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A B S T R A C T

The large-scale integration of flexible heating systems in the European electricity market leads to a substantial
increase of transportation requirements and consecutively grid congestions in the continental transmission
grid. Novel model formulations for the grid-aware operation of both individual small-scale heat pumps and
large-scale power-to-heat (PtH) units located in district heating networks are presented. The functionality of
the models and the contribution of flexible heating systems for transmission grid congestion management is
evaluated by running simulations for the target year 2035 for the German transmission grid. The findings
show a decrease in annual conventional redispatch volumes and renewable energy sources (RES) curtailment
resulting in cost savings of approximately 5% through the integration of flexible heating systems in the grid
congestion management scheme. The analysis suggests that especially large-scale PtH units in combination
with thermal energy storages can contribute significantly to the alleviation of grid congestion and foster RES
integration.
1. Introduction

The anticipated increase in cogeneration as well as the electrifica-
tion of heat applications in Europe is a major building block in Europe’s
quest to decarbonize the energy sector [1]. The accompanying stronger
linkage between the thermal and the electricity sector results in var-
ious operational and planning challenges for the power system. For
the coupled European electricity markets and continental transmission
grid, one major challenge is the large-scale integration of power-to-
heat (PtH) devices, namely heat pumps (HPs) and electric boilers
(EBs), which represent an additional and partially flexible electrical
load. On the supply side, the coupled generation from combined heat
and power (CHP) plants mainly located in district heating networks
(DHNs) – often in combination with large-scale thermal energy storages
(TES) – is becoming more important as the phasing out of fossil
fuels reduces the conventional generation capacity [2]. Currently, the
European market design incentivizes the market-driven operation of
PtH units which in turn leads to prospective high simultaneities and
peak loads [3]. Furthermore, due to the regional distribution of supply
and demand, a substantial increase of transportation requirements and
consecutively grid congestions can be expected from the increased
sector coupling [4]. While intra-zonal transmission grid congestion can
basically occur in all bidding zones [5], the issues are expected to
be predominant within the German bidding zone due to the growing
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regional discrepancy between load and supply which is fostered by the
plans to strongly expand offshore wind capacities [6]. Thus, effects
on transmission grid congestion of alternative i.e. grid-aware operat-
ing schemes for sector-coupling technologies which take into account
grid constraints are of high scientific interest. Although congestion
is expected to be ubiquitous [7], there are yet few publications that
model and quantify the impact of such grid-aware operating schemes
in high detail within pan-European energy system analysis models.
For the hydrogen sector, [4] investigates the contribution of power-
to-gas units to alleviate transmission grid congestion. The study finds
that by using flexibility from power-to-gas in the electricity system, a
reduction of renewable energy sources (RES) curtailment of 12% can
be achieved. [8] assesses the ability of vehicle-to-grid as distributed
storages to alleviate grid congestion and finds that electric vehicles
(EVs) can contribute to transmission grid balancing. [9] shows that
the integration of flexible charging processes of battery EVs into con-
gestion management can reduce market-driven simultaneities and the
resulting grid congestions in the transmission grid. Focusing the heating
sector, [10] applies a generation and transmission capacity expansion
problem to investigate the flexibility provision from DHNs and decen-
tral PtH units for transmission grid congestion. Due to the optimization
design in which the capacities are endogenously determined, grid
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Nomenclature

Abbreviations

𝑃𝐸 Primary energy
𝑅𝐷 Redispatch
BKP Back-pressure turbines
BT Building type
CHP Combined heat and power
COP Coefficient of performance
DHN District heating network
EB Electric boiler
EV Electric vehicle
EXT Extraction-condensing turbine
HOB Heat-only boiler
HP Heat pump
HVDC High-voltage direct current
LODF Line outage distribution factor
PP Power plant
PS Pumped storage
PSDF Phase shift distribution factor
PST Phase-shifting transformers
PTDF Power transfer distribution factor
PtH Power-to-heat
RES Renewable energy sources
TES Thermal energy storage
WC Weather cluster

Variables

𝛼 Phase angle
𝛥𝑃 Change in electrical power
𝛿 Distance
𝑄̇ Thermal power
𝜂 Efficiency
𝜆 Longitude
 Set of …
𝜇 Latitude
𝛷 Thermal heating power
𝜓 Heating systems
𝜎 Power-to-heat ratio
𝜃 Grid equipment, electrical generators and

storages
𝐶 Thermal capacity/Contingency
𝑐 Cost for control action
𝑐𝑜𝑛𝑑 Condensing operation of combined heat

and power plant
𝐸 Thermal capacity
𝑛 Transmission system node
𝑛𝑏 Number of buildings
𝑃 Electrical power
𝑅 Thermal resistance
𝑇 Indoor temperature
𝑡 Timestep

congestion is implicitly considered and prevented by design. The study
finds that although DHNs offer strong cost reduction and flexibility
potentials, the expansion of such networks does not significantly reduce
the need for high-voltage grid expansion and should rather be under-
stood as an element to provide short-term flexibility. A generation and
2

transmission capacity expansion problem is also applied in [11] to
assess the benefits of a hydrogen network in Europe. Although playing
a minor role, the study indicates that fuel cell CHP units can support
transmission grid operation when grid expansion cannot be realized.
A multi-stage sequential optimization that closer emulates the current
market design is applied in [7,12]. [7] highlights the expected ubiquity
of grid congestion and stresses the contribution of flexibility-based
congestion management from sector coupling technologies. Herein, the
contribution of large-scale PtH devices for district heating and process
heat is considered for congestion management while decentral PtH
devices are considered inflexible. In [12] both decentral and large-
scale PtH units are considered as flexibility options in the congestion
management simulation and modeled as generic energy storages by
introducing constraints that ensure balancing of thermal demand for
each technology within a certain time period – every 3 h for house-
holds and every 24 h for district heating. The study indicates that
the integration of flexibilites in the congestion management process
has a positive, but comparably low influence on the overall required
congestion management measures.

Overall, the presented studies stress the growing issue of future
congestion in the transmission grid and highlight the importance of a
flexibility-based congestion management. However, in these studies the
contribution of the heating sector for power grid congestion is either
addressed implicitly as part of a generation and transmission capacity
expansion problem formulation or in case of using a multi-stage se-
quential optimization only considered partially or with simplifications.
This paper aims to contribute to the discussion by presenting novel
model formulations for the grid-aware operation of both (1) individual
small-scale building HPs and (2) large-scale PtH units located in DHNs.
Subsequently, the contribution of those flexible heating systems for
transmission grid congestion management is evaluated. The mathe-
matical models are implemented in the pan-European energy system
analysis model MILES [13,14] and applied and validated to the future
target year 2035 considering a high penetration of flexible PtH and CHP
systems with focus on the German transmission grid. MILES represents
a process of strategic transmission grid planning through the four
modules: regionalization, market simulation, grid simulation and con-
gestion management, see Fig. 1. The regionalization module performs a
spatial loacalization and time series generation of installed generation
capacities and electrical as well as thermal loads based on scenario-
driven data. Subsequently, leveraging the regionalization outcomes and
additional scenario data, the market simulation module conducts the
scheduling of power plant dispatch across the interconnected European
grid in a cost-efficient manner by a rolling optimization. The current
implementation also incorporates market-driven dispatch strategies for
flexible heating systems and charging processes of battery electric
vehicles [3]. Next, the regionalization and market simulation results are
utilized to determine grid-node-specific load and generation patterns,
and a grid state including operating points of power-flow-controlling
devices via hourly power flow calculations within the grid simula-
tion module. The final module, grid congestion management, resolves
identified congestions through appropriate measures while adhering
to (n-1) security standards. The objective of this paper focuses on
integrating flexible heating systems as complementary measures to
mitigate grid congestion and is explained in the following sections.

2. Methods

The grid-aware integration of flexible heating systems is realized
in the context of congestion management. The underlying redispatch
problem is described in 2.1. The extension of the associated constraints
is implemented for (1) electric-driven small-scale HPs as well as (2)
large-scale PtH units in DHNs and is formulated in 2.2. The chapter
ends with the definition of the system and grid-related constraints

considering the (n-1)-criterion.
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Fig. 1. Structure of the MILES framework.
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.1. Objective function

The integration of flexible heating systems into the congestion
anagement process requires a time-coupled approach to map the

torage-like states. For this purpose, the objective function is for-
ulated interval-based, allowing several time steps to be optimized

imultaneously. An optimization interval describes the number of hours
f a closed time period with 𝑡start being the first time step of each
nterval and 𝑡inter the associated interval duration. The objective is to
inimize the costs of all congestion management measures of the entire

nterval (1):

in(
𝑡start+𝑡inter−1

∑

𝑡=𝑡start
(
∑

𝜃∈𝜃

𝑐𝜃𝑡 +
∑

𝜓∈𝜓

𝑐𝜓𝑡 )), ∀ 𝑡start ∈ start
𝑡 (1)

The cost term is the sum of the underlying power adjustments
f the traditional measures considered in congestion management (2)
s described in [14] and the costs of additional flexibility potential
esulting from the redispatch of flexible heating systems (3).
𝜃
𝑡 = 𝑐+𝜃,𝑡 ⋅ 𝛥𝑃

+
𝜃,𝑡 + 𝑐

−
𝜃,𝑡 ⋅ 𝛥𝑃

−
𝜃,𝑡

∀ 𝑡 ∈ 𝑡
(2)

𝜓
𝑡 = (𝑐+𝜓,𝑡 ⋅ 𝛥𝑃

+
𝜓,𝑡 + 𝑐

−
𝜓,𝑡 ⋅ 𝛥𝑃

−
𝜓,𝑡)+

(𝑐𝑡ℎ,+𝜓,𝑡 ⋅ 𝛥𝑄̇𝑃𝐸,+𝜓,𝑡 + 𝑐𝑡ℎ,−𝜓,𝑡 ⋅ 𝛥𝑄̇PE,−
𝜓,𝑡 )

∀ 𝑡 ∈ 𝑡

(3)

𝛥𝑄̇𝑃𝐸,+𝜓,𝑡 ∈ R≥0; 𝛥𝑄̇𝑃𝐸,−𝜓,𝑡 ∈ R≥0

𝛥𝑃+
𝑘,𝑡 ∈ R≥0; 𝛥𝑃−

𝑘,𝑡 ∈ R≥0

∀ 𝜓 ∈ 𝜓 , 𝑘 ∈ 𝜃 ∪𝜓 , 𝑡 ∈ 𝑡

(4)

The terms 𝑐𝜃𝑡 and 𝑐𝜓𝑡 describe the underlying costs for each control
ction in the respective time step. Regarding the case of flexible heating
ystems, the technology-specific costs 𝑐𝜓𝑡 result from the power adjust-
ents in positive or negative direction 𝛥𝑃+

𝜓,𝑡 or 𝛥𝑃−
𝜓,𝑡 weighted with the

orresponding costs for power increase 𝑐+𝜓,𝑡 or power decrease 𝑐−𝜓,𝑡. In
ase of CHP units, the adjustments of thermal power outputs 𝛥𝑄̇𝑃𝐸,+𝜓,𝑡
nd 𝛥𝑄̇𝑃𝐸,−𝜓,𝑡 are considered taking into account the corresponding costs
𝑡ℎ,+
𝜓,𝑡 and 𝑐𝑡ℎ,−𝜓,𝑡 . The power terms are defined as positive real numbers
4). The adjustments in the context of a power increase or reduction
efer to the operating points that were determined in advance on the
asis of a market simulation. The indices 𝜓 and 𝜃 describe an element
f the set of all technology-specific units 𝜓 and 𝜃 , respectively. 𝜃
5) and 𝜓 (6) represent the set of all considered technologies of the
onventional congestion management and of flexible heating systems,
espectively.

𝜃 = {HVDC, PST, PP ∌ CHP, PS, RES, Dummy} (5)

𝜓 = {HP, PtH, PP ∋ CHP, TES, HOB} (6)

The conventional congestion management considers grid-related
easures in the form of operating point adjustments of phase-shifting

ransformers (PST) and high-voltage direct current lines (HVDC), re-
ispatch from conventional power plants (PP), pumped storages (PS)
nd curtailment of RES. To ensure the solvability of the optimization
3

roblem, fictive power reduction and power increase measures are
ntegrated in the form of a slack variable (Dummy). In the following,
he consideration of each flexible heating system technology of the
et 𝜓 in congestion management and the underlying constraints are
resented.

.2. Extension by flexible heating systems

.2.1. Small-scale HPs
The flexibility of small-scale HPs is modeled by the thermal inertia

f buildings. A 1RC1 building model is used to endogenously represent
he heat demand of the units. The underlying building stock model is
ggregated into archetypal building types 𝑘𝐵𝑇 and regionalized into
eather clusters 𝑘𝑊𝐶 . The clustering methods, as well as the determi-
ation of heat pump type dependent coefficient of performance (COP)
as presented in [3]. In order for this approach to be transferred to

ongestion management and for the small-scale HPs to be used in a
rid-aware way, the spatial resolution in terms of weather clusters
s disaggregated and mapped equivalently to grid nodes 𝑛. For each
eather cluster 𝑊𝐶 ∈ 𝑊𝐶 the grid node 𝑛𝑊𝐶 ∈ 𝑛 is identified
hich has the smallest distance 𝛿𝑟,𝑛 to the region 𝑟𝑊𝐶 ∈ 𝑟 with 𝜆

and 𝜇 representing the longitudes and latitudes of regions and nodes
(7). The underlying COP for the considered HP technologies as well as
the occurrences of the building types per weather cluster are transferred
analogously to node level.

𝛿𝑟,𝑛 =
√

(𝜆𝑟 − 𝜆𝑛)2 + (𝜇𝑟 − 𝜇𝑛)2

∀ 𝑟 ∈ 𝑟, ∀ 𝑛 ∈ 𝑛

(7)

In order to reduce the complexity of the optimization problem
which is necessary to enable solving in an acceptable time, an aggre-
gation of building types on nodal level is conducted. Therefore, one
virtual building per node that represents the building types and their
occurrence is established by interconnecting the individual R and C
values of all buildings considering their occurrence (8)–(9). Here, 𝑛𝑏𝐵𝑇 ,𝑛
represents the occurrence of each building type per node.

1
𝑅𝑛

=
∑

𝐵𝑇∈𝐵𝑇

𝑛𝑏𝐵𝑇 ,𝑛
𝑅𝐵𝑇

∀ 𝑛 ∈ 𝑛 (8)

𝐶𝑛 =
∑

𝐵𝑇∈𝐵𝑇

𝑛𝑏𝐵𝑇 ,𝑛 ⋅ 𝐶𝐵𝑇 ∀ 𝑛 ∈ 𝑛 (9)

The impact of the thermal inertia is represented by permitting the
ndoor temperature to fluctuate within an upper and lower bound. For
his purpose, a temperature range is introduced for the heating system.
ue to the optimization formulation as a delta consideration, constant
eat sources such as solar radiation or heat flux from persons does not
ave to be explicitly modeled in the congestion management, because
heir influence is implicitly considered within the permissible range
f temperature and delta heating power resulting from the market
ptimization. The change in indoor temperature at each node in the
orresponding time step is described by Eq. (10). 𝛥𝛷Heating

𝑡,𝑛 describes
the change in heating power compared to the base heating power from
the market dispatch. The maximum heating power is restricted by (12).
The change in indoor temperature plus the prior determined indoor
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temperature 𝑇 In,market
𝑡,𝑛 has to be within the permissible upper and lower

bounds (11).

𝛥𝑇 In
𝑡,𝑛 = 𝛥𝑇 In

𝑡−1,𝑛 −
1

𝑅𝑛𝐶𝑛
(𝛥𝑇 In

𝑡−1,𝑛) +
1
𝐶𝑛

(𝛥𝛷Heating
𝑡,𝑛 )

∀ 𝑡 ∈ 𝑡 ⧵𝑡start , 𝑛 ∈ 𝑛

(10)

𝑇 In,min
𝑡,𝑛 ≤ 𝑇 In,market

𝑡,𝑛 + 𝛥𝑇 In
𝑡,𝑛 ≤ 𝑇 In,max

𝑡,𝑛

∀ 𝑡 ∈ 𝑡 ⧵𝑡start , 𝑛 ∈ 𝑛
(11)

0 ≤ 𝛷Heating,market
𝑡,𝑛 + 𝛥𝛷Heating

𝑡,𝑛 ≤ 𝛷Heating,max
𝑡,𝑛

∀ 𝑡 ∈ 𝑡 ⧵𝑡start , 𝑛 ∈ 𝑛
(12)

The transformation to a change of the electrical load 𝛥𝑃Heating
𝑡,𝑛 per

node is performed by means of the COP (13). The decision variables in-
cluded in the objective function are formulated in Eqs. (14a) and (14b),
and each describes the aggregated adjusted electrical load for all nodes.
𝛥𝑃HP,+

𝜓,𝑡 results from the increase of the heating power and 𝛥𝑃HP,−
𝜓,𝑡 from

decrease. When considering a cooling system, the decision variables
nd constraints can be formulated vice versa to the presented approach.

𝑃Heating
𝑡,𝑛 = 𝛥𝛷Heating

𝑡,𝑛 ⋅
1

𝐶𝑂𝑃𝑡,𝑛
∀ 𝑡 ∈ 𝑡, 𝑛 ∈ 𝑛

(13)

𝛥𝑃HP,+
𝜓,𝑡 =

∑

𝑛∈𝑛

𝛥𝑃Heating
𝑡,𝑛

∀ 𝛥𝑃Heating
𝑡,𝑛 ∈ R≥0, 𝑡 ∈ 𝑡, 𝑛 ∈ 𝑛

(14a)

𝛥𝑃HP,−
𝜓,𝑡 =

∑

𝑛∈𝑛

𝛥𝑃Heating
𝑡,𝑛

∀ 𝛥𝑃Heating
𝑡,𝑛 ∈ R≤0, 𝑡 ∈ 𝑡, 𝑛 ∈ 𝑛

(14b)

.2.2. Large-scale PtH units
Both (ii) large-scale PtH and CHP units in DHNs are also mapped to

rid nodes within the congestion management optimization to create
link between their operation and the resulting grid load. Through

his modeling approach, regionally different dispatch results of PtH and
HP units in combination with large-scale TES and gas-fired peak-load
oilers can be determined for each DHN considered.

Eq. (15) ensures the heat balance for each considered DHN after
rid-related adjustments in the heat output of thermal conversion units,
amely thermal power plants 𝑄̇CHP

𝜓,𝑡 , PtH units 𝑄̇PtH
𝜓,𝑡 , heat-only boilers

HOB) 𝑄̇HOB
𝜓,𝑡 and TES 𝑄̇TES

𝜓,𝑡 . Please note that by using this formulation
he individual terms can take both positive and negative values. In case
f TES, a positive sign means charging and a negative sign discharging.

=
∑

𝜓∈𝐶𝐻𝑃 ,𝑖

𝛥𝑄̇CHP
𝜓,𝑡 +

∑

𝜓∈𝑃 𝑡𝐻,𝑖

𝛥𝑄̇PtH
𝜓,𝑡

+
∑

𝜓∈𝐻𝑂𝐵,𝑖

𝛥𝑄̇HOB
𝜓,𝑡 −

∑

𝜓∈𝑇𝐸𝑆,𝑖

𝛥𝑄̇TES
𝜓,𝑡

∀ 𝑖 ∈ 𝐷𝐻𝑁 , 𝑡 ∈ 𝑡

(15)

The operating point of a CHP plant can be described by means
f its power and thermal output and the corresponding primary fuel
onsumption. Thus, (16) and (17) establish a relationship between
he grid-related adjustments of power and thermal output and the
esulting change in fuel consumption for back-pressure turbines (BKP)
nd extraction-condensing turbines (EXT), respectively.

𝑄̇PE
𝜓,𝑡 =

1
𝜂cond𝜓

⋅ 𝛥𝑃CHP
𝜓,𝑡

∀ 𝜓 ∈ 𝐵𝐾𝑃 , 𝑡 ∈ 𝑡

(16)

𝛥𝑄̇PE
𝜓,𝑡 =

1
𝜂cond𝜓

⋅ 𝛥𝑃 cond
𝜓,𝑡 +

1 + 𝜎𝜓
𝜂total,max
𝜓

⋅ 𝛥𝑄̇CHP
𝜓,𝑡 (17)
4

∀ 𝜓 ∈ 𝐸𝑋𝑇 , 𝑡 ∈ 𝑡
In case of PtH units, the change in power consumption is linked
to the change of the heat output via the time-dependent COP (18).
Furthermore, the change of power consumption added to the prede-
termined market-based operating point has to be within the feasible
technical limits derived from the installed capacities (19). The same
applies analogous for the change of thermal output and the predeter-
mined market-based thermal output of TES (21) and HOB (25). TES are
described by means of a linear system equation that incorporates level-
depended losses (20). Due to the implementation of the congestion
management simulation with no coupling between the single optimiza-
tion intervals in order to enable parallel solving, the initial and end
states of the TES are set to the (predetermined) market-based state of
charges (23)–(24).

𝛥𝑄̇PtH
𝜓,𝑡 = 𝛥𝑃 PtH

𝜓,𝑡 ⋅ 𝐶𝑂𝑃 PtH
𝜓,𝑡 ∀ 𝜓 ∈ 𝑃 𝑡𝐻 , 𝑡 ∈ 𝑡 (18)

≤ 𝑃 PtH,market
𝜓,𝑡 + 𝛥𝑃 PtH

𝜓,𝑡 ≤ 𝑃 PtH,max
𝜓

∀ 𝜓 ∈ 𝑃 𝑡𝐻 , 𝑡 ∈ 𝑡
(19)

TES
𝜓,𝑡 = 𝐸TES

𝜓,𝑡−1 ⋅ 𝜂
TES
𝜓 + (𝑄̇TES,market

𝜓,𝑡 + 𝛥𝑄̇TES
𝜓,𝑡 )

∀ 𝜓 ∈ 𝑇𝐸𝑆 , 𝑡 ∈ 𝑡 ⧵𝑡start

(20)

≤ |𝑄̇TES,market
𝜓,𝑡 + 𝛥𝑄̇TES

𝜓,𝑡 | ≤ 𝑄̇TES,max
𝜓

∀ 𝜓 ∈ 𝑇𝐸𝑆 , 𝑡 ∈ 𝑡
(21)

0 ≤ 𝐸TES
𝜓,𝑡 ≤ 𝐸TES,max

𝜓

𝜓 ∈ 𝑇𝐸𝑆 , 𝑡 ∈ 𝑡
(22)

TES
𝜓,𝑡 = 𝐸TES,init,market

𝜓

∀ 𝜓 ∈ 𝑇𝐸𝑆 , 𝑡 = 𝑡start
(23)

TES
𝜓,𝑡 = 𝐸TES,end,market

𝜓

∀ 𝜓 ∈ 𝑇𝐸𝑆 , 𝑡 = 𝑡start + 𝑡inter − 1
(24)

≤ 𝑄̇HOB,market
𝜓,𝑡 + 𝛥𝑄̇HOB

𝜓,𝑡 ≤ 𝑄̇HOB,max
𝜓

∀ 𝜓 ∈ 𝐻𝑂𝐵 , 𝑡 ∈ 𝑡
(25)

.3. System and grid-related constraints

In addition to the technology-specific constraints for the flexible
eating systems, technology-wide constraints responsible for ensuring
ower balances and grid constraints are introduced. The total power
djustments of all technologies must be balanced at each time step (26).
he adjustment per unit results from the superposition of positive and
egative actions of the corresponding unit (27)–(28).
∑

∈𝜃

𝛥𝑃𝜃,𝑡 +
∑

𝜓∈𝜓

𝛥𝑃𝜓,𝑡 = 0 ∀ 𝑡 ∈ 𝑡 (26)

𝛥𝑃𝜃,𝑡 = 𝛥𝑃+
𝜃,𝑡 − 𝛥𝑃

−
𝜃,𝑡

∀ 𝜃 ∈ 𝜃 ,∀ 𝑡 ∈ 𝑡
(27)

𝛥𝑃𝜓,𝑡 = 𝛥𝑃+
𝜓,𝑡 − 𝛥𝑃

−
𝜓,𝑡

∀ 𝜓 ∈ 𝜓 ,∀ 𝑡 ∈ 𝑡
(28)

Eq. (29) ensures that congestions are resolved in the undisturbed
ase for all grid elements from the set 𝑙 intended to be protected by
ongestion management.

𝑃max
𝑙,𝑡 ≤ 𝑃 (n-0)

𝑙,𝑡 ≤ 𝑃max
𝑙,𝑡

∀ 𝑡 ∈ 𝑡,∀ 𝑙 ∈ 𝑙
(29)

The power flow in the undisturbed case 𝑃 (n-0)
𝑙,𝑡 is determined by the

nitial flow 𝑃 init
𝑙,𝑡 prior congestion management modified by the changes

esulting from the congestion management measures (30).
(n-0)
𝑙,𝑡 = 𝑃 init

𝑙,𝑡 +
∑

𝑛∈𝑛

𝑃𝑇𝐷𝐹𝑛→𝑙 ⋅ 𝛥𝑃
RD
𝑛,𝑡 +⋯

...
∑

𝑛∈𝑛

𝑃𝑆𝐷𝐹𝑛→𝑙 ⋅ (𝛥𝛼+𝑛,𝑡 − 𝛥𝛼
−
𝑛,𝑡) (30)
∀ 𝑡 ∈ 𝑡,∀ 𝑙 ∈ 𝑙
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Table 1
Scenario data Germany.

Parameter Unit 2035

Generation capacities
Natural gas GW 48.2
Onshore wind GW 86.8
Offshore wind GW 30
Photovoltaics GW 117.8

Flexible heating systems
S-sa HPs GW 39
L-sb HPs GW 4
L-s EBs GW 2
TES in DHN GWh 80

a Small-scale.
b Large-scale.

The aggregated node power 𝛥𝑃 RD
𝑛,𝑡 after congestion management

s the sum of the operating point adjustments of all considered units
𝜃(𝑛) or 𝜓 (𝑛) at node 𝑛 (31).

𝑃 RD
𝑛,𝑡 =

∑

𝜃∈𝜃 (𝑛)
𝛥𝑃𝜃,𝑡 +

∑

𝜓∈𝜓 (𝑛)
𝛥𝑃𝜓,𝑡

∀ 𝑡 ∈ 𝑡,∀ 𝑛 ∈ 𝑛

(31)

To transfer the influence of the power changes at the nodes to a
ine 𝑙, these are multiplied by the underlying linear sensitivities Power
ransfer Distribution Factors 𝑃𝑇𝐷𝐹𝑛→𝑙 (32). Equivalently, the Phase Shift
istribution Factors 𝑃𝑆𝐷𝐹𝑛→𝑙 map the influence of a phase change 𝛥𝛼+𝑛,𝑡
r 𝛥𝛼−𝑛,𝑡 of a PST at node 𝑛 on the resulting power flow (33).

𝑃𝑇𝐷𝐹𝑛→𝑙 =
𝛥𝑃𝑙
𝛥𝑃𝑛

∀ 𝑙 ∈ 𝑙 ,∀ 𝑛 ∈ 𝑛

(32)

𝑆𝐷𝐹𝑛→𝑙 =
𝛥𝑃𝑙

(𝛥𝛼+𝑛,𝑡 − 𝛥𝛼
−
𝑛,𝑡)

∀ 𝑙 ∈ 𝑙 ,∀ 𝑛 ∈ 𝑛

(33)

In addition to the undisturbed case, the grid elements are also
rotected in the case of a failure. The (n-1)-criterion is considered for a
ossible contingency (C) of a line and represented by linear Line Outage
istribution Factors 𝐿𝑂𝐷𝐹𝐶→𝑙 (35). The influence of the contingency of

ine C is transferred to the power flows of the considered grid element
(34).

−𝑃max
𝑙,𝑡 ≤ 𝑃 (n-1)

𝐶,𝑙,𝑡 ≤ 𝑃max
𝑙,𝑡

∀ 𝑡 ∈ 𝑡,∀ 𝑙 ∈ 𝑙 ,∀ 𝐶 ∈ 𝐶
(34)

(n-1)
𝐶,𝑙,𝑡 = 𝑃 (n-0)

𝑙,𝑡 + 𝐿𝑂𝐷𝐹𝐶→𝑙 ⋅ 𝑃
(n-0)
𝐶,𝑡

∀ 𝑡 ∈ 𝑡,∀ 𝑙 ∈ 𝑙 ,∀ 𝐶 ∈ 𝐶
(35)

. Scenario and results

To test the functionality of the models and assess the contribution of
lexible heating systems for transmission grid congestion management,
imulations for the target year 2035 are carried out and evaluated.
he scenario is based on the federal German network development
lan (2021, [15]) and the Distributed Energy scenario from the ten
ear network development plan (2020, [16]). Key figures of generation
nd flexible heating capacities for the German system are listed in
able 1. The underlying grid model refers to the interconnected system
f continental Europe. The grid expansion status for Germany is based
n [15], which is characterized by a considerable expansion of HVDCs
long the corridor from north to south. The pan-European transmission
rid consists of approximately 4000 nodes and 6000 branches. The
xtended congestion management simulation is focused on the German
ransmission grid, which is represented by approximately 680 nodes
5

nd 800 branches.
Table 2
Electric and thermal redispatch volumes.
TWhel Base Flex TWhth Base Flex

RES (−) 24.24 23.53 RES (−) 0 2.16
PP and dummy (−) 15.16 14.65 CHP (−) 8.31 9.56
S-s HPs (+) 0 2.31 L-s PtH (−) 0 9.97
L-s PtH (+) 0 3.22 HOB (−) 3.59 2.58
PP and dummy (+) 39.4 37.11 RES (+) 2.16 2.77
S-s HPs (−) 0 2.31 CHP (+) 7.56 10.72
L-s PtH (−) 0 4.29 L-s PtH (+) 0 6.73

HOB (+) 2.18 4.05

The experimental setup consists of two simulation runs that differ
in terms of flexibility provision from heating systems. In both cases, all
electricity-based heating systems are considered flexible within their re-
spective bounds and have the technical requirements necessary to react
to price or grid signals. In the base case (base), flexibility from heating
systems is only provided to the electricity market and the congestion
management scheme is carried out without adjusting the operating
points of heating systems. In the comparative case (flex), flexibility is
first provided to the market, but now the operating points of flexible
heating systems can be adjusted within the congestion management
resulting in additional degrees of freedom for the optimization. The
models and simulations have been implemented and carried out using
MATLAB ver. R2022a in combination with the toolbox for optimization
modeling YALMIP and Gurobi Optimizer 10.0.3 [17–19]. Generally,
the simulation is divided into 52 intervals, each interval consisting of
168 h, that encompass the entire target year. Although, due to the
complexity of the time-coupled simulation and to achieve reasonable
computation times, it was necessary to decompose the optimization in
the flex case from 168 to 24 h intervals to determine the operating
points of small-scale HPs. These operating points are then used as inputs
for an optimization with an interval length of 168 h. The simulations
have been carried out on a workstation using 16 cores on AMD EPYC
7502P with 256 GB RAM. The original formulation considering small-
scale HPs and an interval length of 168 h did not find a feasible
solution within 72 h. The decomposed optimization with small-scale
HPs provided results in approximately 6 h (24 h interval) and 4 h
(168 h interval).

Table 2 shows the electrical and thermal redispatch volumes for the
base and flex case. In both the electric and thermal domain, consider-
able amounts of positive and negative power adjustments have been
carried out in the congestion management simulation. The integration
of flexible heating systems leads to a minor, but significant decrease in
conventional redispatch and RES curtailment volumes in the electricity
domain. The amount of RES curtailment is reduced by 0.71 TWh indi-
cating the positive effect of flexible heating systems for the integration
of RES. Furthermore, negative and positive conventional redispatch
volume is decreased by 0.51 TWh and 2.29 TWh, respectively. The
reduction of the conventional redispatch and RES curtailment volumes
lead to a cost saving regarding the total variable system cost of approx-
imately 5% between the flex and base case. Interestingly, the amount
of positive and negative large-scale PtH volumes do not balance each
other out meaning that in the flex case an overall curtailment of PtH
units has been carried out. This is enabled by the potential alternative
heat provision in DHNs via thermal RES, CHP plants and HOB. Thus,
the PtH curtailment propagates to the thermal domain resulting in
thermal redispatch volumes. The curtailment of 2.83 TWh thermal feed-
in from PtH units is primarily compensated by HOBs (+1.47 TWh) and
CHP units (+1.16 TWh). Considering the spatial distribution of thermal
redispatch volumes (Fig. 2), two effects can be observed. (i) A decrease
in large-scale PtH consumption frequently occurs in conjunction with
an increase of thermal power output from CHP units resulting from the
conventional electricity redispatch. (ii) An increase in PtH consumption
frequently occurs in regions with RES surplus as can be seen for

example in the eastern and south-eastern parts of Germany.
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Fig. 2. Left: Annual redispatch volumes in the electricity domain for the flex case. Right: Annual change of PtH consumption for the flex case.
Fig. 3. Distribution of operating points of large-scale PtH units in DHN.

In addition to the change of spatial power consumption of PtH units,
a change in the temporal distribution can also be observed. Fig. 3
depicts the frequency of operating points of large-scale PtH units for
the market-driven and grid-aware operation scheme. In the grid-aware
scheme, a strong decrease of full-load (6 GW) operation hours can be
observed indicating the grid-related curtailment of maximum power
consumption. Furthermore, the total decrease of 1.07 TWhel electricity
consumption from large-scale PtH (see Table 2) is noticeable.

In case of small-scale HPs, no alternative heating source at the
house level is available. Thus, the grid-aware operating scheme yields
no change in the regional distribution of annual consumption figures.
Nevertheless, small-scale HPs can offer short-term flexibility which is
illustrated by a change in their temporal consumption pattern. Fig. 4 il-
lustrates three different operating strategies for small-scale HPs, namely
uncontrolled, market-driven and grid-aware. The uncontrolled opera-
tion has been determined based on a standard load profile approach
and exhibits a comparatively uniform characteristic. In case of market-
driven operation, a high simultaneity can be observed during times
with high RES supply or low electrical demand that occurs typically
6

Fig. 4. Snapshot of uncontrolled, market-driven and grid-aware operating scheme of
small-scale HPs for two days.

during midday or in the early morning. The grid-aware operation shows
a similar pattern, but with reduced peaks in order to reduce grid
congestion.

Flexibility in DHNs is enabled to a large extent by the integration
of large-scale TES. Fig. 5 illustrates the positive correlation between an
increase in PtH consumption and an increase in TES charging and vice
versa for the 24 and 168 h optimization interval. This indicates that
TES in combination with PtH are a suitable option to virtually store
electricity in the heating domain. Furthermore, the stronger correlation
in the 168 h optimization interval shows that the interval length has a
strong influence on the operation of PtH und TES units in DHNs and
suggests that TES are a suitable long-term storage option for RES.

4. Discussion and conclusion

In what follows, a few caveats of this study will be discussed.
First, it has been presumed that all small-scale HPs have the technical
equipment and the willingness of the users to be operated in a flexible
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Fig. 5. Correlation of change of operating points for large-scale PtH and TES.

manner. Considering the additional costs for the equipment necessary
and potential comfort losses resulting from the flexibility provision,
the overall practicability has to be scrutinized. Furthermore, no restric-
tions from the distribution system have been considered in this study.
Taking into account the high simultaneities of small-scale HPs, a prior
distribution-system-related curtailment of power is conceivable. These
limitations apply mainly to small-scale HPs and to a lesser extent to
industrial-size units which can be connected to higher voltage levels
and which are typically operated by corporations stronger driven by
monetary incentives than individual households. Nevertheless, the pre-
sented models are formulated in a general way and can also be applied
to distribution system congestion management. The spatial scope of the
congestion management case study has been the German transmission
grid which in future works should be extended to also include other
European countries with their particular generation and load compo-
sition to evaluate the transferability of the findings. The evaluations
have been carried out using the multi-stage sequential optimization
model MILES that emulates the European market design. MILES is a
fundamental simulation framework that does not consider investment
costs for flexibility provision. The results of the optimization show a
strong sensitivity regarding the interval length of the optimization. In
our case, the length has been set to 168 h to guarantee solving within
an acceptable time period. Future work should include the development
of adequate procedures to reduce the complexity of the optimization in
order to better assess the long-term storage capabilities of large-scale
TES and other storage types.

Overall, the results confirm the functionality of the developed mod-
els and show the importance of an adequate representation of the
heating sector for transmission grid congestion management. The dis-
tinction between individual small-scale building HPs and large-scale
PtH units located in DHNs enables a profound analysis and evaluation
of the contribution of flexible heating systems for transmission grid con-
gestion management. In case of small-scale HPs, a grid-aware operation
can reduce the resulting peak loads and contribute to grid alleviation,
but due to high simultaneities during cold periods, relative high losses
and small storage volumes, their flexibility provision with regards to
annual redispatch volumes can be considered small. In contrast, while
representing only a fraction of the total PtH capacity – 6 GW out
of a total of 45 GW – large-scale PtH units have a stronger impact
on the transmission grid congestion management. This can mainly be
attributed to three characteristics: PtH units in DHNs can be coupled
with large-scale TES (i) offering significant storage capacities while (ii)
maintaining comparatively low losses. Furthermore, they can generally
be operated with high flexibility due to (iii) opportunities resulting
7

from diverse asset portfolio in DHNs including CHP plants which pose
an important complementary part. The interaction between the elec-
tricity and the heating sector culminates in corresponding redispatch
volumes in the heating domain.

These findings are in line with the current state of affairs and illus-
trate the potential of DHNs for the integration of RES and transmission
grid congestion management. Thus, the presented models and findings
can be a starting point for further research considering different target
years and scenarios. Two intriguing questions would be the evaluation
of grid expansion measures considering the flexibility of heating sys-
tems and the determination of an optimal capacity allocation of units
in DHNs to optimize the overall energy system.
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