
DTU - Technical University of Denmark 9 November 2020

Data-driven Methods to 
Characterize the Dynamics of 
Buildings
Carsten Rode, Professor, DTU Civil Engineering

Christoffer Rasmussen, PhD-candidate, DTU Compute



DTU - Technical University of Denmark 9 November 2020

Overarching Hypothesis for WP3: 
Intelligent Energy Systems Integration

• Demand-side perspective: 
We cannot achieve a non-
fossil society only by 
optimizing the individual 
buildings

• Supply-side: We need to 
analyse buildings in a 
community/society 
context looking to how 
energy is:

– Produced, 
– Transmitted, 
– Stored
– Converted
(PTSC)
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This has leads to
• Energy flexibility

• Aggregation

• Measuring and logging

• Data – and its smart use
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Flexibility –
Peak Load Reduction for District Heating

How much can peak load be reduced?
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Old house
1851-1930

Old house
1961-1972

2.4 1.7

Source: Rongling Li, DTU Civil Engineering

How Long Can Buildings Offer Thermal 
Comfort Without Heat Supply? 
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Renovated
1851-1930 house

New house 
2007-2010

4.0
8

Source: Rongling Li, DTU Civil Engineering

How Long Can Buildings Offer Thermal 
Comfort Without Heat Supply? 
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This points to
• Potential for virtual storage

• Possible need for Model Predictive Control (MPC)

… for this we need to know the building 
performance and characteristics better
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European Commission:

Energy Efficiency Directive (EED - 2019)
By way of example, in a district heating network where 
metering data are transmitted/collected automatically on 
an hourly or daily basis, such data will represent a 
significantly higher value in terms of their potential use 
for optimising system operation, fault detection, alert 
services, etc., than metering data collected on a monthly 
basis with walk-by/drive-by technologies.

Energy Performance of Buildings Directive 
(EPBD - 2018 amendment)
(29) Targeted incentives should be provided to promote 
smart-ready systems and digital solutions in the built 
environment. This offers new opportunities for energy 
savings, by providing consumers with more accurate 
information about their consumption patterns, and by 
enabling the system operator to manage the grid more 
effectively. 

(37) Building automation and electronic monitoring of 
technical building systems have proven to be an effective 
replacement for inspections, in particular for large systems, 
and hold great potential to provide cost-effective and 
significant energy savings for both consumers and businesses. 
The installation of such equipment should be considered to be 
the most cost-effective alternative to inspections in large non-
residential and multi-apartment buildings of a sufficient size …Article 14 (4) … non-residential buildings…

building automation and control systems shall be capable of:
(a) continuously monitoring, logging, analysing and allowing 
for adjusting energy use;
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Measuring and Logging
Heat meter Wireless tags – motion sensors

3 phase current clampsIndoor Climate meter
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Gee, this can be extensive….!

Comprehensive logging with integrated measurement systems:
– Temperature
– CO2
– RH%
– Energy meters
– Electricity consumption
– Open/close sensors (doors & windows)
– Occupancy sensors
– Outdoor climate
– Thermography
– Blower door (air tightness)

It can be expensive (for building owners) and bothersome (for occupants) with all these sensors
We have developed a concept, whereby we use mathematics/statistics, so we can manage with:

Few sensors, but data collection with high frequency
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Data-driven Methods to 
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EXAMPLE OF GREY-BOX MODEL
IDENTIFICATION OF THERMAL 

PROPERTIES OF BUILDINGS
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Figure 10: RC-diagram of wall.
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IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL
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IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL – PARAMETERS AND FUNCTIONS
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HEAT LOSS COEFFICIENT

HEAT CAPACITIES

TIME CONSTANTS

IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL – PHYSICAL INTERPRETATION
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IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL – HIDDEN FUNCTIONAL RELATIONS

SOLAR TRANSMITTANCE (DIFFUSE RADIATION)
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IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL – HIDDEN FUNCTIONAL RELATIONS

SOLAR TRANSMITTANCE (DIRECT RADIATION)
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IDENTIFICATION OF THERMAL PROPERTIES OF BUILDINGS
EXAMPLE OF GREY-BOX MODEL – HIDDEN FUNCTIONAL RELATIONS

SOLAR TRANSMITTANCE (DIRECT RADIATION)
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Semi-parametric modelling of sun position dependent solar gain using B-
splines in grey-box models
Christoffer Rasmussena,⁎,1, Linde Frölkea,1, Peder Bachera, Henrik Madsena, Carsten Rodeb
a Department of Applied Mathematics and Computer Science Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
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A R T I C L E I N F O

Keywords:
Solar gain modelling
Grey-box modelling
Splines
Thermal dynamics
Building energy
Solar heat collectors

A B S T R A C T

Modelling the effects of solar irradiation plays an important role in various applications. This paper describes a
semi-parametric (combined grey-box and spline-based), data-driven technique that can be used to model systems
in which the solar gain depends on the sun position. The solar gain factor is introduced, i.e. the absorbed fraction
of measured solar irradiation, and estimated as a continuous non-parametric function of the sun position. The
implementation of the spline-based solar gain factor in a grey-box model framework is described. The method is
tested in two case studies—in a model of the internal temperature of a dwelling in Aalborg, Denmark, and a
model of the return temperature of a solar collector field in Solrød, Denmark. It is shown that the solar gain
factor as a function of sun position is able to account for structural variations in solar gain that may occur due to
factors such as shading obstacles and window or absorber orientation. In both test cases, the spline-based solar
gain function improved the model accuracy significantly, and largely reduced structural errors in prediction
residuals. In addition, the shape of the estimated function provided insight into the dynamics of the system and
the local solar input characteristics. Accurate representation of such site characteristics was not possible with
any data-driven method found in the literature. Besides the grey-box models used in this study, the solar gain
factor can be used in a variety of data-driven models, for example in linear regression models.

1. Introduction

Solar irradiation is a crucial factor in the field of building en-
gineering, renewable energy generation, and many other applications.
In many cases, measurements or predictions of the solar irradiation are
available, and the effect of solar irradiation needs to be captured in a
model. However, the relation between solar gain and measured solar
irradiation is typically non-linear and dependent on the position of the
sun and site characteristics. This paper, presents and implements a data-
driven model for dynamical thermal systems, that include a sun posi-
tion dependent solar gain. The model is tested in two thermal systems: a
building and a solar collector field.

In both systems, the heat dynamics related to solar irradiation are
modelled for various reasons. For buildings, models are used to docu-
ment the energy performance and identify a potential energy perfor-
mance gap (Roels et al., 2017; Johnston et al., 2016; Haldi and
Robinson, 2011; Brohus et al., 2010; Socolow, 1977). For instance, this
has been done using data-driven thermal dynamic building models such
as grey-box models (Roels et al., 2017; Bacher and Madsen, 2011;

Madsen and Holst, 1995). As solar heat gain can significantly affect
estimated thermal building properties, the model used for solar heat
gain needs to be accurate. This is especially true for well-insulated
buildings with low thermal mass and large window areas.

Similarly, for solar collector fields, forecasting models need to de-
scribe solar irradiation effects accurately to improve heat output fore-
casts and system control. The control must respond to rapid fluctuations
in solar irradiation to prevent the collector fluid from boiling, and to
ensure a high and stable outlet temperature. As solar irradiation is the
dominating effect on the outlet temperature, an accurate model of the
absorbed solar energy can improve predictions and hence operation of
solar heat systems.

The following two sections present a literature review on typical
implementations of data-driven solar heat gain in thermal building and
solar heat plant models.

1.1. Solar gain in thermal building models

The solar gain factor of an enclosed space (often called solar

https://doi.org/10.1016/j.solener.2019.11.023
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REBUS CONNECT
ENERGY LABELLING

IN LARGE SCALE
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UP TO 5 OC TEMPERATURE DIFFERENCE
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UP TO 10 OC TEMPERATURE DIFFERENCE

UP TO 5 OC TEMPERATURE DIFFERENCE
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ENERGY SIGNATURE

+

SMOOTH MAXIMUM FUNCTION
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THE MODEL

WEATHER DEPENDENT HEAT CONSUMPTION
(DEPENDS ON OUTDOOR TEMPERATURE, 
WIND SPEED AND SOLAR RADIATION)

WEATHER INDEPENDENT HEAT CONSUMPTION

NOISE

HEAT CONSUMPTION

SMOOTH MAXIMUM FUNCTION
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THE MODEL
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MAPPING OF THERMAL PROEPRTIES
OF 16 DANISH DWELLINGS
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Abstract: In Europe, more and more data on building energy use will be collected in the future as
a result of the energy performance of buildings directive (EPBD), issued by the European Union.
Moreover, both at European level and globally it became evident that the real energy performance of
new buildings and the existing building stock needs to be documented better. Such documentation
can, for example, be done with data-driven methods based on mathematical and statistical approaches.
Even though the methods to extract energy performance characteristics of buildings are numerous,
they are of varying reliability and often associated with a significant amount of human labour,
making them hard to apply on a large scale. A classical approach to identify certain thermal
performance parameters is the energy signature method. In this study, an automatised, nonlinear and
smooth approach to the well-known energy signature is proposed, to quantify key thermal building
performance parameters. The research specifically aims at describing the linear and nonlinear heat
usage dependency on outdoor temperature, wind and solar irradiation. To make the model scalable,
we realised it so that it only needs the daily average heat use of buildings, the outdoor temperature,
the wind speed and the global solar irradiation. The results of applying the proposed method on heat
consumption data from 16 different and randomly selected Danish occupied houses are analysed.

Keywords: thermal building performance; data-driven energy performance documentation and
screening; energy signature; occupants effect on heat consumption

1. Introduction

Today, the building stock suffers from low energy efficiency and significant discrepancies between
anticipated and actual heat consumption known as the performance gap. The performance gap has
been documented in several studies, see, e.g., in [1,2]. In [3], it is stated that only 3% of the building
stock in the EU has energy label A, which corresponds to the level of new buildings. Additionally, the
reliability of the energy labels has been proven to be limited. In a report from 2018 by the Danish Energy
Agency it was stated that 20 to 30% of the Danish building energy labels were wrong. This corresponds
to between 12,000 and 18,000 energy labels that specific year.

The energy efficiency directive (EED) of the European Union (EU) [4] states that all member states
are responsible for the installation of individual energy meters, including heat meters, on all buildings
to the extent that it is technically possible and economically feasible. Furthermore, the new energy
performance of buildings directive (EPBD) lists several requirements to boost the national renovation
strategies [5]. These initiatives are established in order to increase the energy efficiency of the EU
building stock. With the current data collection requirements and the new EPBD, the relevancy of

Energies 2020, 13, 3866; doi:10.3390/en13153866 www.mdpi.com/journal/energies
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