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The increasing integration of renewable energy sources into power grids introduces operational challenges due to
their time-varying electricity supply and limited predictability. Building-grid interaction (BGI) signals have
emerged as a strategy to enhance energy flexibility, yet their impact on distribution transformer performance and
aging remains underexplored. This study investigates the role of single vs. sequential BGI signals in two energy-
efficient building clusters in Germany and Switzerland, using a co-simulation framework that integrates building
performance simulation tools with numerical computing methods. Single BGI signals, such as electricity price
and COqeq intensity, were compared to sequential BGI signals, which incorporate a transformer critical status
signal to dynamically adjust flexibility responses. The results reveal distinct impacts on transformer aging and
grid stress between the two clusters. In the German building cluster, sequential BGI signals effectively mitigated
demand-driven transformer stress, reducing aging compared to single-signal cases, which impacted peak loads.
Conversely, in the Swiss building cluster, photovoltaic feed-in was the dominant aging factor. Here, single BGI
signals slightly lowered aging through improved self-consumption, while transformer critical status signals oc-
casionally increased aging by reducing self-consumption during overload events. Across both clusters, energy
and cost savings were analysed, with building-grid interaction signal integration successfully maintaining
thermal comfort boundaries. These findings provide insights for energy flexibility aggregators on the potential
trade-offs between grid stability, economic efficiency, and emission reductions in flexible building operations.

1. Introduction

In response to the global challenge of climate change, many nations
have committed to achieving net-zero carbon emissions by 2050 [1]. A
key strategy in this effort is the widespread deployment of renewable
energy systems (RES) to decarbonise the power grid. However, as na-
tions transition from traditional high inertia-based power generation to
time-varying, low-inertia power generation from RES, they face signif-
icant operational challenges. Renewable energy sources, such as wind
and photovoltaic (PV), are inherently variable, making it challenging to
reliably predict power generation levels [2]. Such variability in energy
supply can create stability issues for the power grid, particularly as RES
penetration increases. To address these challenges, a whole-systems
approach is required — one which incorporates the building sector as
part of the solution. Building services, including heating, ventilation,
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and air conditioning (HVAC), thermal storage, energy generation,
electrical storage systems and building automation systems, play a
crucial role in this integration [3,4]. Building grid interaction (BGI) can
be used to provide advanced services such as demand-side management
(DSM). As the demand for electricity in buildings grows, driven by
increased use of heat pumps and electric vehicles, the mismatch between
renewable generation and consumption peaks becomes more
pronounced.

The current power distribution networks were not designed to
accommodate the energy transition [5], and their capacity may not be
sufficient to meet the needs of widespread electrification as a major
overload situation may occur for the distribution transformer [6]. For
instance, full electrification of heating systems could increase peak
electricity demand by 170 %, necessitating a 160 % expansion of grid
capacity in the UK [7]. Besides, traditional power grids operate using a
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top-down approach, with one-way power flows from centralised gen-
erators to consumers [8]. However, the rise of decentralised energy
sources, like rooftop PV, has introduced bidirectional flow [9], requiring
a transition to smart grid systems for improved flexibility and resilience.
Smart grids facilitate a high level of coordination between buildings and
the power grid enabling more efficient energy management [10]. Uti-
lising the information provided by smart grid systems through a control
signal, the interaction between a building and the power grid can be
exploited for operational optimisation [11]. BGI goals are linked to the
optimisation or operational objectives of smart grid systems [12] such as
frequency regulation [13] and voltage control to prevent fluctuations
and maintain a reliable power supply [14]. Pricing also plays a crucial
role, such as dynamic pricing schemes incentivise consumers to change
their energy use during peak periods [15]. Furthermore, emissions-
based signals encourage energy use when grid emissions are at their
lowest, or when the supply of renewable energy is plentiful, thereby
contributing to the decrease of greenhouse gas (GHG) emissions [16].
Load-based flexibility also features through programs for demand
response and load-shifting, which serve to alleviate grid strain by
modifying consumption during peak times, thereby enhancing stability.

On the other side, the effectiveness of these signals depends on their
ability to transparently convey the value of flexibility to end-users. For
instance, using a single control signal across a cluster of buildings can
lead to unintended consequences. If all buildings respond to the same
signal simultaneously, such as a favourable electricity price, this
synchronised behaviour can overload the grid and cause congestion
[17,18], bringing adverse peak-shifts and rebound peaks [19], which
can destabilise the power grid. There is a positive motivation behind
using a single signal, but it may lead to operational drawbacks, including
distribution transformer overutilisation and accelerated aging, which
can compromise the overall efficiency and reliability of power grid
operation.

Existing BGI studies focus on single control signals such as price and
CO; [19,20] but overlook their impact on transformer stress and aging.
Research on optimized signals has improved joint influence of different
single signals as price and COg, but lacks real-time power grid respon-
siveness [21]. [22] showed different agent functions such as price and
grid stress signal from a peer-to-peer platform. By cooperating two
different signals, the grid stability is always controlled while aiming cost
effective operation. Similarly, [23] introduced a genetic algorithm-
based flexibility optimization model, balancing grid stability and
financial incentives. This approach optimizes electrical vehicle charging
flexibility to reduce congestion costs. While they effectively reduce
short-term costs and congestion, they do not incorporate transformer
operational status. [24] developed a transformer model to assess aging
impacts under varying load conditions, but their analysis was limited to
signal-unaware demand scenarios. A more transformer-aware flexibility
model was presented by [25], who developed a multi-stage optimization
framework integrating home energy management systems and peer-to-
peer trading. Their approach ensures grid-friendly flexibility activa-
tion by imposing transformer overload risk limits; however, their control
approach does not include immediate operational changes to avoid
transformer overload.

To this end, introducing additional signals is necessary to overcome
operational challenges and ensure stable grid operation. Despite sig-
nificant advancements in BGI research, several critical gaps remain:

e Priority between objectives: Current studies lack a systematic anal-
ysis for quantifying the relative impact of signals —such as cost and
grid stability- within control strategies.

e Localized grid constraints: Grid-level impacts, such as distribution
transformer operation status as overloading and fastened aging, are
underexplored under dynamic signal scenarios.

e Sequential signal operation: Few studies have evaluated the effec-
tiveness of sequential signals in mitigating transformer overload
while maintaining BGI operation.

Energy & Buildings 346 (2025) 116235

e Heterogeneity in building clusters: Most research focuses on one
building cluster, failing to address the diverse properties and be-
haviours of different clusters.

Tackling these challenges, this study aims to examine the impacts of
control signals on building clusters and power grid operation, by
comparing the effects of single versus sequential penalty signals on
distribution transformer performance and lifespan; a novel contribution
to the field, as this is a previously underexplored aspect with significant
implications to both the buildings, power grid networks and their in-
teractions. However, the term “penalty signal” may carry negative
connotations, making it less effective for engaging stakeholders,
particularly in commercial contexts [26]. To address this, we propose
the term “building-grid interaction signal” (BGI signal). A BGI signal is
defined as “a dynamic signal that prompts adjustments in a building’s
systems or services to align with operational goals and external factors
such as grid service requirements”. Unlike penalty signals, BGI signals
are not restricted to cost-specific factors and can encompass multiple
control variables, offering a more inclusive and stakeholder-friendly
approach to demand response initiatives. The literature outlines
several types of BGI signals that can be applied to buildings:

1 Single BGI signal

A single signal is employed to achieve or optimise for a specific
objective, such as minimising energy costs or reducing GHG emission
[20,27]. This approach is straightforward, as it focuses on one parameter
without accounting for trade-offs with other objectives.

2 Optimised or Compound BGI signal

Multiple parameters are simultaneously considered within a single
signal, enabling a balance between objectives such as energy costs and
GHG emission saving [28,29]. This requires pre-processing to generate a
combined BGI signal at each time step. The process often involves a
decision tree or weighted balancing method, where weights are assigned
based on the importance of each parameter or the overall optimisation
objective. This type of signal is particularly suited to scenarios where
trade-offs between competing objectives must be resolved dynamically.

3 Sequential BGI signal

Multiple signals are applied concurrently, but only one signal is
active at any given moment, based on a predefined priority hierarchy.
For example, a baseline signal might optimise energy costs to minimise
operational expenses. However, if a critical event occurs — such as power
instability — a higher-priority signal is activated to address the urgent
need for demand change. During this period, the priority signal
temporarily overrides the baseline signal to tackle the greater issue.
Once the issue is resolved, the system reverts to the baseline optimisa-
tion signal.

Sequential signals directly address the localized constraints by
incorporating real-time feedback from grid infrastructure, such as
transformer load and hot spot temperature (HST). However, the studies
evaluating their impact on grid operations, particularly in the context of
transformer aging, are limited. The integration of dynamic BGI signals
into such models remains an open research question. This study focuses
on these gaps by:

— Developing a co-simulation framework to evaluate the impacts of
sequential BGI signals on building clusters and power grid operations.

Building performance simulations (BPS) are conducted in a co-
simulation environment to analyse the use of single signals such as
electricity unit price and power grid electricity carbon dioxide equiva-
lent (CO2eq) intensity in BGI operation, focusing on building clusters
from Germany and Switzerland.

— Quantifying transformer aging and HST fluctuations under dy-
namic signal scenarios using sequential signals.

After performing the simulations using a single signal, further simu-
lations were performed using a sequential signal arrangement; consid-
ering a single signal alongside a transformer critical status (TCS) signal,
to evaluate the impacts that multiple signals (two signals are applied in
the scope of this research) can have on flexibility objectives and grid
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stability across building clusters. The distribution transformer model,
which was used to create the TCS signal and calculate transformer aging,
complies with the principles specified in the IEC 60076-7 standard [30].
Consequently, the distribution transformer load, energy costs, GHG
emissions, distribution transformer aging and the indoor thermal com-
fort results are presented in this research.

The paper is structured as follows: Section 2 introduces the meth-
odology, including the two investigated building clusters, a description
of the signals used, and the numerical setup. In Section 3, the results of
cluster and distribution transformer operation based on different signals
are presented. Section 4 examines the context of different building
cluster analysis, concluding with this study’s key findings and outlining
directions for future work.

2. Methodology

This research analyses two building clusters located in Germany and
Switzerland as part of the IEA EBC Annex 82 — Energy Flexible Buildings
Towards Resilient Low Carbon Energy Systems framework, which in-
volves researchers from multiple institutions. The distinct characteris-
tics of the case study areas, including country-specific standards,
regulations, and operational practices, necessitated the application of
different methodologies. Additionally, the institutions conducting the
research employed varied BPS tools and numerical methods, reflecting
their approaches. These differences, while inherent to international
collaborations, contribute to a broader understanding of BGI by show-
casing diverse strategies for building operations and control. The pre-
sented work represents a unified effort to address these variations and
integrate insights from different contexts. This research does not aim to
directly compare the clusters but rather to analyse them independently
to understand how BGI signals function in distinct operational settings.
The description of the clusters, BGI signal used, simulation cases,
applied control strategies and numerical setup of co-simulation envi-
ronments are described in the following section.

2.1. Cluster definition — Wuppertal, Germany

As part of the Solar Decathlon Europe 21/22 competition, which was
organised in Wuppertal, Germany, 18 teams designed and built energy-
efficient solar powered houses [31]. For further research activities to be
conducted under the “Living Lab NRW” project, eight of these buildings
remained in Wuppertal (Fig. 1). Wuppertal’s climate is characterised by
moderate winters and summers, with a long-term mean annual tem-
perature of 10.5 °C and a total global solar radiation of 942 kWh,/m? per
year [32].

The buildings in the cluster were designed for residential use and
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exhibit considerable variation in size, with total net floor areas ranging
from 67 m? to 155 m? and a combined living space of 850 m? (970 m?
gross area), as well as differences in roof types. During the modelling
phase of the buildings, limited monitored data was available. As a result,
the building models may not fully represent actual performance.
Nevertheless, the models were developed mainly based on data obtained
during the project development phase. However, for the research pur-
poses in this paper, the energy systems and their setpoints were modified
and the obtained data from BPS were used for the paper analysis. Each
building has unique thermal characteristics and HVAC system configu-
rations tailor to their design purposes. In the existing arrangement, all
buildings are equipped with heat pumps, some have specific designs to
achieve passive heating and/or cooling. In this research, each building’s
HVAC was considered as a reversible air source heat pump with a
thermal size of 10 kW and coefficient of performance (COP) of 4.4. The
calculated space heating demand is 61 kWh/m? per year in the cluster.
Additionally, the energy system of each building was modelled with two
separate thermal storage tanks, each with a capacity of 500 L (for
increased flexibility) —one designated for hot water, which is utilised
for both space heating and domestic hot water, and one for cold water
storage. The supply temperature for hot water utilised in space heating
was modulated according to an ambient temperature-dependent heating
curve (HC). Domestic hot water was charged for two hours during the
day at a fixed 55°C temperature. The indoor temperature setpoints were
established at 21 °C during the heating season and 25 °C during the
cooling season. Certain houses were equipped with ceiling radiant
heating systems, whereas others were fitted with floor radiant heating
systems to serve as their primary heating and cooling room units. The
indoor CO3 level was maintained in the range of 400 ppm to 1000 ppm
through mechanical ventilation in two buildings, while the remaining
six buildings were ventilated naturally using automated window con-
trol. Each house also has its own PV panels with different orientations
but a capacity of 2.5 kWp. No electrical energy storage systems were
modelled in this research.

Each building had a distinct electrical load profile derived from
lighting, equipment, and plug-in loads, in addition to the HVAC system
demand. These profiles were correlated with a unique occupancy
schedule. The cluster energy model was developed in a BPS tool where
the actual recorded weather data for Wuppertal, Germany (by a local
weather station) over an entire year is used. The energy model of the
cluster, representing the baseline case (signal-unaware scenario), was
developed with the actual thermal characteristics of each building
defined. The calibrated model was obtained by the monitored data as
described in [34]. However, the energy plants were modelled as non-
electrical systems in the BPS tool to determine the transformer capac-
ity before electrification

Fig. 1. The Wuppertal cluster buildings simulated in this work (Ref: © Sigurd Steinprinz, University Wuppertal).
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2.2. Cluster definition — Basel, Switzerland

This building cluster comprises eight single-family terraced houses
that were modelled on existing houses located in Basel, Switzerland
(Fig. 2). The climate in Basel has moderate winters and summers, with
an annual mean temperature of 11.2 °C and a total global solar radiation
of 1273 kWh/m? per year. The data used was derived from the most
recent 15 years (2007-2021) [35]. The total gross floor area is 137 m?
(net floor area 114 mz) for each building, which are of solid-wall con-
struction (brick wall, concrete floors/ceilings), without basement and
oriented south/north. The top level of the pitched roof is unheated. The
building models retain only the geometric form of existing buildings,
reflecting their actual physical shape. However, all other modelling
parameters were based on assumptions in accordance with the SIA 380/
1 standard. Based on the modelling assumption, each house has a
heating demand of 38.6 kWh,/m? (gross floor area per year) according to
[36].

For the modelling purposes, a brine-to-water heat pump with a
thermal capacity of 15 kW and a COP of 3.5 was used for each building
to meet their heating and domestic hot water demands. Each heat pump
fed a 300-liter buffer tank and a 200-liter domestic hot water tank
(HWT). The heat was emitted via radiators that draw their heat from the
buffer tank. The domestic hot water was produced for two hours in the
early morning during the whole year. During summer, between the 1st
of May and the 15th of September, the heat pump heating function was
switched off and, no mechanical cooling was implemented in the cluster.
All buildings have roof mounted south-facing PV systems at 40° incli-
nation. Two buildings have a PV-system with a capacity of 1.5 kWp and
the other six buildings 3.0 kWp.

Eight unique household electricity load profiles based on 10-minute
increments were used [37] and varied between 7.6-23.5 kWh/m? per
year. The daily occupancy profiles were based on Swiss standard [38]
and were customised for each building, alongside daily hot water usage
— both apply to all days of the year.

Ventilation was modelled based on a fixed daily window-opening
behaviour, with windows opened four times a day for 10 min each as
given in the reference [39]. The four ventilation times vary for each
building, and they were independent of the ambient temperature. The
range of the ventilation times for all buildings was in the morning be-
tween 6:50 — 8:20, after lunch between 13:10-14:50 (except of one
building: 17:30-17:40), in the early evening between 18:40-20:20 and
late in the evening between 21:50-23:20 as given in the supplementary
document — Fig. 1. The radiators were switched off during ventilation
times; however, the heat pumps continued to charge the buffer tanks if
the monitored temperature fell below the setpoint. In midsummer, be-
tween the 15th of June and the 15th of August, additional nighttime
natural ventilation was provided in the upper rooms between the eve-
ning and morning ventilation time in each building. The external blind
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was activated when the solar radiation on the outer facade exceeds 120
W/m? for two buildings and 150 W/m? for the other buildings. The
building energy models were created using DesignBuilder [40] and
simulated using EnergyPlus [41] at 10-minute simulation steps. In
Table 1, the key parameters of both clusters are given.

2.3. Building-Grid interaction signals

Sequential BGI signals differ from single or optimized signals by their
dynamic prioritization mechanism, as described in Section 1, which
activates specific signals based on predefined grid conditions, such as
transformer overload, cost or GHG emission. Unlike single-signal ap-
proaches, sequential signals aim to balance competing objectives by
integrating real-time feedback from the grid into control strategies. This
study incorporates a novel sequential signal framework that evaluates
the impacts of combining price- or CO,-driven signals with TCS signals,
thus addressing previously unquantified trade-offs between energy
flexibility and grid stability.

2.3.1. Price-driven and emissions-driven Building-Grid interaction signal
Day-ahead prices (DAH) (before tax and surcharge) were utilised as

the electricity unit price, with data accessible on the ENTSO-E Trans-

parency Platform [42]. Similarly, CO2eq intensity data was obtained

Table 1
The key parameters of the clusters.

German building cluster Swiss building cluster

137 m? (gross) for each
building - in total 1080 m?
(gross)

8 heat pumps — each with a
thermal capacity of 15 kW
and 3.5 COP

No mechanical cooling

Area Ranging from 67 m? to 155 m?
(net) — in total 850 m? (net)

Heating system 8 reversible heat pumps —

each with a thermal capacity

of 10 kW and 4.5 COP

8 reversible heat pumps and 8

tanks — each with a volume of

Cooling system

500 L
HWT 8 combi tanks — each with a 8 tanks — each with a
volume of 500 L volume of 200 L
Buffer tank No 8 tanks — each with a
volume of 300 L
DHW From HWT From HWT
PV 2.5 kWp 1.5/3.0 kWp
Space heating 61 kWh/m? 38.6 kWh/m?
demand
(Thermal)
Space cooling 26 kWh/m? No mechanical cooling
demand
(Thermal)
Cluster total peak 11.5 kW 13.6 kW
demand
(Electrical)

Fig. 2. The Swiss building cluster simulated in this work (Ref: © Monika Hall).
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from the Electricity Maps — Data Portal [43]. Both datasets are from
2023 - they are freely accessible and provided in hourly resolution. DAH
are announced every day around 12:00 pm and present the dynamic
electricity unit prices for the next entire day. For the purposes of this
research, it was assumed that the bidding process in the DAH market was
successful throughout the year. This assumes that the building is part of
an aggregator’s portfolio, enabling participation in the DAH market.
Utilising this information, the building energy systems were optimised
to use economic operation (i.e., objectively minimise operational costs)
by controlling building energy systems within specific indoor thermal
comfort setpoints. Accessing average emission data before energy price
data is not easy. However, there are some studies that conduct forecasts
using artificial intelligence technology, allowing such a signal to be used
for environmentally friendly operation of the energy system. In this
research, the German and Swiss datasets for price and emissions were
exploited under the assumption that the datasets are known 24-hours in
advance.

2.3.2. Transformer Building-Grid interaction signal

To generate a TCS BGI signal, a transformer model developed using
IEC 60076-7 standard [30] was used in this study. The transformer’s
rated power was obtained by considering the peak cluster load observed
over a year, before the use of available energy flexibility to modify the
buildings’ load according to the considered BGI signals. In practical
applications, transformer design typically includes a security factor
above the peak expected load to ensure operational safety. However, in
this study, the transformer capacity was intentionally set equal to the
peak load of the building cluster, without an additional safety margin.
By not incorporating a built-in safety margin, the model exposes the
transformer to its full load potential, thereby enabling a more sensitive
evaluation of how BGI signals influence transformer heating, aging, and
overloading. Since all control strategies and simulations were bench-
marked using the same transformer capacity across cases in the specific
cluster, the relative differences in aging and critical status are internally
consistent and valid for comparison. Although absolute aging values
might vary with a different transformer sizing strategy, the observed
trends and relative performance of BGI signals remain robust.

The broader district typically consists of a large number of buildings
(e.g. more than 50) that are connected to a shared transformer. How-
ever, for the purpose of this research, we focused on a smaller repre-
sentative cluster of eight buildings in to balance computational
complexity with a realistic level of detail. While in practice, a trans-
former would not be dedicated solely to this limited number of build-
ings; we scaled the transformer size in our models to match the
aggregated peak demand of the simulated cluster under baseline con-
ditions. This approach allowed us to isolate the impact of BGI signals on
transformer performance under computationally manageable condi-
tions. This resulting transformer capacity is therefore hypothetical, yet
aligned with the actual load profile of the selected buildings.

The yearly power demand of the cluster is output at one minute
resolution by the BPS tool. The highest demand value was found to be
11.5 kW and 13.6 for the German and Swiss building cluster, respec-
tively which was used as the transformer capacity for the simulation
scenarios executed in this research. It is important to note that a dis-
tribution transformer in real operation would have higher rated power
values, for that reason, the model used based on IEC 60076-7 standard
considers the load factor, i.e., absolute load normalised to the rated
power, and not the absolute load.

This sizing approach allows future increases in peak load (e.g.,
resulting from increasing electrification and integration of PV systems)
as the transformer does not operate above nominal power during the
baseline scenario. At a constant transformer HST of 110 °C, the lifetime
of a transformer is specified as 180,000 h, which corresponds to
approximately 20.5 years. Since the transformer HST varies depending
on the transformer utilisation and the ambient temperature, this must be
calculated for each time step. If the transformer HST in the time step is
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lower than 110 °C, the lifetime is extended; if it is higher, it is shortened.
This results in equivalent aging days. A higher number of equivalent
aging days corresponds to a faster transformer aging.

The method from IEC 60076-7 was used to calculate the transformer
HST and transformer aging. In [24], the standardised method according
to IEC 60076-7, for calculating the transformer HST and equivalent
aging based on one minute time steps was presented as a difference
equation.

In this research, when the transformer HST exceeded 110 °C, TCS
BGI signal was switched from zero to one (inactive to active). When this
BGI signal became active, it suspended the price or COzeq intensity
driven operation. More information about the utilisation of these signals
is provided in Section 2.4.

2.4. Simulation scenarios

Two single BGI signals, specifically, DAH (€/kWh) and COzeq in-
tensity (gCO2eq/kWh) were used in the building simulations, as
described in Section 2.3.1. To conduct the sequential signal analysis,
each of these two signals were paired separately with a TCS signal (given
in Section 2.3.2) in order to consider the transformer HST. This way it is
possible to also evaluate the impact of these signals on building and
power grid operation. In total, five different operation simulation sce-
narios were developed for each of the building clusters as presented in
Fig. 3.

The baseline case of a cluster — the REF case was simulated as a
reference scenario (no BGI load management is applied) to compare to
BGI cases. In the single BGI signal cases, DAH (the DAH case) and COseq
intensity signals (the COy case) were used to perform economic and
environmental operation, respectively. Their impact on the power grid
operation was analysed separately by incorporating TCS BGI signal in
the DAH_TR case “DAH and transformer critical status” and “electricity
CO9eq intensity and transformer critical status” in the CO5_TR case.
More information about the utilisation of DAH, electricity COgzeq in-
tensity and TCS signals as drivers of the cluster control strategies are
given in Section 2.5.

2.5. Building cluster control strategies

The basic assumption for the BGI is that a building operates in an
economical or environmental-friendly manner. In this way, power de-
mand is used to a greater extent when DAH or GHG emissions are low, or
‘favourable’; conversely, higher or ‘unfavourable’ BGI signal values
would trigger reduced demand. To define the ‘favourable’ and ‘unfav-
ourable’ hours, an interquartile analysis was applied to categorise the
signals for each day. This resulted in, six hours of low (favourable), six
hours of high (unfavourable) and 12 h of medium (nominal) signal

Basaline REF Case:
The reference
Sl DAH Case: CO, Case:
BGIgsi nal DAH €Oeq
& intensity
Sequential
BGlI signal

Fig. 3. The simulation cases performed in this research.
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categories being established. This process was repeated for each simu-
lation day based on the new daily BGI signal values. During low signal
periods (< 25 % daily quartile), DAH and COeq intensity are more
favourable, allowing the building to operate at a lower cost or in a more
environmentally friendly manner compared to the nominal operation.
Conversely, during high signal periods (> 75 % daily quartile), prices
and emissions are at their peak, leading to more expensive or less
environmentally friendly building operation. Similar methodology was
applied in the previous researches [16,44,45]. The illustration of price
categorization using quartile analysis for an example date is included in
the supplementary document — Fig. 2. Within the examined cases,
ensuring thermal comfort remains a primary constraint at the building
level.

In this framework, the control strategies were established based on
the defined signal categories and rule-based control was implemented.
In the German building cluster, the temperature of the hot and cold
water storage tanks were controlled, whilst in the Swiss building cluster
the temperatures of the indoor air, buffer and domestic hot water tanks
were directly controlled. This approach indirectly manipulated the
operation of the heat pump in both cases. It was assumed that all houses
in the clusters receive the same signal simultaneously and reacted
homogenously. During low (favourable) operating periods, the buildings
were thermally charged by increasing the setpoints during the heating
period. When the BGI signal entered the high (unfavourable) category,
the setpoints were adjusted to slightly lower temperatures to reduce
costs/emissions. During medium (nominal) operating periods, the set-
points remained at the same level as in the REF case. It should be noted
that in the German building cluster, the heat pumps operated during the
cooling season with setpoints adjusted using a similar methodology.
However, in the Swiss building cluster, no active BGI signal was applied
during the cooling season as there is no mechanical cooling operation.

Table 2 shows the heating season setpoints for the indoor air tem-
perature and the HWT for both clusters respectively. Only the space
heating buffer tanks and domestic hot water tank in the Swiss building
cluster had direct setpoint temperature control. In the German building
cluster, a HC (responding to the ambient temperature) determined the
HWT setpoint temperature. Depending on the BGI signal, the tempera-
tures were set to different levels, whereby the medium (nominal) set-
point temperatures were the standard HC values of the REF case
operation. In low and high BGI signal periods, the setpoint was increased
or reduced, respectively, by 5 °C than the HC value applied in the REF
case. In cooling season, the cold-water tank was charged by 5 °C lower
and 5 °C higher compared to the REF case cooling curve temperatures,
when the BGI signal was at low and high level, respectively. Domestic
hot water was charged for two hours during the day at a fixed 55°C
temperature, and BGI strategies were not applied to its operation. Prior
BPS studies for the German building cluster showed that the indoor
temperature was maintained between 21 °C and 25 °C within this HWT
temperature ranges. Therefore, there was no additional control strategy
applied to retain indoor temperatures. In the Swiss building cluster, the
indoor air temperatures were directly controlled based on the BGI
signal, e.g. 23 °C and 18 °C were assigned during low and high BGI

Table 2
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signal periods, respectively. When the BGI signal was at medium
(nominal) levels, 21 °C was applied as in the REF case. If a setpoint of
23 °C was required, more heat from the buffer tank was used to supply
the radiators and the buffer tank temperature increased from 50 °C to
55 °C. If the setpoint was at 18 °C, then, the buffer tank set point was set
to 40 °C. Additionally, in the Swiss case, domestic hot water was sup-
plied from the HWT. If the charging time coincided with a high BGI
signal period, the setpoint was set to 45 °C; otherwise, it remained at
55 °C.

During price- and emission-driven BGI operation, rebound effects
may increase stress on the transformer. For example, transformer HST
can reach 110 °C when the applied setpoint temperature leads to higher
peak loads from the power grid. It Is crucial for the control strategies to
be adjusted to resolve the critical status on the transformer as presented
in Fig. 4.

In this event, price- and emission-driven BGI operation was over-
ridden, and transformer management took priority. To allow the trans-
former to cool down after the maximum temperature of 110 °C had been
exceeded, the HWT temperature in the German building cluster was set
to 10 °C lower than the HC temperature. In the Swiss building cluster,
the heat pumps were switched off until the transformer temperature
cooled down to a certain temperature. As there is no definition of a lower
boundary for the transformer HST, 90 °C was assumed as the lower limit
in this research. Occupant comfort was considered a priority, and so the
“off” status remained until this hard limit was reached. Therefore, a
minimum room temperature of 19 °C and 18 °C must be maintained for
the German and Swiss building clusters, respectively.

It should be noted that, in the Swiss building cluster model, the
transformer manager had no access to room or tank temperature data,
nor to BGI signals. It sent a request to switch off the heat pumps when
the transformer temperature was too high. The individual houses com-
plied by adjusting their heating setpoint temperatures to the TCS levels,
and the heat pumps were turned off individually if this revised thermal
comfort requirement was met.

2.6. Co-simulation environment

In this research, two distinct simulation approaches were performed,
each utilising specialised tools designed to meet specific requirements.
The simulation approaches both comprise two main steps: (1) the
computation of the transformer HST in order to generate a TCS BGI
signal and (2) the determination of building performance metrics, such
as HVAC operation values and thermal comfort levels. Step (1) was
implemented by numerical computing tool and for step (2), BPS tool was
utilized. These signals are crucial for implementing control algorithms
aimed at demand optimization and for calculating yearly transformer
aging. To ensure accuracy, these calculations must be performed
concurrently, as each time step’s results depend on the preceding step
within this dynamic computational framework. To address this chal-
lenge, a co-simulation framework was established as per Fig. 5, enabling
an in-depth analysis of different BGI signals.

Since this study was conducted through collaboration between two

The applied setpoint control strategies for both clusters during heating and cooling seasons. GER: Germany, CH: Switzerland, HS: Heating Season, CS: Cooling Season,

HC: Heating Curve, HWT: Hot Water Tank, TCS: Transformer Critical Status.

BGI signal Buffer Tank HWT

Cluster GER Cluster Cluster GER Cluster Cluster Cluster

CH CH GER CH

HS CS HS CS
Baseline 21°C 25°C 21°C - - 50 °C HC 55°C
Low level DAH/CO%eq 21°C 25°C 23°C - - 55 °C HC + 5°C 55°C
Medium level DAH/CO,eq 21 °C 25°C 21 °C — — 50 °C HC 55°C
High level DAH/CO2eq 21°C 25°C 18°C - - 40 °C HC-5°C 45°C
TCS IfTCS=1,19°C IfTCS=1,18°C — IfTCS =1, IfTCS =1, IfTCS=1,45°C

40 °C HC -10°C
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Fig. 4. The operational changes based on the sequential BGI signals in a building cluster. The orange line presents the operation flow described for the DAH case and
the CO; case. The dynamic interaction with the transformer status is integrated with blue line in the DAH_TR case and the CO5 TR case. HC: Heating Curve, HST: Hot
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Fig. 5. The workflow between numerical computing tool and BPS tool in co-simulation environment.

institutions, one based in Germany and the other in Switzerland, each
team employed the BPS tool standard to their institutional practices.
Specifically, this study used a co-simulation environment that integrates
BPS tools IDA-ICE [33] and EnergyPlus with numerical computing tools,
Matlab [46] and Python [47] in the German and Swiss building cluster,
respectively. In German building cluster, the co-simulation environment
was established using communication channel as the data exchange
pathway in Functional Mock-up Interface, and the Mosaik platform [48]
was used in the Swiss building cluster. The time step for the transformer
model described in Section 2.3.2 was set to one minute for calculation,
as standard practices from IEC 60076-7 suggest this high resolution to
accurately mode the thermal phenomena in the internal components of
the transformer (e.g., windings temperature variation). In the German
building cluster, the co-simulation environment was set up with a 1-min-
ute time step to align with the given standard.

On the other side, this high-resolution calculation resulted in long
simulation times and increased computational burden. As a solution to
decrease the simulation time, the Swiss institution applied a modified
method for calculating the transformer HST, accordingly. The differen-
tial equations were reformulated as integrals to enable a more flexible

calculation across varying time steps and the simulation time step in the
Swiss building cluster was set to 10 min. For verification purposes, the
results were compared, showing a close agreement. The deviation of the
predicted value of the modified method compared with the standardised
method is approximately + 0.2 % for the maximum transformer tem-
perature and approximately + 2 % for aging between the standard
method at a 1 min time step, and the modified approach at a 10 min time
step [49]. In the supplementary document, Fig. 3 presents the numerical
difference between the standard method and modified method. In

Table 3
The used tools and parameters in this research.

BPS Tool Numerical Co-simulation Co-simulation
Tool environment time step
German IDA-ICE Matlab Channel 1 min
building connection
cluster
Swiss EnergyPlus  Python Mosaik 10 min
building
cluster
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Table 3, the tools and parameters to set the co-simulation environment
for the clusters are shown.

The objective of using a 1 min or adapted 10 min resolution in the co-
simulation is to align with the transformer HST calculation time step. If
the time steps of the two tools — namely, the numerical computing tool
and the BPS tool — do not align, communication issues may arise,
potentially resulting in failure of the co-simulation environment.
Moreover, using larger time steps in the BPS tool, such as 30 min or one
hour, can lead to missed peak loads, as the tool would compute results
based on averaged data over the larger interval, also resulting in limi-
tations for the transformer thermal model due to larger than expected
time constants. This, in turn, could result in incorrect estimation of
transformer stress.

3. Results

This section presents the simulation results for the two building
clusters, evaluating how the same BGI signals influence building and
grid operations under distinct operational conditions. Rather than con-
ducting a direct comparison between clusters, this study aims to
demonstrate how BGI signals interact with different building charac-
teristics and control strategies. The findings provide insights into the
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adaptability of sequential BGI signals across varying grid and building
contexts.

3.1. Daily load profile under different simulation cases

This section analyses representative daily load profiles from both
clusters to illustrate demand variations across different simulation cases.
Fig. 6 illustrates the operational demand and transformer state for the
German building cluster on the 22nd of January at one minute resolu-
tion where the TCS BGI signal for the heating season was observed for
the first time. The figure displays the REF case, economic optimisation
the DAH case, and economic optimisation with TCS DAH_TR case in
subplots A, B, and C, respectively. Since the analysis results exhibit a
similar overall profile, the remaining cases — CO3 and CO,_TR — are not
included in the figure. However, their impacts on transformer operation
and other cluster metrics are presented in the next sections. In these
three subplots, the cluster power demand, heat pump power demand
and PV generation in kW are given on the left axis. The cluster power
demand includes all the loads from building cluster, namely the heat
pump power demand and baseloads as lighting, equipment, and plug-in
loads. In the right axis, transformer HST (°C) and transformer utilisation
(%) are illustrated by the dotted lines. In Fig. 6-D, the price BGI signal is

15 150
A — Cluster Total Demand — Heat Pump Demand PV Generation — HST — Transformer Utilization
0 0
15 150
— o
S g
= -
E 30
§ co
% §e
[ =
5 ke
S
o
=
0 o =
15 150
0 0
------- 2
D
_|
= O
g =Price BGI Signal T g
» ==TCS BGl Signal é o
— ) 2 ==HWT DAH =
Q  High 1= : HwTpAH TR |1 g%’
ko U | : %: 3
a Medium ] 258
o
U |
Low S —— g e[ ———a - e 0
00:00 06:00 12:00 18:00 00:00

Fig. 6. The daily load profile presentation of the German building cluster for a day in January. Subplots A, B and C present the results from the REF case, the DAH
case and the DAH_TR case, respectively. HST: Hot Spot Temperature, HWT: Hot Water Tank, TCS: Transformer Critical Status.
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given on the left axis in high, medium and low levels where TCS and
HWT charging signals are presented on the right axis. TCS status is
defined as 0 (not active) and 1 (active), while HWT charging signal is
0 (no charge) and 2 (charge) on the right axis. The same price signal is
exploited in both the DAH case and the DAH_TR case, however, the HWT
charging signal varies for these cases since the operation control is in
response to the HWT temperature value in addition to the price signal,
thus it is presented as HWT DAH case and HWT DAH_TR case. TCS is
only introduced for the DAH_TR case as described in Section 2.4. In the
REF case, the operation of the heat pumps in the cluster was controlled
relative to the ambient temperature HC as baseline operation scenario
and the heat pump power demand was the main actor of the total cluster
consumption. The highest heat pump and cluster total demand for this
representative day were 8.0 kW and 11.5 kW, respectively. The trans-
former utilisation remained under 100 %, with the transformer HST
reaching a safe level of up to 80 °C. Between 08:00 and 14:00, there was
a slightly higher PV generation, but as there was no additional control
strategy for PV generation in this research, the generation profile was
same for all given cases. In Fig. 6-B, the DAH case results showed that,
with the price driven strategy, the cumulative demand of eight heat
pumps increased to 12 kW when the price was at low level at 00:00 and
correspondingly the cluster total demand reached 15 kW. The trans-
former capacity in the German building cluster was limited to 11.5 kW
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and during thermal charging of the HWTs, the transformer HST
increased to 115 °C, corresponding to a transformer utilisation of 125 %,
exceeding its rated capacity. However, since the TCS BGI signal was not
implemented in the DAH case, no additional control strategies were
available to address the transformer overload when transformer HST
reached 110 °C. As the HWT temperature reached the charging setpoint
value, the heat pump power demand decreased and, based on the dy-
namic setpoint varying with the ambient temperature together with
price level, the thermal charging was activated during the day at
different times as 07:00 and 16:30. If the HWT temperature value was
below the setpoint, even though it was a high price event period, e.g.
16:30-21:00, the heat pumps operation continued to ensure thermal
comfort.

For the DAH_TR case, to keep the transformer HST below the desired
maximum value of 110 °C, the TCS BGI signal was introduced in addi-
tion to the price BGI signal in the cluster control strategy. The first low
price period started at 00:00 and the power demand of all heat pumps
rapidly reached to 11 kW inducing the transformer HST increase (Fig. 6-
C). However, when transformer HST raised to 110 °C, the TCS switched
from O to 1 between 00:15 and 01:20 as given in Fig. 6-D. This event
immediately supressed the thermal charging of HWT, and heat pumps’
power demand decreased till the transformer HST drops to 90 °C. After
ensuring the transformer HST was at 90 °C, the heat pumps again
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Fig. 7. The daily load profile presentation of the Swiss building cluster for a day in April. Subplots A, B and C present the results from the REF case, the DAH case and
the DAH_TR case, respectively. HST: Hot Spot Temperature, TCS: Transformer Critical Status.
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charged the HWTs based on the dynamic setpoint value at that certain
moment. By falling 20 °C less than the critical transformer HST value, a
secured time was ensured to avoid a repetitive TCS event since the
following heat pump operation occurred in a short time if the HWT
temperature was lower than the charging setpoint. The delayed activa-
tion of the HWT charging, kept the transformer HST at a normal range,
thus, avoids the rapid transformer aging. This analysis is discussed in
Section 3.2.

The operational analysis of the Swiss building cluster under different
load management scenarios — REF, DAH, and DAH_TR cases — are
presented in Fig. 7 (A), (B), and (C), respectively, using the 7th of April
as a representative day.

This date was selected as it marks the first occurrence of the TCS BGI
signal during the year. In contrast, in the German building cluster, the
first occurrence of the TCS BGI signal (22nd of January) took place on a
different day due to differences in climatic conditions, building thermal
properties, and control strategies. Since the objective of this study is not
to compare the clusters directly but to demonstrate how the operational
scenarios apply under different conditions, each cluster was analysed
based on the first occurrence of the TCS BGI signal within its respective
operational context. This approach ensures that the analysis remains
consistent with the goal of evaluating BGI signal utilization across
diverse building configurations rather than drawing direct comparisons
between clusters.

The Swiss building cluster total demand represents all loads from the
entire cluster, including heat pumps as well as baseloads such as light-
ing, equipment, and plug-in loads. In Fig. 7-D, the price BGI signal and
TCS BGI signal are presented. Unlike in the German building cluster,
heat pump operation in this case was controlled by the manipulated
indoor and buffer tank temperature. Consequently, no HWT thermal
charging signal is designated in Fig. 7-D. In Fig. 7-A, which presents the
operational analysis for the REF case, the power demand for heat pumps
remained low, indicating that most of the cluster total demand was
attributed to household loads. The peak heat pump demand and cluster
total demand were approximately 3 kW and 10 kW, respectively. Given
that PV generation significantly exceeds the total power demand,
transformer utilisation was surpassed due to feed-in to the power grid,
for instance, exceeding —120 % at 12:00. Consequently, the transformer
HST surpassed 100 °C.

The results of the DAH case are presented in Fig. 7-B. As the price fell
into the low category around 11:00 (as shown in Fig. 7-D), the indoor
and the buffer tank setpoint temperatures raised, leading to an increased
power demand from the heat pumps. The cluster total demand,
including the additional heat pump demand, was covered by PV gen-
eration and the residual load was reduced, which resulted in a slight
reduction in transformer utilisation, i.e. —110 %, and transformer HST.

The results of the DAH_TR case are presented in Fig. 7-C. As the
transformer HST exceeded 110 °C after 12:00, the TCS switched to 1
(Fig. 7-D), and consequently, electricity consumption by the heat pumps
dropped to 0 as they were switched off. However, PV generation
remained high, and due to the reduced self-consumption after the heat
pumps were deactivated, grid feed-in increased. This, in turn, raised
transformer utilisation and further increased the transformer HST. To
reduce the transformer HST, the heat pumps need to be activated at
midday when there is a high PV surplus in order to increase self-
consumption. As the transformer HST must first go down to 90 °C
before the heat pumps are allowed to start again, an event extends over a
longer period, e.g. two hours. This results in a counterproductive
outcome, where the control strategy in the DAH_TR case inadvertently
exacerbates transformer loading. This issue is further discussed in Sec-
tion 4. Fig. 7-B shows that during low prices at midday, the heat pumps
are activated with higher indoor setpoint temperatures. In the REF case,
only medium target temperatures were set, resulting in a lower elec-
tricity demand for space heating than the DAH case.
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3.2. Transformer hot spot temperature and aging

The fluctuations in transformer HST across different representative
weeks are illustrated in Fig. 8, highlighting the transformer HST peaks.
Representative weeks from January (when first TCS BGI signal occurs)
and July are given for the German building cluster, whereas weeks from
April (when first TCS BGI signal occurs) and July are shown for the Swiss
building cluster.

In the heating season, the control of HWT setpoint temperatures in
response to the single BGI signals in the German building cluster resulted
in a broader range of transformer HST values in January compared to
the REF case. For example, the transformer HST varied between 20 °C
and 110 °C, whereas in the REF case, it reached up to 80 °C. The
broadened setpoint temperatures altered heat pump operation, leading
to changes in power demand from the grid. During the cooling season in
July, some transformer HST peaks were higher in the REF case since PV
generation partially covered the power demand of the building, and the
rest was fed into the power grid. In the DAH case and the DAH_TR case,
the setpoint of the cold-water storage tank was lower during the
favourable BGI signal periods, thereby increasing demand and reducing
the surplus electricity feed-in by covering the increased heat pump de-
mand. This leaded to a decreased transformer HST since the transformer
stress was mitigated. In some events, transformer HST was higher than
the desired maximum value of 110 °C such as 125 °C which occurred a
few times due to the feed-in from surplus PV generation. One such event
spans the period during which the transformer HST rises above 110 °C
and subsequently returns to 90 °C, with the duration of these events
varying. Except the feed-in event times, the transformer stress was less in
the German building cluster during cooling season because the feed-in
was decreased with BGI control strategies exploited by increased
active cooling.

As presented in Section 3.1, the transformer was stressed due to PV
feed-in event in the Swiss building cluster. In the Swiss building cluster
during April, higher transformer HST occurred during midday when
feed-in was at its peak. On the 7th of April, the transformer HST value
reached 110 °C in the REF case, and when TCS was introduced in the
DAH_TR case, the heat pump operation was suspended which lowered
the self-consumption and caused higher transformer HST. In the cooling
season, there was no mechanical cooling as described in Section 2.2,
thus, the transformer HST values remained the same for the cooling
season in all cases. Feed-in from the PV generation was the main driver
that the transformer HST reached to 130 °C in July.

The transformer aging results, relative to the reference scenario, are
presented in Fig. 9. To provide a standardized reference for comparison
of transformer aging the overall annual value of the REF case trans-
former aging was normalized to 100 % as can be seen for the German
building cluster in Fig. 9-A and Swiss building cluster in Fig. 9-B. The
normalization allows us to compare the transformer aging of the
different cases easier.

In the REF case of the German building cluster, where no BGI signal
was applied, transformer aging was the lowest at 1.9 days. In this
baseline case, the cluster power demand did not have sharp peaks that
the transformer capacity was approached frequently. However, when a
single BGI signal was used, such as in the DAH case and CO case, the
applied control strategy caused significant peaks resulting in reaching to
the transformer capacity, where faster transformer aging ensued.

The most rapid aging occurred in the DAH case and then following in
the CO, case with slightly less difference as 262 % and 253 %, respec-
tively. When the TCS signal was included in the DAH_TR case and the
CO,_TR case, the building energy systems operation could align with the
transformer needs, e.g., the cluster’s power demand was reduced, alle-
viating transformer stress. As seen, by the introduction of this signal, the
relative aging was found lower as 250 % and 230 % in the DAH_TR case
and CO2_TR case compared to the CO2 and DAH cases, respectively. The
rapid aging during heating season addresses the impact of demand peak
developments from BGI control strategies, e.g., applying higher
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Fig. 8. The transformer HST change for the selected cases for representative weeks, where the red line represents the HST limit which triggers a TCS BGI signal. A(1)
and A(2) present the results from the German building cluster, whereas B(1) and B(2) show the results for the Swiss building cluster.
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Fig. 9. The transformer relative aging for both clusters over a year. A — German building cluster, B-Swiss building cluster. The Swiss building cluster relative aging

between September and December is illustrated in a zoom view.

setpoints compared to the REF case. In the cooling season, PV generation
was at the highest level where it covered mainly the cooling demand.
Besides, when there was relatively less demand and surplus generation,
it was fed into the power grid. As seen during June and July, the aging
accelerated where the feed-in caused higher transformer HST in all
cases. During the transition season, i.e., May and September, the
building heating and cooling demands were lower, hereby, BGI control
could not take place often as applied during the rest of the year.

In the Swiss building cluster, the equivalent aging days in the REF
case is 16.7 due to PV feed-in. The PV feed-in in the German building
cluster is relatively lower compared to the Swiss building cluster.
Therefore, there is a significant difference in transformer aging between
the two clusters. In general, the single BGI signal operations in the DAH
case and CO; case showed the lowest relative aging as 91 % and 95 %,
respectively (Fig. 9-B). In those cases, the heat pumps often ran around
midday during the heating season, when PV yield was also available.
This increased the self-sufficiency and reduced the grid feed-in, which
had a positive influence on aging. In the DAH_TR case and the CO2_ TR
case, since the TCS BGI signal was rarely activated, they showed almost
the same aging curve as 99 % and 101 %, respectively. As the main aging
took place in summer due to the high grid feed-in the aging of all Swiss
building cluster cases were close. The impact of PV feed-in is evaluated
more in the Discussion section.

11

3.3. Transformer load, cost, greenhouse gas emissions and thermal
comfort change

The cases DAH, CO,, DAH_TR and CO,_TR, where BGI signal were
exploited in the cluster operation, were compared to the baseline
operation — the REF case. The analysis under different operation sce-
narios revealed distinct results between the two building clusters located
in Germany and Switzerland. In Fig. 10, the transformer load observed
at the power grid meter connected to the transformer is shown,
reflecting values after accounting for self-consumption.

In the German building cluster, transformer load increased in the
range of 6.0 % to 7.1 % when BGI control strategies were applied. In the
single BGI signal operation, the transformer load was slightly lower than
sequential BGI signal cases. In the Swiss building cluster, the trans-
former load increased in the DAH case and the DAH_TR case in the range
of 2.6 % to 2.8 % where price BGI signal was used in the cluster oper-
ation. However, in the CO, case and the CO,_TR case —where CO.eq
intensity BGI signal was utilised- transformer load decreased 0.9 %
because COzeq intensities changed very often and rarely longer periods
with high or low setpoints occur. Since TCS BGI for COoeq. was more
rarely activated than the DAH cases, no change was observed between
the CO; case and the CO,_TR case in the Swiss building cluster.

The cost saving was higher in the DAH case and the DAH_TR case
around 4.0 % and 8.0 % for the German and Swiss building clusters
respectively, as presented in Fig. 11. Fewer savings in the CO5 case and
CO,_TR were calculated since the DAH and COzeq intensity are not
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Fig. 10. Yearly transformer load change relative to the REF case for both clusters.
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Fig. 11. Yearly energy cost change relative to the REF case for both clusters.

correlated positively among year all the time. When a cluster is operated The results of DAH and DAH_TR case were close to each other on both

using a BGI signal with a certain objective, e.g. a price signal to achieve clusters since the TCS occurred a few times during the year which did
economical saving, this may reflect oppositely on the operational sav- not change the operational savings significantly. The same behaviour
ings of cases where different objective is aimed such as reducing GHG. also was seen for the CO;, case and the CO2_TR case. As mentioned above
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Fig. 12. Yearly GHG emission change relative to the REF case for both clusters.
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TCS BGI for CO2eq. was more rarely activated than the DAH cases, no
change was observed between the CO5 case and the CO2_TR case in the
Swiss building cluster.

As given in the cost change analysis, the uncorrelated trend of DAH
and COqeq intensity BGI signal affected GHG emission saving differently
on the DAH case and the CO; case. In Fig. 12, the GHG emission was 0.7
% less in the CO; case compared to the REF case and it was found 0.9 %
less in the CO4_TR case for the German building cluster. In the Swiss
building cluster, the GHG emission had a reduction of 18.7 % under the
CO9eq intensity signal operation in the CO; case and (5). As described
before, TCS occurs rarely, therefore the results were the same or did not
differentiate significantly. Conversely, the GHG emissions increased by
1.3 % and 4.5 % in the DAH case and the DAH_TR case for the German
and Swiss building cluster, respectively.

The BGI operational control strategies must be implemented without
compromising thermal comfort as discussed in Section 2.5. To assess
this, the operative temperature of one selected building from the
German building cluster (Fig. 13-A) and the Swiss building cluster
(Fig. 13-B) under the DAH_TR case operation is presented for the entire
year. In German building cluster, active heating and cooling were uti-
lised to maintain indoor temperatures between 21 °C and 25 °C, in
alignment with the ISO 7730 standard [50]. In contrast, the Switzerland
case lacked mechanical cooling, adhering instead to the comfort range
defined by the SIA 180 standard [51]. This standard considers the
moving average of the ambient temperature over 48 h as a benchmark
for acceptable comfort levels. In both clusters, there were instances
where temperatures exceeded or fell short of the prescribed limits: 21 °C
in the German building cluster and the SIA 180 limits in the Swiss
building cluster. In the German and Swiss building cluster, the lowest
indoor temperature for the representative buildings was 20.3 °C and
18.0 °C, respectively. These deviations arose because ventilation, ach-
ieved through manual window operation, was controlled either by in-
door CO3 levels or a fixed window opening schedules. In the Swiss
building cluster, where the BGI control strategy was limited to heat
pump operation during the heating period, deviations below the lower
temperature limit for heating were highlighted in the grey area. None-
theless, temperatures below the lower limit occurred only within a
narrow range in both clusters.

Temperatures below the lower limit and above the higher limit
occurred during the non-heating season (white area). The shortfalls
occurred due to the fix nighttime ventilation between the 15th of June
and the 15th of August. The excesses are based on the window opening
times during daytime. As mentioned, the ventilation time is based on a
fix time schedule and independent of the ambient temperature.
Crucially, for both occupant comfort and the effective implementation
of this control strategy, thermal conditions were maintained in both
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clusters. However, slightly lower indoor temperatures were observed
due to natural ventilation.

4. Discussion

This research analysed the operation of the building clusters and
their transformers over an entire year. Single day building operation
results showed distinct differences between the examined building
clusters. In the German building cluster, the TCS was triggered due to
the increased heat pump demand in the cluster. However, in the Swiss
building cluster, the heat pump demand was comparatively less than the
overall cluster demand. Especially because of the high amount of PV
generation, where the excess power was fed into the grid resulting in
transformer overload triggering the TCS. When the transformer is
overloaded, in principle, the demand should be reduced. In the Swiss
building cluster, reducing demand led to a decrease in PV energy con-
sumption during heating season, which reduced self-sufficiency.
Consequently, the amount of power fed into the grid increased. To
avoid this situation, we want to highlight the importance of integrating
advanced control strategies specific to each building within the cluster.
If transformer HST is high due to feed-in, large consumers should adjust
their setpoint temperatures to peak values within the acceptable range
of thermal comfort levels or switch on their HVAC systems. If no grid
feed-in occurs during times with high transformer HST, the building/s
with high demand should minimise their demand or switch off their
HVAC systems. In this research, all buildings in the same cluster were
controlled with the same control strategy and no individual control was
applied for each building. Our future work involves developing
customized control strategies for each building, aligned to its demand
profile.

While the clusters are not meant to be compared in a normative sense
(e.g., which performs better), their differences allow us to observe how
system behaviour and control outcomes vary due to system-specific
properties. For example, in the German building cluster, where the
cluster peak heating demand is higher than the Swiss building cluster,
the load shifting could be applied on a larger scale. Higher setpoints lead
to greater demand on the heat pump and the thermal storage, enabling
effective peak shaving during periods of low BGI categories. However,
the increased peaks resulted in faster aging during heating season. In
contrast, the peak heating demand is lower because of buildings thermal
properties in the Swiss building cluster, and the higher setpoints setting
did not accelerate the transformer aging on the heating system since the
increased heating demand was partially covered by PV generation.
Therefore, the aging resulted in a lower value compared to REF case.
During the cooling season, the rapid transformer aging was slowed down
in the German building cluster as PV generation partially covered the
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Fig. 13. The indoor operative temperature of representative buildings from the cluster Germany (A) and Switzerland (B). In (A), ISO 7730 standard with fixed
temperature boundaries is applied. In (B), the moving average of the ambient temperature over 48 h according to SIA 180 is applied and presented on the x-axis. Grey

area in (B) presents the heating season.
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cooling demand and there were less feed-in events compared to the REF
case. Conversely, the Swiss building cluster’s lack of mechanical cooling
system limits its summer flexibility, leading to TCS events and fewer
opportunities for dynamic control, which results in rapid transformer
aging during the cooling season, i.e., the transformer aging was less than
REF case in DAH and CO- cases. This leads to observable differences in
transformer HST profiles and aging rates under the same BGI control
structure between clusters. It is important to note that the transformer
HST is affected not only by the cumulative cluster power demand, but
also by the ambient temperature as previously mentioned. If this
research were conducted in a region with vastly different climate
characteristics, the TCS could activate more frequently, potentially
accelerating the transformer aging and maintenance cost.

When evaluating yearly metrics such as transformer load, cost, and
GHG emission savings, no significant differences were observed between
DAH and the DAH_TR cases and also between CO5 and the CO5_TR cases.
However, the timing of peak events during the day differed. This
discrepancy arises because the COzeq intensity value is not always
positively correlated with the price value [29]. In future, when the
electricity market dynamic aligns closer with the RES supply and de-
mand imbalances, an integrated strategy can be applied for both cost
and GHG emission saving. Although electric vehicles are not examined
in this study, their increasing share is expected to influence transformer
load. Incorporating charging strategies have to be included in the BGI
signal controls.

On the other side, both clusters include highly insulated, energy-
efficient buildings. This raises questions about the future viability of
building-grid interaction as the stock of energy-efficient buildings
grows. When most buildings have minimal heating and cooling de-
mands, their ability to relieve congestion events will be limited, and the
resulting cost savings may not be sufficient to motivate end users to
participate. Consequently, more innovative business models and
incentive structures will be needed to sustain engagement in building-
grid interaction schemes.

These variations underscore a key finding: BGI signals perform very
differently depending on each cluster’s system setup, seasonal operating
patterns and flexibility reserves. Rather than aiming for uniform results,
our study stresses the importance of fitting control strategies to each
scenario and shows how signals can produce varied effects, even when
driven by the same protocols, because of each cluster’s distinct
composition. A key insight from this study is the importance of dis-
tinguishing between load-driven and generation-driven transformer
stress when designing flexibility control strategies. In load-driven sce-
narios, such as peak heating or cooling demand, reducing or shifting
consumption is a viable means to relieve transformer stress. In contrast,
generation-driven stress, e.g., caused by high PV feed-in, requires
alternative strategies, such as coordinated load activation or storage
integration, to absorb excess generation and avoid back feeding-related
transformer overload. Therefore, applying identical control signals
across clusters without accounting for the dominant source of trans-
former stress may lead to suboptimal outcomes. Including two clusters
helps to highlight that flexibility solutions are not one-size-fits-all. This
is particularly relevant for stakeholders developing scalable demand
side management strategies or integrating flexibility into building stock.

Additionally, authors consider three operational control strategies
that could be applied as future work: curtailment of PV generation,
implementation of an electrical energy storage system and scheduling
the preheating of domestic hot water system during high PV generation.
The first option provides a complete solution by curtailing generation in
proportion to the extent of transformer overloading. In some countries
like Germany, this approach is applied. However, this also would mean a
reduction in renewable energy usage, which does not align with the
transition efforts from fossil-based systems to RES. Charging electrical
energy storage systems, electrical vehicles and preheating the domestic
hot water storage could assist the power grid operation during feed-in
times. This also would increase the self-sufficiency of the system.
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Additionally, in the case of applying these advanced control strategies,
we suggest considering energy sharing solutions within a building
cluster where the energy is shared within the local grid. Various business
models can be applied that the power is sold to the grid/local network or
traded between the neighbours.

5. Conclusion

In this research, we address the growing demand for Building-Grid
Interaction (BGI) applications at cluster level which plays a significant
role for electrification and full integration of renewable energy systems
(RES) into power grid. In this study, single and sequential BGI signals
were exploited to unlock energy flexibility and present their impact on
the power grid. The single BGI signals used were day-ahead prices and
electricity COzeq intensity to enable economical and grid-friendly
operation in different simulation cases, respectively. To reflect the sta-
tus of power grids, especially when there is peak shift event occurring
during favourable BGI signal times, a transformer model that complies
with the IEC 60076-7 standard was integrated into the Building Per-
formance Simulation (BPS) environment and the research was con-
ducted under a co-simulation framework. Two energy-efficient building
clusters from Germany and Switzerland, were used as case studies. Since
the power grid robustness has priority over the price or the COqeq in-
tensity BGI signal operation, a hierarchical approach was applied where
TCS BGI signal overrides the in-use BGI signal and changes the opera-
tional control strategies in order to support the reliable power grid
operation.

The results reveal that while single BGI signal implementation
optimise demand side management, their simultaneous application
within a cluster can trigger grid instabilities, highlighting the need for
additional BGI signal such as TCS. The sequential integration of TCS
with other BGI signal effectively prevents transformer overloads. How-
ever, the control strategy should be building customized focusing on the
transformer stress ground as load-driven or generation-driven trans-
former. The findings suggest future research on integrating advanced
controls and advanced control technologies such as electrical energy
storage utilisation and energy-sharing models within a cluster to
enhance energy system resilience and flexibility. These outcomes offer
strategies for integrating buildings into the power grid and supporting
the shift to a low-carbon future.

Another important point the authors want to highlight is the chal-
lenges to conduct a BGI analysis in a co-simulation environment. In the
market, there are various BPS tools that can be purchased or freely used.
During the transition of energy supply systems, the users require a
platform where the cluster of buildings and energy grid analysis can be
performed together without requiring heavy additional effort. In this
research, to carry out the BGI analysis, different tools were coupled, and
considerable time was spent to obtain stable communication between
the tools and print high resolution data. Moreover, this output data was
stored in those tools individually and required additional time for post-
processing. With the growing electrification and BGI applications, the
demand for user-friendly, fast and stable tools will be increasing.
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