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Abstract: The sun’s total radiation alone exceeds the world population’s entire energy consumption
by 7.500 times and ignites secondary renewable energy sources. The end energy consumption
buildings use for heating amounts to 28% of Germany’s total energy consumption. With the ongoing
trend of digitalization and the transition of the German energy supply away from fossil fuels and the
consequent political dependency, electric heat pumps and photovoltaic (PV) systems have become
increasingly important to the discussion. This has led to an increasing demand for smart control
strategies, especially for inert systems such as thermally activated building systems (TABS). This paper
presents and analyses a weather predictive control (WPC) strategy using a validated thermodynamic
simulation model. The literature review of this paper outlines that the current common control
strategies are data intense and complex in their implementation into the built environment. The
simple approach of the WPC uses future ambient temperature and solar radiation to optimize the
control of the heating, cooling, ventilation, and sun protection system. The thermal comfort and
energy demand evaluate the concept. We show that with a WPC for TABS, thermal comfort can
improve without increasing the energy demand for the office building in the moderate climate of
Munich. Furthermore, this paper concludes that the WPC works more effectively with more thermal
mass. This simplified building control strategy promotes the European roadmap goal of climate
neutrality in 2050, as it bridges the phenomenon of the performance gap.

Keywords: weather predictive control; TABS; thermal comfort; energy efficiency; thermal storage;
thermal inertia; thermal mass; intelligent control strategy; load management

1. Introduction

Significant changes are required to meet the EU’s 2050 climate goals, as the building
sector globally accounts for over 40% of energy-related carbon emissions and more than one
third of energy consumption throughout the construction and operational phases [1]. The
new climate protection law, which came into effect in August 2021, increased the targets
for climate protection in Germany. The law aims to attain carbon neutrality by 2045 [2].
By 2030, greenhouse gas emissions from the building sector must be 67% lower than they
were in 1990. The building sector should therefore emit no more than 72 million tons
of CO2 annually by that time [2]. To accomplish this, buildings must undergo energetic
renovations [3], which are subsidized by the Federal Government of Germany [2]. In
addition to the need for renovation of the building envelope [4,5] and the exchange of oil
and gas heating systems, intelligent predictive control strategies for building technology
show great potential in terms of energy savings and comfort enhancement [6]. When paired
with weather forecast data, model predictive control (MPC) strategies using state-of-the-art
or newly introduced artificial neural networks (ANN) can reduce the energy demand while
ensuring thermal comfort [7,8]. Both are promising approaches, but they have drawbacks
such as the need for sophisticated control software or even digital twins of the buildings,
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which limits their applicability to high-tech building technology. Nevertheless, these con-
trol strategies are optimized to the building’s location and offer a promising approach to
reducing energy use and increasing thermal comfort, particularly when implementation is
decentralized [9]. Moreover, buildings can be converted into thermal storage for load man-
agement using predictive control strategies, which can then be used to offset fluctuations in
the electrical energy grid [7,8,10–12]. Focusing on inert buildings and their technology, this
paper proposes a trade-off between an optimized, intelligent, yet fairly simple approach
for universal applicability.

This paper begins by outlining the goal and demonstrating the core possibilities of the
concept while accounting for weather information, thermal inertia, and thermal comfort.
The methodology also includes a description of the hypothesis and any associated research
questions. A comprehensive literature analysis is used to classify the methodology. The
idea of weather prediction control is then thoroughly presented, leading to an explanation
of the fundamentals and outcomes of the thermal simulation. In order to prepare for a
perspective to expand on the potentials of the concept, the results are examined, the initial
hypothesis is addressed, and the related research issues are clarified.

1.1. Objective

Three categories of research potential—weather data, thermal inertia, and thermal
comfort—form the basis for this study. The characteristics of each topic are briefly discussed
in the following subsections, which also reveal each category’s potential for energy savings.

1.1.1. Potential—Weather Data

Along with the increasing occurrence of extreme weather, the world’s temperatures
are shifting as a result of ongoing climate change. The primary goal of creating a good
architectural concept, according to Hausladen et al., is to adapt the building to the local
climate [13]. This procedure of adaptation can be achieved through changes in the thermal
envelope, the internal gains or, especially when the building has already been constructed,
the implemented building technology. This link to the building technology is necessary to
meet the building’s potential energy performance in tandem with the continually changing
local weather conditions.

The use of local weather conditions is essential when developing a climate-friendly
energy design for a building, not only because of the expanding attention given to these
topics due to climate change and the rising cost of energy, but also because of the burgeoning
trend of digitization. The gathering of weather data dates back to the early phases of human
data generation and is the cornerstone of the complex type of life we have on this planet.
With increasingly precise sensors and a very dense global data grid (see Figure 1), it is
imperative to use these data sets intelligently to reduce energy use and improve thermal
comfort in buildings.

The German Weather Forecasting Agency now uses numerical algorithms to better
estimate and interpolate the local weather conditions while taking into account external
weather occurrences, which adds to the quality of the already dense grid of weather
data [14]. These prediction algorithms give a local weather forecast with a very high
probability using various grid sizes and scales. With the aid of these data sets, it is feasible
to forecast the local weather for the foreseeable future and to determine the prospective
thermal conditions in our structures. This paper assesses if we can reduce energy use and
improve thermal comfort by using this data to potentially adapt the buildings’ technology
to the location.
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1.1.2. Potential—Thermal Inertia

In the wake of the burgeoning building turnaround, especially in Germany, many
western countries are looking for funding opportunities to improve the thermal building
envelope. As a result, the government is making significant investments into highly
insulated building constructions, through broader access to funding opportunities. In the
short term, this results in energy savings in the operation of the building, but in the long
term, based on the embodied carbon of the materials, it can negatively impact a building’s
energy and CO2 performance [15]. The reaction time needed to adjust the building, also
known as thermal mass or time-related thermal inertia, seems to be another important
factor in the process of building adaptation. As evidenced by numerous studies, this
strategy not only reduces energy use and increases thermal comfort in the environment, but
it may also enable load control and turn the building into a component of a larger energy
network [7,8,10–12].

Thermal mass or effective heat capacity describes the ability of materials to ab-
sorb/desorb heat based on temperature changes in a room [16]. As defined in the German
Code DIN 4108, thermal mass has a significant impact on the energy consumption of a
building. The various construction types are divided into three categories: heavy-, middle-
and lightweight constructions. This classification establishes the effective heat capacity in
accordance with the net floor area. Constructions are classified as being light if they are
less than 50 Wh/(Km2), medium if they are less than 130 Wh/(Km2), and heavy if they
are more than 130 Wh/(Km2) [17]. The phrase thermal inertia refers to the rate at which a
mass absorbs or loses heat. A building’s thermal inertia can be utilized to reduce energy
use and improve thermal comfort in a space [12]. The accompanying Figure 2 illustrates
how time-delayed heating and cooling of the material’s surface can create a more balanced
and comfortable environment, particularly under conditions of fluctuating temperature
in a space. With impending climate change, support for the prevention of overheating in
the summer is becoming more and more crucial. This effect can aid in the storage of heat
during wintertime.



Buildings 2023, 13, 996 4 of 21

Buildings 2023, 13, x FOR PEER REVIEW 4 of 22 
 

can serve as local storage, to convert surplus regenerative electrical energy and support 
the energy revolution [18]. These studies usually claim to develop smart control strategies 
for building technology so as to exploit the potentials of thermal inertia. 

 
Figure 2. Effect of heating and cooling through thermal mass (own representation). 

1.1.3. Potential—Thermal Comfort 
With the ongoing energy crises in Europe and the overall transition away from fossil 

fuels, reducing the heating energy demand has become a key question in the building 
industry. Since 70% of the net energy consumed in households is used for heating [19], 
the question as to which temperature profiles and ranges are sufficient has become not 
only a focal point of research, but a political debate. 

National and international building codes consist of various parameters and methods 
to evaluate thermal comfort in a room, most of which rely on either the predicted mean 
vote (PMV) and percentage of people dissatisfied (PPD), or more simply, on the operative 
temperature in accordance with the running mean outdoor air temperature (adaptive 
method). While the PMV/PPD method performs particularly well in static, controlled en-
vironments, the adaptive method has been shown to be more accurate in real-world, dy-
namic environments and when observing human adaptation and expectations [20,21]. 
This paper therefore utilizes this adaptive method. The operative temperature (Top) is a 
mathematical temperature that best describes a human’s experience in a room. It is calcu-
lated as the equal distribution between the air temperature and the sum of the tempera-
tures of the surrounding surfaces that effect the point of measurement through radiation. 
The adaptive comfort band of DIN EN 16798-1, with the upper and lower acceptable Top 
according to three categories of predicted discomfort (Figure 3), graphically illustrates the 
range for energy savings [22]. It depicts the methodology of evaluating comfort within a 
range and not only relying on one temperature set point to provide comfortable condi-
tions in an environment. Consequently, as we recognize this flexibility in thermal comfort, 
we can argue a potential for energy saving by using the built environment as storage and 
therefore bridge phases from renewable energy excess times to times where there is little 
to no regenerative energy availability. 
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According to prior research, a building’s thermal mass can be transferred into a
component for demand-side management, in addition to being used to save energy and
provide thermal comfort [7,8,10–12]. Here, the authors not only explain how the building’s
performance is greatly influenced by the local weather, but also how people interact with
the structure, which makes it possible to use a demand-side management method. With
the emerging concept of using heat pump systems in combination with active layers for
heating and cooling, especially in temperate/cold climates, the thermal mass of a building
can serve as local storage, to convert surplus regenerative electrical energy and support the
energy revolution [18]. These studies usually claim to develop smart control strategies for
building technology so as to exploit the potentials of thermal inertia.

1.1.3. Potential—Thermal Comfort

With the ongoing energy crises in Europe and the overall transition away from fossil
fuels, reducing the heating energy demand has become a key question in the building
industry. Since 70% of the net energy consumed in households is used for heating [19], the
question as to which temperature profiles and ranges are sufficient has become not only a
focal point of research, but a political debate.

National and international building codes consist of various parameters and methods
to evaluate thermal comfort in a room, most of which rely on either the predicted mean
vote (PMV) and percentage of people dissatisfied (PPD), or more simply, on the operative
temperature in accordance with the running mean outdoor air temperature (adaptive
method). While the PMV/PPD method performs particularly well in static, controlled
environments, the adaptive method has been shown to be more accurate in real-world,
dynamic environments and when observing human adaptation and expectations [20,21].
This paper therefore utilizes this adaptive method. The operative temperature (Top) is
a mathematical temperature that best describes a human’s experience in a room. It is
calculated as the equal distribution between the air temperature and the sum of the temper-
atures of the surrounding surfaces that effect the point of measurement through radiation.
The adaptive comfort band of DIN EN 16798-1, with the upper and lower acceptable Top
according to three categories of predicted discomfort (Figure 3), graphically illustrates the
range for energy savings [22]. It depicts the methodology of evaluating comfort within a
range and not only relying on one temperature set point to provide comfortable conditions
in an environment. Consequently, as we recognize this flexibility in thermal comfort, we
can argue a potential for energy saving by using the built environment as storage and
therefore bridge phases from renewable energy excess times to times where there is little to
no regenerative energy availability.
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Side note by the authors: While this paper investigates thermal flexibility and potential
of weather predictive control within the thermal comfort ranges given by the established
adaptive method, it should be noted that these category ranges are currently debated in
their validity. In such, recent literature assumes wider comfort ranges and more personal
flexibility in thermal adaptation to be perceived as more comfortable and potentially
healthier in the long run [23–27]. This greater flexibility would also yield a wider range for
energy harvesting and would strengthen the concept of a weather predictive control. This
is also shown in various studies that question the static and tight conditioning of indoor
environments [28–30].

1.2. Methodology

This section describes the methodology used with regard to the aforementioned
research potentials, as well as the hypotheses that arise and the subsequent research
questions. Digital, thermodynamic simulations try to represent the actual physical behavior
of a system. An energy improvement of a building system is virtually always attainable
with a highly realistic digital duplicate [31]. To analyze the effects of a WPC this paper
uses a validated thermal simulation model to evaluate the impact of a WPC on the thermal
comfort and the energy demand of an office building in the moderate climate of Munich.
The validated simulation model with its building characteristics is based on the Solarstation,
a two-room test facility on the roof of the Technical University of Munich. This serves
as the foundation for the thermal simulation model in TRNSYS 18, which is powered by
the parametric simulation tool TRNLizard and carried out in the graphical programming
environment Grasshopper in the software Rhinoceros 7. The thermal simulation model is
parametrically adjusted to analyze the specific effects of the WPC.

After the setup and evaluation of the base case models, the WPC strategies developed
for heating, cooling, ventilation and sun protection are implemented in the software system
using Python, taking into account the future ambient temperatures and future incoming
solar radiation. The following hypothesis and the related research problems are addressed
by the simulation setup used in this paper:

The energy demand and thermal comfort of a Munich-based office building can be optimized
compared to a state-of-the-art control strategy by the simple approach of a weather predictive control
of inert buildings.

• Is it possible to optimize the thermal comfort of a room with a WPC?
• Is it possible to generate energy savings with a WPC?
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1.3. Literature Review

The current state of research into control methods for thermally activated building
structures (TABS) is presented in this section. Many publications have defined various
methods to govern inert building technology such as TABS, ranging from the early pioneers
to the modern advanced control systems. The building structure can be integrated with
TABS to serve as energy storage, but there is still room for improvement in the control.
The system’s mass flow and supply temperature can both be managed. In general, other
building technology systems, such as radiators, are also capable of using an intelligent
control strategy, although Amato et al. point out that the hydraulics of radiator systems
severely restrict the performance of an intelligent control strategy [32]. The concept of
a simple ON/OFF control, a proportional integral derivative control (PID), a weather-
dependent control, a model predictive control (MPC), and other intelligent control strategies
are introduced in this literature review. The authors also provide a brief overview of the
benefits and drawbacks of each individual approach at the end of each subsection.

1.3.1. ON/OFF Control

The ON/OFF controller, which is the most widely used and basic control technology,
typically determines when to switch merely based on temperature. The discontinuous room
temperature control using a three-position controller is an easy way to operate the TABS.
The controlled variable with two established limit values for heating and cooling is typically
the room temperature. Hence, the system functions either in the heating mode, with the
greatest possible supply temperature, or the cooling mode with the lowest possible supply
temperature. A hysteresis is commonly used to avoid any immediate change between
switching on and off [33].

This control strategy’s simplicity and minimal data point requirement are advantages.
This guarantees a straightforward implementation in practice. According to Tödtli et al. [34],
this control method relies on the self-regulation impact of the thermal mass of the building,
and many examples demonstrate a discomfort in the thermal zones without taking into
account the heat gains in a room or an overall feedback variable from the thermal zones.
Additionally, the impact of the building’s location does not affect the thermal performance
and can result in excessive energy demands and overheating/overcooling.

1.3.2. Proportional Integral Differential Control

The continuous control strategy is represented by the proportional integral differential
controller (PID). It is frequently used for industrial applications due to its ability to take
the history and the future behavior of the system into account. In contrast to the three-
position controller, the PID controller is a closed-loop system that considers the output as
feedback for the following input signal [17]. The tuning of the coefficients plays a key role
in determining the performance of the controller.

Studies show that a PID controller outperforms standard ON/OFF controls in terms of
the energy demand, but also lead to thermal discomfort [35]. Due to the complexity of the
simulated model, it is impossible for the model to be abstracted into a mathematical model,
which could be calculated and tuned with the classic control theory. Nevertheless, studies
show that neither PID mechanisms nor three-position controllers offer a suitable strategy
for controlling TABS [7]. This is because heating and cooling might occur on the same day,
which causes a large increase in energy demand. Another issue is that these mechanisms
cannot deal with dynamic effects caused by disturbances such as changes in solar radiation,
losses through ventilation, and internal loads. Furthermore, tuning PID coefficients is
already a complex matter in the digital context of a thermal simulation, and becomes even
more complex if transferred to the built environment. This is why PID controllers are very
expensive to implement, and therefore are only suitable for large-scale building technology
systems that are not representative of the majority of the market.
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1.3.3. Weather-Dependent Control

A commonly used control strategy for TABS is the weather-dependent control. In this
case, the supply temperatures are chosen depending on the ambient temperatures. The
heating or cooling curve is the function that depicts this relationship between supply and
ambient temperatures [33]. Figure 4 shows an exemplary heating and cooling curve with the
ambient temperature on the x-axis and the target supply temperature on the y-axis. Within
a defined neutral zone (here between 12 ◦C and 15 ◦C), heating and cooling are deactivated.
Apart from the ambient temperature, the supply temperature is further regulated by the
room temperature [12]. Another possibility is to control the return temperature depending
on the ambient temperature. Functions for the target return temperatures that depend
on the outside temperature are set up, similar to how the target supply temperatures are
calculated. By taking into account the difference between supply and return temperatures,
the main benefit of controlling the return temperature is the inclusion of the thermal
conditions of the room (such as internal loads, solar radiation, etc.). The drawback is that
when the system is turned off, the return temperature and energy transfer to the zone are
unknown [12].
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As Bollin and Schmelas [33] and others point out, the main problem with a weather-
dependent control is its adaptation to the local weather conditions. The set temperatures
are based on experience and outlined in general national guidelines such as the Handbuch
der Gebäudetechnologie (English: Guideline for building technology) in Germany [36].
The concept is regional and uncustomizable because the set point temperature needs to be
adjusted for local conditions in various climates. A second system to evaluate the thermal
comfort conditions of the zones is necessary to guarantee suitable conditions, as there is
only indirect feedback about the thermal conditions of a room.

1.3.4. Model Predictive Control

Model predictive control, as a supervisory strategy, considers future disturbances to
predict the system’s behavior and to calculate an appropriate reaction of the system to
minimize or maximize an objective function [37]. The new state of the system, including
the relevant disturbances, is fed back to the MPC as input to optimize the next time step. In
the context of building technology, the MPC usually aims to minimize energy demand and
costs or enhance thermal comfort. Therefore, weather forecasts and predicted internal gains
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are taken into account. To achieve an efficient load management while maintaining thermal
comfort, a suitable control strategy for energy systems is required. MPC holds potential
for controlling it efficiently through prediction of loads, renewable energy generation, and
weather forecasts [37].

The research project opticontrol [7,38,39] investigated the effectiveness of a practical
application of an MPC strategy using weather forecast data. As a result, the project forms
a strategy based on weather forecasts to choose the variables for the subsequent hours.
The optimization issue can take into account predictions for internal gains, changeable
energy prices, or comfort levels. By implementing the designed MPC strategy in a building,
the demand for renewable primary energy is reduced by 17%, and financial costs are
also reduced by 17% [7]. Furthermore, they concluded that the investigated buildings
were particularly sensitive to the forecast of incident radiation. According to the authors,
MPC can also contribute to making buildings more efficient as energy storage systems.
Nevertheless, one disadvantage of MPCs is the high computational costs and the great
effort needed to model the building and its technology.

Other research projects, including the opticontrol project, have also pointed out that
an advanced digital model of the building as well as a data-intensive simulation algorithm
must be connected to the control strategy with an MPC. To implement this idea into practice,
qualified technical experts and cutting-edge building control systems are needed. This
narrows the application of this concept down to large, modern building technology systems
and excludes the majority of customers on the market. Furthermore, this high complexity
of data and science makes it hard to understand and increases the risk of discomfort or
the phenomenon of the performance gap (the gap between the actual real and initially
intended design of a building system) [40,41].

1.3.5. Intelligent Control Strategies

Due to the outlined disadvantages of the MPC, researchers around the world are
developing alternative control approaches to find the right balance for TABS. One such
approach is intelligent control strategies using artificial neural networks (ANN), which
enable automatic adaptations to building properties. J.Y.-Lee et al. [42] investigated the
potential for improved performance of ANN-based control strategies for radiant floor
heating. Predictive control with an ANN avoids overheating the room temperature, while
non-predictive control strategies exceed temperature limits [42]. The high adaptability of
the neural network offers the possibility of applying it with different boundary conditions.
This adaptability is also demonstrated through experiments in real application.

M. Schmelas developed a self-learning algorithm to control TABS in his dissertation [7].
His AMLR algorithm (adaptive multi-level routing algorithm) calculates the amount of
energy required by the TABS zone within the next day. The system also makes use of
predictions for the daily mean outdoor temperature and global irradiation in addition to
the schedule of occupancy. The advantages of the ALMR algorithms are validated with
the help of simulation and measurement data from a pilot plant. Compared to standard
ON/OFF control strategies, significant energy reductions of up to 41% can be achieved for
the heating and cooling case, in terms of avoiding overheating and overcooling [7]. With
respect to load management due to the fluctuating renewable energy converters, TABS
serve as thermal stores and charging can be switched on or off [7]. In addition, the load
shifting leads to a reduction in monetary costs if one assumes dynamic prices. The thermal
comfort remains unchanged, or even improves, throughout the improvements in terms of
energy savings and load management.

T. Palecek [43] as well as Nagy and Kazmi et al. [44] formulate a deep reinforcement
learning algorithm based on ANN to control a heating system of a building more efficiently
compared to the commonly used rule-based thermostat solutions. They consequently
use a mix of deep learning—which trains an ANN to automatically acquire task-relevant
features—and reinforcement learning—a computational method for determining the best
course of action for a problem. A neural network, consisting of a set of interconnected
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neurons, can solve complex problems by automatically recognizing patterns in the provided
data sets. T. Palecek used a large number of weather profiles from outside temperatures in
Basel between 1985 and 2017 to train an artificial neural network (ANN) to optimize the
heating control in form of the supply temperature and the mass flow. Those data points
included: current outside temperatures, future and current room set point temperatures,
and supply and return temperatures [43]. One part of the concept is to predict how the
room temperature will change in the next state and to make decisions about switching
the heating on or off depending on the supply temperatures. The study showed that this
concept helps to avoid overheating [43].

In his dissertation, J. Jungwirth [8] developed an adaptable building model based
on ANN in order to reduce costs. The aim is to shift the operating time for electrical
heating and cooling systems according to the electricity tariffs that vary depending on the
time and cost. A TABS is implemented in the investigated model, an office building. The
increased flexibility of heating and cooling operation reduces monetary costs and meets the
requirement of ensuring thermal comfort throughout the simulation period [8]. Assuming
fluctuating electricity tariffs, resulting from increased renewable energy generation by
the year 2030, the ANN control strategy leads to energy cost savings of around 63%
when applied to an exemplary building [8]. The flexible and cost-optimized operation of
the TABS with the help of an adaptable model offers great potential for a demand-side
management [8].

Even so, the AMLR algorithm from Schmelas [7], the deep reinforcement learning
algorithm based on ANN from T. Palecek [43] and Nagy and Kazmi et al. [44], and the
adaptable building model based on ANN from J. Jungwirt [8] all require modern building
technology systems to perform the optimization in the real built environment. Furthermore,
in the training phases of the models, professional equipment is required. This shrinks down
the use case to a small share of the market and increases the costs for such a control strategy
that a standard office or residential building does not represent a suitable application.
Furthermore, users may find the algorithms and data structures difficult to understand
due to their complexity, and there is a risk that this will worsen the building’s performance
gap, hence increasing energy consumption and/or lowering thermal comfort. This paper
attempts to present a more straightforward, intelligent approach that is unaffected by
these issues.

2. Concept for Weather Predictive Control

This section first presents the fundamentals of the concept and targets the key factor
of the prediction process. The following subsections then outline the integration of the
concept into the control of the heating and cooling, ventilation, and sun protection systems.
The literature review presents the need for a simple, intelligent control strategy for TABS.
This also forms the baseline for the authors in the case of the development of the weather
predictive controls strategy. The strategy has to be simple and straightforward, with
no complicated data management, so that its practical implementation is feasible. This
means that in practice, a control device such as a Raspberry Pi is connected to the building
technology system. This plug-and-play device can download local weather conditions
at its forecast using only an internet connection. The weather predictive control strategy
takes into account the actual and the future weather conditions so as to adapt the thermal
comfort needs of the actual building and, if possible, execute the implemented energy
harvesting strategy. Furthermore, the device must work with a feedback signal to constantly
adapt the thermal zones and evaluate the thermal comfort in the room. However, the top
priority is that the user can control the building technology at any time and override the
algorithm suggestions.

Given that local weather conditions around the world can be accessed with an internet
connection, the weather predictive strategy is possible regardless of the user’s location.
Figure 5 below graphically displays the overall concept of the weather predictive control.
The left side of the figure represents the ambient dry bulb air temperature and the solar
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irradiation from the weather data. These function as the prediction parameters for the
concept. The four managed building technology systems are outlined in the middle column:
sun protection, ventilation, and heating and cooling system. These systems are the control
parameters that use the information generated by the prediction parameters to optimize the
control. The thermal comfort and the energy demand represent the evaluation parameters
in the right side of the figure. This paper analyses the individual variants according to
these evaluation parameters.
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Now that we know the overall concept of the weather predictive control, one of the
key roles in this concept is the issue of the time step of the prediction: How far into the
future should we look? Should we adopt a single or multiple approach and consider only
one or several values of the prediction parameters in the future? The prediction approach
in this paper relies on the concept of a weighted moving average over the next 24 h, because
after 24 h the probability of the same conditions occurring is very high. The weighted
moving average is a system that is also used to evaluate thermal comfort according to DIN
4108, since adaptive thermal comfort is defined by the weighted moving average of the
past ambient temperature over the indoor temperature, and is therefore quite common
in practice. The following Equation (1) describes the prediction approach, where X f uture
is the target future value. The values Xt time steps t are added up from 1 to 24 h, and
weighted according to the weighting factor α with an increasing mathematical power in
each time step. This means that time steps closer to the actual time are weighted higher, but
all weather conditions over the next few hours will still have an impact on the prediction.
Overall, this results in a flattened trend of the predicted value to control the building
technology under consideration.

X f uture = 1− a ·
24

∑
t=1

Xt ·αt (1)

2.1. WPC—Heating and Cooling System

The active layer functions as a heating and cooling system that eventually reaches
the desired set point temperature during the active phase. The active layer has different
supply temperature settings. Two of them can be adjusted in the user interface. The one for
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cooling is set to 18 ◦C, following the recommendation of the Ausbau Atlas [45]. The initial
set point temperature for heating is 30 ◦C. The specific power is assumed to be 40 W/m2

when heating and 50 W/m2 when cooling [45]. The threshold of the average ambient
dry bulb air temperature over the last 24 h (Tambm24) determines the season of the year.
Temperatures above 15 ◦C exceed the lower limit and allow for a potential cooling of the
system. If the average ambient dry bulb temperature is below 12 ◦C, the heating mode is
activated. Further heating is only possible when the supply temperature is higher than the
return temperature (Tout) of the system, and the opposite is true for the cooling mode. In
addition to this, the heating and cooling mode are only enabled when users are in the room
and thus the working schedule is active. Finally, the heating/cooling process stops when
the upper/lower dead band of the hysteresis is reached, according to the comfort band by
DIN EN 16798-1 [22]. The following Figure 6 illustrates the control scheme for the heating
system. Although it is not shown in this paper, the cooling system’s control mechanism
operates in reverse with the indicated, altered thresholds:
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Both cases of heating and cooling present an advanced control strategy considering
the predicted weather conditions. The operative temperature functions as the control
measure. For the WPC, the ambient dry bulb air temperature (Tambfuture) and the total
solar radiation (Qsol,future) at a future time step are implemented into the equation of the
active layer. These two future parameters are calculated for every time step of the thermal
simulation following the principle of Equation (1).

The solar radiation of the future time steps first reduces the supply temperature of the
active layer, represented by a calculated temperature difference δTQsol,future. The calculation
process expressed by a temperature difference of the heat and cold transfer of the medium
can be seen in Equation (2):

δTQsol,future =
Qsol,future

.
m·cw

3.6

(2)

This temperature difference is implemented in the equation of the heating and cooling
curve of the supply temperature. This means that in the initial equation, the current ambient
dry bulb air temperature (Tamb) is replaced with the Tambfuture and subtracted by δTQsol,future
for the final supply temperatures. The axis interceptions, slopes, and lower limits are deter-
mined according to the test curve of the dissertation of Martin Schmelas and the guidelines in
the Ausbau Atlas by Hausladen and Tichelmann [7,45]. The heating and cooling curve change
as expressed in Equations (3) and (4). Besides the direct decrease in the supply temperatures,
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the maximum heating and cooling power (PHT; PCL) are also modified depending on the solar
gains of the future time steps, outlined in Equations (5) and (6):

Tsupply,HT = max(25.4− 0.27·Tambfuture, 22)− δTQsol,future (3)

Tsupply,CL = min(25.4− 0.27·Tambfuture, 18)− δTQsol,future (4)

PHT = max
(
PHT,max −Qsol,future, 0

)
(5)

PCL = max
(
PCL,max + Qsol,future, 90

)
(6)

The reduction in power as well as the modified heating and cooling curves are aimed
at reducing overall heating and cooling demand while at the same time improving the
overall improvement in thermal comfort. The lower part of the adaptive comfort band is
used as a reference for heating, and the upper part for cooling, to keep the heating and
cooling energy to a minimum [22]. This concept is converted and implemented in the active
layer type of the thermal simulation.

2.2. WPC—Sun Shading System

The shading system in this paper and in the norms (e.g., DIN 4108-2 [17] in Germany)
are regulated according to the sum of direct and diffuse radiation onto the window surface
area. By opening up and closing the shading system, solar radiation can enter the room to
generate heat that in the summer periods potentially leads to overheating or the necessity
of a cooling system. The shading device studied in this paper is a set of venetian blinds
with an fc-value of 0.8. According to the norm DIN 4108-2, the individual irradiation limit
onto the window surface depends on the orientation of the room, and in general, a shading
system is activated only above an outdoor air dry bulb temperature above 14 ◦C [17].
For a northeast-to-northwest-oriented room, the shading system of an office building is
activated above a threshold of 150 W/m2. For other orientations, the irradiation limit is
set to 200 W/m2. The floating future radiation during the following 24 h on the window’s
surface area is integrated into the radiation control in this study when it exceeds a threshold
of 150 W/m2. The shading control signal considering the weather predictive control is
outlined in the following Equation (7):

signalshading = gt(Tamb, 14)·(gt(radsur, 200) + gt(radsur,future, 150)) (7)

2.3. WPC—Ventilation System

J. Hopfe, in her dissertation, points out the sensitivity of computer based models,
suggesting that the performance of a model is tightly tied to the ventilation systems and the
infiltration [46]. In this study, a natural ventilation system is used in addition to the normal
infiltration related to building construction, to promote thermal comfort in the office spaces.
An electrical automation to open the windows as well as the manual possibility for the
user to open the window is assumed. During the day within the work schedule, the ideal
user performs the operation of the window according to the thermal comfort ranges of
DIN EN 16798-1 [22], while during the summer period night time and absence of the office
users the automation operates the window to perform a potential night time cooling. In
general, the standard infiltration and natural ventilation in simulations are represented
with the metric of air changes (AC) per hour (air change rate). In this paper it is divided in
the following modes: basic infiltration (AC = 0.2), tilted window (AC = 1.5), intermittent
opening (AC = 3); and completely open window (AC = 6). Here, again, the air change
rate is a simplified concept to represent natural ventilation in a simulation model, which
simplifies a complex process of multiple pressure differences into a single value. This leads
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to a reduction in the quality of the simulation, but a detailed computational fluid dynamic
(CFD) simulation would distract from the main focus of the paper.

The following Equations (8)–(11) (for the work schedule) and (12)–(14) (for night
ventilation) outline the control strategy for infiltration, the natural ventilation system,
and the implementation of the weather prediction. The ventilation concept only follows
temperatures and not volatile organic compound (VOC) thresholds in the room, so as
to focus only on the energy consumption. In general, the indoor air temperature has to
be higher than the ambient outdoor temperature to trigger a cooling. During the work
schedule the three ventilation modes are activated according to the indoor air temperature
thresholds 23, 25, and 27 ◦C. As the standards (e.g., DIN 15798) do not recommend specific
thresholds, the implementation is based on the authors’ own experience. During the
night time, the thresholds are set to 23 and 26 ◦C for the tilted window and completely
open window modes, respectively. In addition to the basic control, additional potential
ventilation is activated when future ambient dry bulb temperature is above the thresholds
23, 25, and 27 ◦C during work hours, or above 23 or 27 ◦C during the night time mode,
resulting in the individual air change rates.

During work hours:

ACwork = 0.2·signalwork·lt(AC23, 1.5)·lt(AC25, 3)·lt(AC27, 6) (8)

AC23 = 1.5·gt(Tair, Tamb)·lt(AC25, 3)·lt(AC27, 6)·gt(gt(Tair, 23) + gt(Tambfuture, 23), 0) (9)

AC25 = 3·gt(Tair, Tamb)·lt(AC27, 6)·gt(gt(Tair, 25) + gt(Tambfuture, 25), 0) (10)

AC27 = 6·gt(Tair, Tamb)·gt(gt(Tair, 27) + gt(Tambfuture, 27), 0) (11)

At night time:

ACnight = 0.2·lt
(

ACnight,23, 1.5
)
·lt
(

ACnight,27, 6
)
·
(
1− signalwork

)
(12)

ACnight,23 = 1.5·gt(Tair, Tamb)·lt(AC27, 6)·gt(gt(Tair, 23) + gt(Tambfuture, 23), 0) (13)

ACnight,27 = 6·gt(Tair, Tamb)·gt(gt(Tair, 27) + gt(Tambfuture, 27), 0) (14)

3. Thermal Simulation

To analyze and evaluate the effect of the WPC, a thermodynamic model was set up.
The correctness of a digital thermal simulation relies on detailed data implementation
and profound expertise with the simulation tool. Thereby a common way to guarantee
the correctness of a model is a validation, comparing measured and simulated values.
The validated base case model and its local weather conditions, simulation variants, and
individual energy and thermal comfort performance outcomes are all presented in the next
two sections as the basis for the final discussion and conclusion.

3.1. Base Case Model

The digital thermal model is created in the software plug-in TRNLizard, a parametric
tool for the visual programming environment Grasshopper of the CAD-software Rhinoceros
7. TRNLizard interacts as a communication tool which links building property information
to the thermal simulation tool TRNSYS, which performs the actual dynamic thermal
simulation. The base case model consists of an in situ measurement test facility of an office
room located on a rooftop in the urban environment of Munich. The exposed location, at a
height of approximately 28 m above ground, is mainly influenced by the urban Munich
weather conditions (48◦08′20′′, 11◦34′30′′). The central, main office room has a length of
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4.30, a width of 4.30, and a height of 3.30 m. The main orientation, including a large glass
façade (window-to-wall ratio of 90%), faces 23◦ southwest. Venetian blinds function as the
shading system, while the windows can be operated manually and automatically. In the
thermal simulation, a slab activation acts as the heating and cooling system, representing
the TABS. For heating, the supply temperature is 25 ◦C and 16 ◦C for cooling. The heating
power is about 40 W/m2 and the cooling power is approximately 50 W/m2.

The validation of the thermal model has already been performed and described in
detail in a previous study in 2022 by Hepf et al. [47]. Using the ASHRAE guideline 14:2002
and its criteria of the normalized mean bias error, the coefficient of variation of the root
mean square error, and the coefficient of determination, it was shown that after adapting
the infiltration and the thermal bridges, the thermal model was validated according to the
four type weeks [47]. The thermal model data comprises local weather data measured at
the test facility and the highly insulated thermal envelope (roof: u-value 0.222 W/(m2K),
external wall: u-value 0.175 W/(m2K), floor: u-value 0.266 W/(m2K), internal wall: u-
value 0.437 W/(m2K), window: u-value 0.68 W/(m2K)). The thermal bridges are set to
0.1 W/m2K and the basic infiltration air change rate is 0.2 1/h.

Figure 7 shows the global horizontal radiation, the cumulative values on a monthly
basis for the ambient temperatures, and the monthly maximum and minimum ambient
temperature. In the winter months, the global horizontal radiation and the ambient tem-
peratures are lower than in the summer months. Therefore, the peak of 187 kWh/m2a
occurs in July, and the highest average ambient temperature of 20.8 ◦C was measured in
August, whereas the highest maximum temperature of 43.3 ◦C occurs in July. December is
the coldest winter month with the lowest average and a minimum ambient temperature
of 2.5 ◦C. In July and December, the highest and lowest radiation can be observed. The
highest radiation and thus the highest cooling energy demand is estimated in the months
of July and August, while the highest heating demand is expected to occur in the winter
months December and January. In the transition periods, cooling and heating demands can
alternate; this gives the WPC the potential to outperform a simple building control strategy.
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3.2. Results

To evaluate the effect of the WPC, three simulation variants of light, middle, and heavy
construction were each tested with and without the use of the WPC. In the simulation
variant without the WPC, standard control algorithms were used. The heating and cooling
system uses a common weather-dependent control for the TABS: The ventilation and sun
protection system perform similarly to the WPC control, using the actual Tamb instead of
the future values. Overall, the simulation variants without WPC already use an advanced
control strategy to set the basis for a fair comparison. The characteristics of the heating and
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cooling energy demand and the over and under temperature hours (OTH; UTH) serve as the
evaluation criteria for the thermal comfort performance. The subsequent Figure 8 displays
the simulation results. The individual graphs are arranged in rows. The top two figures
represent the light-, the second two the middle-, and the bottom two the heavyweight
construction simulation variants. On the left hand side, the individual point clouds display
the simulation hours in relation to the comfort band, using the operative temperature over
the mean ambient temperature during the operational time. The grey point cloud outlines
the standard simulation variant whereas the colored values represent the simulation variant
with the WPC. The figures on the right outline the annual accumulated simulation results.
The left four columns of the graphs correlate with the left y-axis outlining the heating and
cooling demand with and without the WPC. The four right columns show the over and
under temperature hours, connected to the right y-axis. The simulation variants with the
WPC are represented by solid colored columns, while the standard control variants are
represented by dashed columns.
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Figure 8. Simulation Results: Left column: Comfort hours with (blue) and without WPC (grey) for a
lightweight (top), middle (middle) and heavy (bottom) construction; right column: Heating (red)
and cooling (blue) demand and over (red) and under temperature hours (blue) with (solid color) and
without (dashed) WPC (own representations).

The effect of the thermal mass on the energy and comfort performance can be seen
in the simulation variants. The simulation variants with the lightweight constructions
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summarize the highest and excessively high over and under temperature hours, with more
than 500 over and more than 150 under temperature hours. This is also visible in the
correlated point clouds. This results in a lower energy demand for heating and cooling,
which is associated with poorer comfort conditions. No comfort can generally be provided
due to the lack of thermal mass. Even in the summer period, the cooling power is not
enough to reduce the over temperature hours. The middle and heavyweight constructions
fulfill the comfort requirements according to DIN EN 16798-1. Based on this and the
increase in thermal mass, the energy demand for heating and cooling rises. This results
in almost no over and under temperature hours; this is also visible in the point clouds.
Overall it can be said that the higher the mass, the greater the comfort, but also the higher
the energy requirement. These results are in line with other studies that analyze the effect
of the thermal mass on energy performance and comfort [12,13].

The influence of the weather predictive control is also visible in parts of the results.
Already in the light simulation variant, where comfort is not sufficiently provided, the
WPC performs slightly better using less energy and resulting in fewer uncomfortable
hours (although still too many). The middleweight construction simulation variants show
nearly the same performance with and without the WPC. At 29.0 kWh/(m2a) the cooling
demand is little less than without the WPC (31.2 kWh/(m2a)). In the heavy construction
simulation variants, the cooling energy demand of the WPC is 14% lower (26.8 instead of
30.8 kWh/(m2a)). The energy demand for heating is nearly equal. Except for the cooling
demand in the heavy construction, all simulation variants perform nearly alike in terms of
energy demand, with or without WPC. Overall, the simulation variants with WPC have
slightly lower over and under temperature hours. It is to be noted that the simulation
variants without the WPC already show a semi-advanced control strategy that lowers the
effect of the WPC as, e.g., a comparison with a standard ON/OFF control, as outlined in
the literature review.

3.3. Evaluation

To evaluate the overall hypothesis, we answer our initially proposed research questions:

• Is it possible to optimize the thermal comfort of a room with a WPC?

Considering the lightweight simulation variant, it is not possible to improve the
thermal comfort in the simulated room, as the overall thermal comfort cannot be provided
in this simulation variant. Even though the simulation variant with WPC performs better,
we see no improvement in the thermal comfort, while the overall performance of the
room is uncomfortable. Nevertheless, for the middle and heavy simulation variants, an
improvement can be seen. In the middle simulation variant, the heating and cooling
demand performs only slightly better, whereas with the heavy simulation variant, the
WPC room utilizes noticeably less cooling and slightly less heating energy. Overall, an
improvement in thermal comfort can be achieved but is very much dependent on the
room’s environment and construction. It seems to indicate that cooling energy especially
can be saved with an increased thermal mass.

• Is it possible to generate energy savings with a WPC?

Only a small amount of energy could be saved by using the WPC instead of the
weather-dependent TABS control, throughout all simulation variants. Percentagewise,
the energy savings decrease along with increasing thermal mass, but still do not show
significant improvements. Neither a decrease in the energetic performance nor a significant
increase in energy demand can be seen with the use of a WPC, as it only slightly affects the
overall energy performance of the simulated room.

The energy demand and thermal comfort of a Munich-based office building can be optimized
compared to a state-of-the-art control strategy by the simple approach of a weather predictive control
of inert buildings.

This overall hypothesis statement is therefore believed to partly true, as the energy
performance and the thermal comfort are only slightly improved by the weather predictive
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control. However, in more specific detail, the thermal comfort is technically improved
with the WPC while the energy performance does not decrease. The control case with the
Munich-based office building narrows down the potentials of the weather predictive control
to one location. The overall potential and further prospects for the WPC are summed up in
the following section.

4. Discussion

To outline the main findings, this section is divided into subsections dealing with the
localization, utilization, and transformation of the weather predictive control potentials.
Finally, the limitations of this study are presented to prepare for the final conclusion.

4.1. Location of the Potentials

Smartphones, tablets, and computers are everywhere in modern society, and with
them, the infinite possibility to access data. This is also true for weather data and weather
forecasts, which people use on a daily basis to prepare themselves for the day. By a some-
what paradoxical contrast, this is not currently the case for buildings, even though their
performance is mainly influenced by the local weather conditions. Therefore, the potential
for a weather predictive control is unquestioned. For a variety of system configurations, this
can bring a huge benefit in the energy and comfort performance of a building, especially
when equipped with thermal mass, as shown in this paper. For office buildings with inert
building technology, the energy savings and comfort improvement potential are present
and already accessible with a simple approach such as the WPC, as outlined in this paper.

4.2. Utilization of the Potentials

Using a weather predictive control generates thermal comfort improvements, espe-
cially by reducing cooling energy demand in the summer months, and generates slight
annual energy savings for heating. The simple control approach outlines state-of-the-art
building technology regulation. This increases with increasing thermal mass of the building,
even though there are already some comfort improvements with lightweight constructions.
The results of this paper show that locations with a higher demand for cooling energy will
increase the potentials of the optimized control strategy. Furthermore, locations with a
higher fluctuation when switching between the heating and cooling mode, mainly within
the transition periods between summer and winter, will enlarge the potential, as a standard
control for TABS does not perform well during these periods.

4.3. Transformation of the Potentials

With ongoing climate change, the increasing fluctuation in power generation caused
by the higher share of renewable energies, as well as with the changes in the global energy
price fluctuations and uncertainties in the building control, become more frequent. This
leads to higher CO2 emissions and energy prices in the operation of the building and
increases the demand for local storage systems and smart building control strategies.
Smart control strategies are only applicable to the majority of the building stock when
the focus of the implementation is on a simple approach and detached from high-tech
solutions. In a moderate climate, such as Munich, the effects can already be proven, but
further investigation is needed into the holistic effects of the WPC. Various locations, with
more extreme weather conditions, a fluctuating energy supply, and different building
constructions, can give valuable insight into further potentials for the WPC.

4.4. Limitations

The characteristic data in this paper is based on an in situ test facility with a very
exposed location. This single test case limits the statements of this paper. Common office
rooms with only one outside façade, which form the majority of office rooms today, are
not represented by this paper. Furthermore, the test facility with its vacuum insulation
panels represents a very well insulated thermal envelope, and the window properties are
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of high standard too; this does not represent the current office building stock in countries
such as Germany. According to this presumption, the simulation’s ventilation system
severely simplifies the complex process of ventilating a room and reduces it to merely the
air change rate. This may skew the findings and cause the conclusions to be misleading.
To evaluate the simulation results this paper uses the parameters thermal comfort and
operational energy of a building but exclude the overall energy performance of a building
like, e.g., the grey energy of the building. Additional parameters, e.g., CO2, could increase
the statements’ scope. The idea of under- and over temperature hours might also affect
the quality of the data in the continuous process of rethinking current thermal comfort
models and may result in incorrect conclusions that can be improved in future research. In
addition to that, the results of the comparison are rather small, as the WPC was compared
with an already advanced control strategy. As the literature review already points out,
advanced control strategies such as the WPC outperform ON/OFF control strategies for
TABS noticeably.

5. Conclusions

Overall, the simple concept of a weather predictive control using future ambient
temperature and future radiation shows an improvement in the energy performance and
slight improvements in the thermal comfort for the office building in the moderate climate
of Munich. Especially in the summer months, the cooling energy demand can be reduced,
in particular in buildings with increased thermal mass. It is further evident that a simple
approach such as the WPC, without a huge amount of data or the computational power
of an artificial intelligence, can already achieve energy savings. This consequently does
not lead to rebound effects, such as an increase in energy consumption or operation costs
caused by power-intense calculation algorithms, or the creation of digital twins of the
building. This leads to savings that are commonly not considered in the optimization
processes. Simple approaches such as trend generation using the logarithmically mitted
future average, energy performance, and thermal comfort can be improved. Performing a
counter-validation and applying the weather predictive control strategy in the in situ test
facility would increase the quality of the data. In addition to that, a detailed representation
of the energy supply for heating and cooling would increases the quality of the results.
However, in general we consider the following three steps to be vital to increase the future
impact of the WPC and to transform the potentials into a broader field:

• Performing an international study to investigate the potentials in different climates;
• Applying the concept to other use cases with higher representation in the building market;
• Introducing a further evaluation parameter, namely CO2, to transfer the potentials to

holistic energy balance.
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Nomenclature

Variable and parameters
Xfuture Overall predicted value of parameter (-)
a Weighting factor (-)
Xt Value of parameter t time steps ahead (-)
t Time steps ahead (h)
Tambm24 Average ambient dry bulb air temperature over last 24 h (◦C)
Tout Return temperature (◦C)
Tsupply,HT Supply temperature heating (◦C)
Tsupply,CL Supply temperature cooling (◦C)
mtot Total mass flow (kg/s)
Qsol,future Solar radiation of a future time step (W/CO2)
Tambfuture Ambient dry bulb air temperature at a future time step (◦C)
δTQsol, future Temperature difference caused by incoming solar radiation (◦C)
.

m Specific mass flow (kg/s)
cw Conversion factor (K J/hm2)
PHT Heating power (W)
PCL Cooling power (W)
Top Operative temperature of a room (◦C)
Tair Air temperature of a room (◦C)
radsur Radiation on surface (W/m2)
radsur,future Radiation on surface in the future (W/m2)
fc-value Reduction factor of a sun protection device (-)
AC Air change rate (1/h)
Abbreviations
TABS Thermally activated building structures
DIN Deutsches Institut für Normung
PID Proportional integral derivative control
MPC Model predictive control
ANN Artificial neural networks
WPC Weather predictive control
PMV Predicted mean vote
PPD Percentage of people dissatisfied
CFD Computation fluid dynamics
VOC Volatile organic compounds
CAD Computer aided design
TRNSYS Transient systems simulation
ASHRAE American society heating, refrigerating and air-conditioning engineers
OTH Over temperature hour
UTH Under temperature hour
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