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ABSTRACT 

A Linear Data-Driven System Identification Methodology for an Active/Passive 

Solar Thermal Storage System and Application to a Solar House  

Amélie Allard 

This thesis presents a methodology developed to identify a parametric model of a 

thermally-activated building system (TABS) using a system identification (SI) tool. The 

model was identified with collected data from an energy efficient solar single-family 

residential building, the Ecoterra™ house located in Eastman, Quebec. The TABS is a 

ventilated concrete slab (VCS) serving as an energy storage medium for active and 

passive solar gains in the basement. The system uses the structural mass of the house to 

store active solar gains collected by the building-integrated photovoltaic/thermal 

(BIPV/T) roof and passive solar gains entering the living space through the energy 

efficient windows. 

A data-driven system identification approach is used. Identifying a linear model 

and obtaining a low-order polynomial model were the main identification criteria. The 

thesis addresses the issues of the monitoring sensor accuracy on the model parameters, 

how physical knowledge of the VCS dynamic system can be considered during its 

validation and how the identification assumptions guide the future use of the model. 

This thesis also demonstrates that the identified linear polynomial model is an 

efficient tool to carry out redesign studies and possible control studies. Improved BIPV/T 

roof designs are compared based on increased solar energy utilization potential and 

potential increase of collected thermal energy stored into the VCS. The effect of 

modifying the BIPV/T roof angle and including a glazing section are analyzed and 
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discussed, demonstrating the use of the identified transfer function model of the VCS as a 

more efficient and quicker alternative to whole building detailed simulations, particularly 

for comparing design and operation options on a relative basis. 
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1 INTRODUCTION 

1.1 Background 

In January 2013, Hydro-Québec electricity grid experienced the largest demand 

load in its history. At this time, the national peak electricity demand reached 39 120 

MW
1
. Year after year, this peak demand increases. In a context in which residential 

buildings consume approximately 30% of the energy produced by Hydro-Québec, finding 

ways to reduce their energy consumption and shift in time their peak daily demands is 

crucial while designing buildings. These efforts will potentially release an important 

portion of the electricity produced for other purposes such as the electrification of 

transportation systems.  

Thermal systems in high performance buildings must be designed and controlled 

rigorously. This allows to maintain comfortable indoor conditions while reducing the 

energy consumption and cutting down the building peak loads. In that context, the   

control of solar systems solar plays an important role. Furthermore, the use of simple 

physical models of such systems allows exploring ways to optimize the solar energy use. 

Therefore, the subject of this thesis is the development of a methodology to identify a 

simplified model of a solar thermal storage system in order to build control strategies to 

optimize its energy storage capacity. 

A system identification methodology using monitored data from an existing 

energy efficient solar house will be presented in order to develop a model of a structural 

                                                 
1
 Reference: LaPresse.ca, http://www.lapresse.ca/le-soleil/affaires/consommation/201301/24/01-

4614837-consommation-historique-delectricite-hydro-quebec-a-eu-chaud.php. 

http://www.lapresse.ca/le-soleil/affaires/consommation/201301/24/01-4614837-consommation-historique-delectricite-hydro-quebec-a-eu-chaud.php
http://www.lapresse.ca/le-soleil/affaires/consommation/201301/24/01-4614837-consommation-historique-delectricite-hydro-quebec-a-eu-chaud.php
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active/passive solar thermal storage system. The ventilated concrete slab of the 

Ecoterra™ house is used as the demonstration and validation example.  

1.1.1 Ecoterra™ Project 

The Ecoterra™ house was the first of 15 demonstration projects to be built as part 

of the Equilibrium™ Sustainable Housing Demonstration Initiative sponsored by the 

Canadian Mortgage and Housing Corporation (CMHC) and launched in 2006.  

The Ecoterra™ house was built using seven prefabricated modular sections in 

2007 in the Alouette Homes factory. Expertise was provided by the NSERC Solar 

Building Research Network (SBRN) and support by, among others, Natural Resources 

Canada, CHMC, Hydro-Quebec and Regulvar.  

 

Figure 1.1: Ecoterra™ house, Eastman, Quebec. 

The Ecoterra™ house is a single family detached dwelling. It is two storeys high 

and includes a basement. Its total heated floor area (including the basement) is 211.1m
2
. 

It was assembled on-site in Eastman (Québec) and has been occupied since August 2009. 

Figure 1.2 shows a schematic about the integration of its main energy systems. 
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In agreement with the performance monitoring needs of the CMHC Equilibrium 

Initiative as well as the requirements of all parties involved in the project, the house was 

equipped by SBRN with over 150 sensors measuring mainly climate variables, indoor 

conditions, temperatures, energy consumption of HVAC equipment, and flow rates. The 

collected data is stored in a central database accessible via the web. 

  

Figure 1.2: Ecoterra™ energy systems. (Source: Y. Chen, Athienitis, & Galal, 2010). 

The house was designed to produce as much energy as it consumes on a yearly 

basis. The design approach respected passive solar and bioclimatic principles. Several 

energy efficiency measures were also applied and energy production systems were 

integrated.  

The house orientation, its fenestration and its thermal mass were selected in order 

to optimize the capture, storage and utilization of passive solar energy. The Ecoterra™ 

house was built with windows covering 42% of its south facade. Most of its thermal mass 
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is distributed in the south portion of the house and helps to dampen the interior 

temperature swings. An innovative ventilated concrete slab is located in the basement 

(Figure 1.3). It uses the structural mass of the slab as a thermal storage device where the 

transmitted direct solar gains and thermal energy from the solar thermal collectors are, in 

that order, passively and actively accumulated. Active thermal gains are stored in the 

concrete mass of the slab by circulating heated air across an assembly of embedded 

channels. 

 

Figure 1.3: Schematic of the ventilated concrete slab. 

Its main energy systems were selected and designed in order to reduce the amount 

of energy dedicated to space heating and domestic hot water. The list of energy efficiency 

measures in the house includes a ground source heat pump and a drain water heat 

recovery system. As a result, this house consumes about 11% of the amount a typical 

Canadian home consumes for space heating and 20% of what it consumes for domestic 

hot water.  

The main system allowing the production of energy is its photovoltaic/thermal 

roof. This system was designed to be incorporated directly into the building envelope. 

The building-integrated photovoltaic/thermal (BIPV/T) roof permits the collection of 

solar thermal energy and the production of electricity. The electricity generated can be 

used locally or exported to the utility grid.  
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1.2 BIPV/T Roof - Ventilated Concrete Slab System 

The BIPV/T roof is the main solar energy collection system of the Ecoterra™ 

house (Figure 1.4). It forms the main south-facing roof section and its cover is made of 

amorphous silicon photovoltaic panels having a total rated capacity of 2.8 kW attached 

(with adhesive and screws at the top) to a metal layer. Air can enter soffit openings and 

can be drawn under this layer by a variable speed fan. As the air travels though the cavity 

underneath the PV panels and metal roof, it gathers thermal energy while acting as a 

cooling fluid for the PV panels. This heated air can later be used to preheat the domestic 

hot water system, to dry clothes or to actively charge the ventilated concrete slab located 

in the basement.  

 

Figure 1.4: Schematic of a BIPV/T roof. 

The BIPV/T roof is thermally coupled to the ventilated concrete slab (VCS) of the 

basement where the thermal energy collected can be actively injected. Chen (2009, p. 91) 

listed the requirements that were established prior to its design: 

 Store the thermal energy collected across the BIPV/T roof. 

 Avoid exceeding the limit of comfort for a floor surface temperature. 
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 Release the stored energy at a desirable rate to avoid overheating of the space. 

 Serve as a structural element.  

1.3 Studies on the Ecoterra™ House 

The Ecoterra™ house is a key demonstration project of the NSERC Solar 

Buildings Research Network and CMHC which has already contributed to the completion 

of various building engineering studies focusing on subjects such as net-zero energy 

homes, building-integrated photovoltaic/thermal systems, thermal storage systems, 

building design tools, building controls and low-energy building design optimization. In 

the past few years, several SBRN graduate students have made this demonstration project 

the main topic and/or reference model for a variety of studies. In addition, it forms an 

important Canadian case study for IEA Task 40 (http://task40.iea-shc.org/). 

First, Candanedo (2010) used monitored data of the Ecoterra™ house to carry out 

a comparison of two models he created for transient and steady state evaluations of air-

based open-loop BIPV/T systems. Recently, O’Brien (2011) assessed the Ecoterra™ 

design process and the design tools employed in its development.  

The conclusions and work included in the two following master thesis are 

significant supporting work for this thesis.  

1.3.1 Previous Studies on the Ventilated Concrete Slab of Ecoterra™ 

Y. Chen et al. (2010) described the design of the innovative type of ventilated 

concrete slab built in the basement floor of the house and its connection to the BIPV/T 

system. Y. Chen completed a related master thesis at Concordia (2009). Y. Chen et al. 
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assessed the performance of the BIPV/T-VCS coupling and developed numerical models 

to simulate the thermal performance of the ventilated concrete slab and BIPV/T roof. The 

3-D control volume explicit finite difference thermal model developed to simulate the 

ventilated concrete slab performance was simplified to a 9-layer model. One of Chen’s 

suggestions for future studies (Y. Chen, 2009, p. 112) was the development of a further 

simplified model that could reduce the computational efforts required to minimal levels. 

1.3.2 Energy Analysis of Ecoterra™ (Doiron, 2011) 

Doiron et al. (2011) completed a whole-system energy analysis of the Ecoterra™ 

house using monitored data. He completed his master thesis on this topic (Doiron, 2011). 

He estimated the annual energy consumption of the house at 10 300 kWh. This includes 

about 3000kWh due to the addition by the occupants of an electric garage heater and 

other items such as extra lighting. If this amount is excluded, it represents only 19% of 

the Canadian average for single-family detached homes. His discussion about the house 

end-use energy breakdown (Figure 1.5) helped identify the major lessons learned 

throughout the duration of this project, from the design stage to commissioning.  

Making use of the ventilated concrete slab monitored data, he estimated 

approximately that 1545 kWh of solar thermal energy was collected at the roof and that 

only 329.8 kWh was stored in the ventilated slab concrete over the one-year study period. 

It was noted that the amount of thermal energy collected could be substantially increased 

by using higher roof slopes (around 45 degrees), possibly with a glazed section. The 

potential for energy storage improvement is also evident and he listed several avenues for 

future studies aiming to increase the fraction of solar energy stored. Namely, he 
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suggested examining advanced charging strategies to improve the solar energy storage in 

the VCS. 

 

Figure 1.5: Annual energy consumption by end-use: (a) Ecoterra™ house (b) Canadian average. 

(Source: Doiron, 2011, p. 70) 

1.4 Motivation 

Comfort conditions in high performance buildings must remain adequate even if 

design requirements include reducing the annual energy consumption. Moreover, 

managing the building loads and its interaction with the grid are key elements in their 

design process. Similarly, efforts should be made to adequately couple the energy loads 

with the renewable gains. Therefore, during design, thermal performance simulations 

should be completed with these aspects in mind. But, the level of complexity of detailed 

simulation programs does not guaranty the accuracy of the results obtained and their use 

for routine building design analysis is cumbersome  

Therefore this thesis is a contribution to solving this problem by presenting a 

methodology to develop appropriate simplified linear models that will improve our 

(a) Ecoterra™ (b) National Average Single 

Family Detached Home 
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knowledge of thermal energy storage systems so that active solar thermal storage is 

optimized.  

The following justifies the development of a methodology to identify a statistical 

data-driven model of an active/passive solar thermal storage system using system 

identification techniques as an important research topic.  

1.4.1 Comparison between Modeled and Actual Energy Use at the Ecoterra™ 

House 

The actual energy consumption of the Ecoterra™ house was compared against the 

modeled values determined prior to construction and occupation. The production of 

electricity from the PV collectors was 2570 kWh, only 75% of the projected value. It is 

known that a good part of the energy production shortage is due to a higher than expected 

snow cover of the PV arrays during the winter months. The less than optimal BIPV/T 

roof pitch (30 degrees – chosen due to prefabrication constraints) is among the variables 

influencing this accumulation. Thus, designing a similar house with a more optimized 

BIPV/T system having collectors sloped at 40 to 50 degrees would significantly enhance 

the house energy production (both electricity and useful heat), and improving its 

operation would allow to store higher amount of solar heat into the ventilated concrete 

slab.  

1.4.2 Reduction and Displacement of the Peak Demand 

The house peak loads are an aspect as important as its net annual energy 

consumption. At the national level, this demand determines the total electricity capacity 

required to satisfy peak demands. Therefore, load management and interaction of the 
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house with the electric grid are an important part of the design process of smart net-zero 

energy houses, and particular attention should be given to the coupling of the energy 

loads and renewable gains. Solar thermal storage is an important means to address this 

issue. It allows the house mechanical equipment size to be reduced at the design stage 

and the energy demand peaks to be lowered and shifted. 

This justifies improving our knowledge about solar thermal storage in order to 

develop efficient control strategies to store more solar gains, to reduce peak loads, to 

control the solar energy storage and its passive discharge, and to manage the house 

energy demands. In addition, thermal storage can be used to improve thermal comfort by 

reducing room temperature swings in solar houses. 

1.4.3 Simplified Energy Models for Buildings 

Thermal performance evaluations are a key aspect of building engineering and are 

now a part of the standard process in the building design phase. The complexity of the 

available detailed simulation tools has increased tremendously during recent years. 

However, their use for routine building design analysis is cumbersome, namely because 

of the large number of parameters they require. An alternative approach to assess the 

building thermal performance is to focus on carefully selected interactions of the building 

with its envelope, HVAC systems and controls. This approach reduces the number of 

parameters included in the model. These simplified building thermal models are therefore 

adequate, potentially accurate and require low computational efforts when used in 

thermal studies.  
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Another avenue leading to modeling simplifications is the assumption of linearity. 

No dynamic system is perfectly linear, however it is worth assuming this simplification 

when non-linearities can be isolated and reduced to minimal levels. 

1.4.4 Data-Driven Models 

Artificial intelligence algorithms have been the main tools used to create data-

driven models of systems for which no physical parameters were known beforehand 

(black-box). Recently, a few researchers have worked with statistically estimated black-

box (BB) building models. Candanedo et al. (2011) were among the few who used this 

system identification approach to create this type of thermal building models. They used 

a simplified linear model to evaluate model predictive control strategies in the case of a 

residential high solar gain thermal zone. The results of their investigation demonstrated 

that simplified data-driven models have the potential to ease control strategy evaluations 

for solar houses and help optimize the thermal mass capacity to collect and store solar 

energy. 

However, there has been little research on the use of statistically identified models 

for retrofit design analysis of thermal building components focused on keeping the 

number of parameters low. Even less work has been done on the identification of linear 

parametric models with monitored data dedicated to the evaluation of various design 

options for solar buildings systems.  
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1.5 OBJECTIVES 

1.5.1 Main Objective 

The main objective of this thesis is to develop a methodology to create a statistical 

data-driven model of an active/passive storage system using system identification 

techniques. Two strongly coupled solar systems of the Ecoterra™ house will be studied: 

the coupling of a ventilated concrete slab to a BIPV/T roof will be the demonstration and 

validation example. This model should have the potential to be used as a thermal 

evaluation tool for retrofit solar system evaluations, should be linear, and should have a 

limited number of parameters. Based on previous work by researchers in our group and 

others (Athienitis, et al., 1990; T. Y. Chen, 2002; J. A. Candanedo & Athienitis, 2011), it 

is expected that models up to 5
th

 order can generally expect most of the thermal dynamics 

of solar houses. 

1.5.2 Specific Objectives 

The objectives of this thesis are: 

 To develop a methodology to identify a data-driven model of a ventilated 

concrete slab located in the basement of a single-family residential building.  

o This model shall be developed and validated with monitored data logged 

by the sensors distributed across the Ecoterra™ house and already 

available in the central database.  

o This model should be statistically identified, have a reduced number of 

parameters, and be linear in order to simplify future thermal evaluation 

and control studies. 
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 To evaluate the effect of data accuracy on the model performances and identified 

amplitude of its parameters.  

 This model should allow the thermal assessment of the VCS performance when it 

is coupled to different variations of the actual BIPV/T roof of the Ecoterra™ 

house in order to build control strategies and to optimize its energy storage 

capacity. 

1.6 Thesis Outline 

The following summarizes the content of each chapter in this thesis: 

 Chapter 1: INTRODUCTION. Presents the Ecoterra™ house project and its 

systems that are closely related to this thesis. Describes the previous research 

work from which this thesis emerged and the thermal modeling topics that 

justified the approach chosen for this thesis. Presents the objectives of this thesis 

and its outline.  

 Chapter 2: LITERATURE REVIEW. Presents a review of the fundamental theory 

behind the subjects of thermal modeling of building systems, system 

identification model simplification, and thermally-activated building systems 

along with what other researchers have done in these areas.  

 Chapter 3: SYSTEM IDENTIFICATION OF THE VENTILATED CONCRETE 

SLAB USING MONITORING DATA. Presents the ventilated concrete slab 

physical description and its transformation into a simple linear input/output 

dynamic system. Description of the methodology developed to obtain its 

mathematical description using monitored data. It describes the strategies applied 
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to transform data time series in system inputs and output. The last section presents 

the various validations and tests required to qualify the model as acceptable.  

 Chapter 4: PHYSICAL VALIDATION OF THE VENTILATED CONCRETE SLAB 

PARAMETRIC MODEL. Presentation of a second validation of the ventilated 

concrete slab mathematical model. This time it is completed considering the 

physical nature of the system rather than simply looking at mathematical 

validation results. A look at the effects of the measurement device accuracy on the 

identified model parameters is included. 

 Chapter 5: SIMULATION STUDIES USING THE VENTILATED CONCRETE 

SLAB MODEL. The linear parametric model of the ventilated concrete slab is 

used as tool to perform a BIPV/T roof redesign simulations for potential future 

residential projects like the Ecoterra™ house. A comparison based on the amount 

of heat collected and possible VCS active storage capacity of improved BIPV/T 

roof designs is also included. 

 Chapter 6: CONCLUSION. Includes conclusions, a summary of the main 

contributions of the work and ideas for future research.  
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2 LITERATURE REVIEW 

This chapter reviews the relevant literature related to building energy models and 

their use as guiding tools in the process of understanding the thermal interactions 

between building components. This review will also provide an overview of the research 

published on the topic of thermally-activated building floors, with specific attention 

dedicated to ventilated concrete slabs, used as energy storage and space conditioning 

devices. 

2.1 Thermal Models of Building Systems 

Creating models is a fundamental step in research. Models became key tools for 

engineers because they help in acquiring a better knowledge of the system under study. 

Models are often used to answer a specific optimization problem. In building 

engineering, these models are used to reduce the building operation costs, to improve 

mechanical equipment performance, to reduce the amount of energy consumed, or to 

improve building occupant comfort. 

2.1.1 Generic Components of a Model 

A model is made of three components; its input(s), its structure and its output(s). 

The inputs can be divided into controllable and uncontrollable items. In the building 

science context, an example of controllable input would be the auxiliary heat supply to 

the building. In the same context, uncontrollable inputs are often called disturbances and 

are most often related to weather. The outputs are the reactions of the system to the 

application of inputs. The structure of the model is made of all the parameters and/or 

properties that together provide an approximation of the system under study. 



16 

 

2.1.2 Modelling Problem 

The modeling route to choose depends on which pair of model components is 

known before starting the modeling process. The ASHRAE Handbook: Fundamentals 

(American Society of Heating, Refrigerating and Air-Conditioning Engineers 

[ASHRAE], 2005, Chapter 32) mentions that every modeling approach falls either in the 

“Forward” or “Inverse” modeling category.  

The separation between “forward” and “inverse” modelling categories needs to be 

qualified because modelling approaches are often an amalgam of these two. However, 

their distinct characteristics form the boundaries of the modelling spectrum. 

The forward modeling approach is used when all the properties and parameters of 

the system are known or attributed an estimated value and are available to identify its 

response to predefined forces or inputs. 

The inverse modeling approach is used when the structure of the system is totally 

or partially unknown. This approach is based on experiments. In most cases, researchers 

create inverse models of already built systems. In the state of the art literature on building 

science, these models are often identified as “empirical” or “data-driven” models. 

2.1.2.1 Forward Modeling Approach 

Forward modeling techniques are mainly used at the building design stage and 

have the advantage of being based on principles widely accepted by the research 

community. Forward modeling techniques tend to become progressively more complex 

as the computational power increases. Detailed building simulation programs are the best 
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example of forward modelling. These programs are still the main tools used during the 

early stages of design.  

However, their use for routine building design still has some challenges. The large 

number of parameters required by most forward models has motivated researchers to 

develop alternative approaches to model building thermal dynamic systems. Unsuitable 

assumptions made to overcome this difficulty can reduce significantly the confidence 

level of the model. For this reason, Wang and Xu (2006b) developed a genetic algorithm 

tool to identify the lumped parameters of a building thermal network model from 

operation data. This methodology was developed to overcome the difficulty of obtaining 

the real physical capacitance properties for the building internal mass. They stated that, 

“The process of collecting a physical description is time consuming and often is not cost 

effective, or may even be impossible for some cases” (Wang & Xu, 2006b, p. 1928). 

Recently, Candanedo and Athienitis (2011) modeled a solar house with z-transfer 

functions. These transfer functions were identified using data generated by a detailed 

energy simulation program. Their results demonstrate that selecting the appropriate level 

of modeling for building design is crucial.  

Even if their level of detail and modeling capacities are high, detailed energy 

simulation programs can be too complex for design analysis. Crawley et al. (2008), in 

their report comparing the capabilities of different building energy simulation programs, 

suggested that the adopted tools should support the designer’s needs without involving 

excessive simulation efforts.  
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Their ability to guide designers through the building design process and the 

choice of mechanical systems and equipment has also been questioned. Recently, 

O’Brien (2011) developed a methodology for the design of solar residential buildings. 

His motivation was that although the modeling power of the building energy simulation 

tools was continuously increasing, they were cumbersome for design. They did not guide 

clearly the user towards energy improvements and did not allow controlling the level of 

details to fit the specific design stage requirements.  

2.1.2.2 Inverse Modeling Approach 

ASHRAE suggests that the inverse modeling approach has the capacity to 

produce more accurate predictions of the system behaviour (2005). This approach does 

not require the risk of making erroneous simplifying assumptions and it takes into 

account the current state of deterioration of the structures because inverse models are 

usually created with monitored data. 

Bekey (1970) presented a survey of identification techniques dedicated to 

dynamic systems using computer techniques in which he described the three types of 

inverse modeling problems. The first type is the “design” problem. It requires identifying 

the system description by fitting a specific physical relationship as closely as possible. 

The solution of the design problem is not unique. The second type of inverse problem, 

the “control” problem, includes all situations where the system description and its 

response are known. This problem requires identifying subsequently which input caused 

this response.  


