as previously indicated, the OPF only
takes into consideration the electric components and the sector coupling technologies.
Therefore, the changes in the OPF have to be reflected in the linear optimization.
Equation (20) is employed to determine the deviation between the OPF and the initial
power flow.

∆pn = |pop f
n − pn|, ∀n ∈ N (20)

The power flow per nth technology resulting from the OPF is represented by pop f
n ,

whereas the initial power from the linear optimization is represented by pn. Whenever
∆pn 6= 0, the value of the OPF is passed as an upper bound in (4) for the linear
optimization in the next iteration.

2.2. Evaluation Scenarios

In order to assess the method described in Section 2, three main scenarios are evaluated:

1. High generation scenario: The size of the PV installation is fixed to 1500 kWp and
no storage or flexible loads are considered. The influence of line loading and voltage
levels in the optimization is evaluated.

2. Heat pump and heat storage scenario: The influence of heat pump and heat storage
is analyzed. Here, the size of the PV installation is reduced to 700 kW. Heat pumps
and heat storage are added with 600 kWth and 150 m3 of capacity, respectively. The
potential for flexibilization services from the heat sector is evaluated in this scenario
through the implementation of the proposed method.

3. Electromobility scenario: A fleet of 62 EVs and 500 kWh of battery storage are added
to the Heat pump and heat storage scenario. These are connected at eight different points
within the network. It is assumed that the EVs are only connected from 6 p.m. to
7 a.m. of the next day [28]. Additionally, it is assumed that the daily required demand
of the EVs is around 10 kWh, which is approximately the double required per EV per
day [6]. Therefore, the state of charge is not the constraint for charging at the end of
the charging period in the optimization, but to ensure enough daily coverage in a
daily basis.

3. Results

In this section, the main results obtained from the implementation of the electric grid
constraints into the optimal operation of an energy system are presented.

3.1. High Generation Scenario
3.1.1. Line Loading Constraint

As described in Section 2, in this scenario, a significant capacity of PV is considered to
be installed in the system. In Figure 4a, the loading on the main feeder during one year is
shown. It is observed that the line can be overloaded up to 150% of its capacity. Figure 4b
shows the new line loading after the OPF has generated the corresponding grid constraints
at each time step. With the consideration of the violated hours shown in Figure 4a as
constraints, the optimization reduces the load in the line at around 100% of its nominal
capacity.
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(a) Without grid constraints. (b) With grid constraints.

Figure 4. Main feeder loading with and without the consideration of the grid constraints into the
optimization.

3.1.2. Voltage Constraint

Similarly, Figure 5a,b depict the voltage behavior on the PV bus before and after the
grid constraints generation.

Following the same pattern than the over-loading caused by the high in-feed depicted
in Figure 4a, voltages above of the nominal voltage occur along with the main feeder
over-loading.

(a) Without grid constraints. (b) With grid constraints.

Figure 5. PV bus voltage at node number 4 with and without the consideration of the grid constraints
into the optimization.

Figure 6a,b show the power dispatched by the PV plant before and after the considera-
tion of the voltage and loading constraints of the grid. A noticeable curtailment is needed
to maintain the grid quality parameters of loading and voltage within the admissible
ranges. The absence of means to store or shift loads during such midday peaks leads to the
unavoidable PV curtailment.

(a) Without grid constraints. (b) With grid constraints.

Figure 6. PV power dispatch optimization with and without the consideration of the grid constraints.
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3.2. Heat Pump and Heat Storage

In this section, the proposed methodology is tested by adding some flexibilization
technologies such as heat storage and heat pumps.

Even though the installed PV capacity has been decreased to 700 kWp for this scenario,
the mismatch between the electric demand and the generation will still create energy flows
back to the grid. Such energy flows are big enough to overload the main feeder. As the
heat pumps and heat storage are considered in the energy system, the optimizer has the
possibility to transfer the energy surplus from the PV system into another energy carrier.
Figure 7 shows how the line loading constraint due to the high PV feed-in affects the power
dispatch of the heat pumps and PV. The flexibilization of the heat pump activation avoids
that the locally generated energy leaves the system. This diminishes the energy injected into
the grid, avoiding in this manner the line overloading and diminishing the PV curtailment.

Figure 7. Flexibilization provided by heat pumps and heat storage. The blue area represents the
energy otherwise curtailed without the grid constraints implementation in the dispatch optimization.

Figure 8 shows the variation in energy content in the water storage tank. A noticeable
difference is found especially in the months of summer. This is in accordance with the
fact that higher values of sun irradiance and less thermal demand are present during such
months. Therefore, the heat pumps are continuously being used to tackle PV generation
surplus when grid constraint violations occur.

Figure 8. Change in energy content of the water heat storage.

3.3. Electromobility Scenario

As the fleet of electric cars is added to the energy system, the yearly demand is
increased by around 300 MWh. This increment in demand causes line overloads throughout
the network. In Figure 9, it can be seen how the main feeder is over-loaded while supplying
energy to the EVs during the charging phase. It can be noted that the EV batteries support
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the grid after they have been connected at 6 pm, which is typically a time of the day with
high demand. After the implementation of the constraints into the proposed method, the
optimizer re-schedules the EV’s batteries charging and grid feed-in to avoid the overload
of the lines.

Figure 9. Cumulative EV charging profile comparison with and without grid constraints.

The proposed method successfully integrates the EV and the distance coverage con-
straint together with the grid constraints into the dispatch optimization problem of the
energy system.

4. Discussion

In Section 3, it was found that the high share of PV at the low voltage level of the
electrical system can lead to over-loads at the point of common coupling. This is caused
by the residual energy fed into the grid. Neighborhoods with a PV capacity of 10 kWp
per household are prompted to lead to grid violations [8]. From the results, it may be
inferred that a PV installed capacity of 5 kWp per household can be led to feed-in levels
exceeding the nominal voltage in a typical low voltage grid [26]. Nevertheless, over-
voltages exceeding 10% of the nominal voltage are very unlikely to occur at this level of
penetration. In the case of high share of PV without sector coupling or storage possibility, a
curtailment up to ∼60 MWh per year is applied by the method to keep grid limits within
acceptable ranges.

The integration of different sector coupling technologies may cause some grid events
in the low voltage grids [28–30]. However, with a proper control strategy, such technologies
can also provide some flexibility to the grid [31,32]. In the scenarios with flexibility options,
the method re-schedules the power dispatch from these technologies. Table 2 provides
a summary of the influence of the grid constraints in some indicators on each scenario.
The summary demonstrates the relevance of the grid constraints in the optimization of
an energy system. As it is shown in Table 2, this not only avoids grid limit violations,
but it also saves energy from curtailment. From the simulation results, it was found that
the methodology here proposed is capable of reducing the energy curtailment up to 45%
by adapting to the economic dispatch, the technical grid constraints. Additionally, the
self-consumption is increased up to ∼7% per year with the implementation of the method.
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Table 2. Summary of the influence of grid constraints in the optimization parameters. Values are
shown in MWh/year.

Scenario

Self-Consumption Curtailment

Energy SavedWithout Grid
Constraints

With Grid
Constraints

Without Grid
Constraints

With Grid
Constraints

High PV
Generation 288.60 288.60 270.04 270.04 0

Heat Pump 323.91 346.71 60.65 37.84 22.81
Electromobility 434.87 462.16 49.55 27.64 21.91

Therefore, the most economically and technically feasible dispatch of the energy sys-
tem is achieved. The contribution of the oemof-Solph–PowerFactory toolchain results evident
when flexible loads are present in the system. In this regard, the optimization decreases the
overall energy that would be otherwise curtailed. Table 3 establishes a comparison between
the proposed method and some of the most relevant researches found in the literature.

Table 3. Comparison with relevant works found in the literature.

Source Considered Energy
Carriers Storage Technology Grid Constraints Approach

Cesena et al. [33] Gas, heat, and power Building heat inertia Gas and power
MILP with heuristic
penalization of grid

constraints

Huang et al. [34] Electromobility and
power EV battery Power

Optimal EV charging
scheduling through a

genetic algorithm

Clegg et al. [35] Gas, heat and power — Gas

Determination of
flexibility according to

gas availability and
DC-OPF

Nolden et al. [17] Power — Power

Unit commitment and
power flow solver to

achieve a
techno-economic

dispatch

This research Electromobility, heat,
gas, and power

Battery storage, EV
battey, and heat storage Power

MILP with iterative
grid constraint

generation

Due to the flexibility of energy systems provided by oemof-Solph, the proposed method
surpasses the approaches found in the literature in terms of the complexity of the energy
system itself. Whereas Martinez et al. [33] consider gas, heat, and power, this study
additionally considers, the electromobility sector and the influence on the system by
batteries and heat storage. On the other hand, this research only considers the influence
of the electric power grid. In some other studies, the grid constraints are considered, but
neglecting either storage or other energy sectors [17,34,35].

5. Summary and Outlook

The proposed method combines a linear optimizer such as oemof-Solph and a power
analysis tool such as PowerFactory. This combination allows the optimization of an energy
system with multiple energy carriers while considering the actual grid limits for sector
coupling technologies integration. Such grid limits have an impact on the performance of
the energy system:

• For scenarios with PV capacity above 5 kWp per household, the voltage and line
loading constraints are violated, therefore affecting the optimization results. In the
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case study, curtailment of ∼60 MWh/year is needed to keep the grid within its limits.
This due to the lack of storage or flexibilization options.

• If flexible technologies are present, parameters as curtailment and self consumption are
affected by the grid constraints. In the case study, the self-consumption can increase
7% and the curtailment be reduced by 45% as compared with the typical optimization
without grid constraints. The method successfully integrated the additional load from
the heat pumps and EV without grid violations.

• In comparison to other approaches, the decoupled constraint generation in the op-
timization problem determines the techno-economical power dispatch for all the
different energy sectors and storage technologies.

To adapt the method to large-scale grids, different open source tools might provide a
faster interface and interaction with oemof-Solph compared to the PowerFactory API. Most
of these tools are written in python or julia [36]. Another novel approach would be to
consider a data-driven constraint generation. This might be especially relevant for online
applications or analysis in the transmission system. Due to its high accuracy and run-time,
this topic is yet to be exploited [37]. Furthermore, the influence of the heat network is a
feature that could be added to this approach in future research.
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