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Introduction 
Greater energy efficiency and the extensive use of renewable energy sources (RES) in the 
production of electricity are essential to the reduction of carbon emissions due to human 
activity [2]. However, high fluctuations in photovoltaic (PV) and wind generated 
electricity pose a serious problem to the power grid [3], [4]. The current inflexibility of 
electricity consumption and increased RES integration in the grid make it increasingly 
difficult to match renewable energy supply with electricity demand and therefore avoid 
blackouts [5]. With the drive towards power independence, the accelerated rise in the 
share of wind and PV in the total energy portfolio will further heighten this challenge in 
the coming years [6]. The swift matching of electricity demand with renewable energy 
supply is necessary to ensure the stability and efficiency of the distribution network and 
meet European goals for the Net Zero Scenario [7]. 

The intermittent production of renewable electricity calls for flexibility in how energy 
is consumed, including in consumption by buildings [8]. In Europe, buildings account for 
approximately 40% of final energy consumption and 36% of greenhouse gas emissions 
[9]. Almost half of this energy demand is incurred from heating, which is currently not 
available for grid balancing, as covered by sources other than electricity. The shift 
towards renewable energy sources and nearly zero energy buildings (nZEBs) influences 
the choice of technologies used for heating and its control [10], [11]. Low energy 
consumption makes it possible to use low-temperature heating and high-temperature 
cooling systems, which have lower distribution losses and higher efficiency. In modern 
buildings, these systems have increasingly involved the use of heat pumps, which causes 
electrification of heating demand [12], [13]. High targets for emission reductions and the 
call for energy independence further drive the electrification of thermal demand, which 
would make it available to the flexibility market [13]–[15] and help balance the grid. 
Buildings often include active (hot water tanks) or passive thermal storage, i.e., structural 
thermal mass (STM), such as massive floors, used often in underfloor heating (UFH) 
systems. The activation of these storage systems, could potentially provide thermal 
demand flexibility, meaning that heating times could be shifted to some extent without 
compromising indoor climate comfort [16]. This flexibility could also be applied in grid 
flexibility services [17]. 

Flexibility services are divided into two main types: incentive-based and price-based 
[7]. When applied to the space heating demand of buildings, heating power and heating 
times differ from that required by typical constant room temperature control. These can 
be altered by temperature setpoint changes, which can either reduce or increase 
consumption at any given time. Reducing temperature setpoints can provide flexibility 
and enable energy savings simultaneously, if not compensated for at later times, to ensure 
a suitable indoor climate [18].  

When providing flexibility or energy savings using dynamic heating control, the effects 
on indoor thermal comfort must be carefully considered. It is especially challenging  
to ensure comfort in the case of low-power and inert heating systems like UFH,  
even with a constant setpoint. The main reason is the lengthy time constant,  
which prevents a reaction to sudden changes, such as fluctuations in solar or internal 
heat gains. The delayed reaction causes large fluctuations in indoor temperature,  
as thermostats respond only after a significant deviation from the setpoint. 
Proportional-integral(-derivative) (PI(D)) controllers could offer more precise control, 
but these are time-consuming to tune manually when the delay is long.  
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To simultaneously enable comfort and energy flexibility and energy savings in practice 
with dynamic setpoints, various preventive or predictive methods, e.g., model predictive 
control (MPC), have been developed [8], [19]. Such control algorithms need to be 
carefully designed, tested, and validated for applicability [20]. During initial development 
and testing, building performance simulations (BPS) have proven to be a suitable tool for 
speeding up the testing process for different building types, climates, and usage profiles. 
Simulations have also made it possible to compare different algorithms under the same 
boundary conditions.  

Simulations, however, always introduce simplifications into a system. In the case of 
heating system control, simplifications in BPSs occur in the building model (an ideally 
mixed room temperature, one floor/radiator temperature, a heat emitter with an 
imprecise mass), in control process components (idealized pumps and valve-actuator 
pairs, the absence of delays), as well as in control logic (idealized control, default PID 
parameters). While some details have already been thoroughly discussed in previous 
literature, others have not had to be considered before. It is proving increasingly important 
to understand processes with short time spans due to emerging incentive-based 
flexibility methods. For example, optimal PI(D) parameters for UFH have not yet been 
fully considered, and there has been little discussion of thermo-electric wax actuator 
modelling, its effect on energy performance yet to be demonstrated (III).  

In this thesis, firstly, the potential for reducing carbon emissions from the heating 
systems of low energy buildings by applying different dynamic control algorithms is 
analyzed. When the energy source includes fluctuating renewable energy, primary 
energy is optimized. When the energy source is constant, final energy consumption is 
minimized. Secondly, as an idealized control process was initially used for the heating 
system performance analysis, the effect of control parameters and modelling 
simplifications on the results is analyzed and quantified. The analysis focuses primarily 
on UFH as a widely used but challenging-to-control system. 
 
The main objectives of this thesis are the following: 
• To determine the energy saving potential of the applicable dynamic control 

algorithms of low-temperature heat emitters by analyzing the following: 
o the primary energy minimization potential of radiator heating with an MPC, 

based on continuous market signal and dynamic comfort limits (I), 
o potential final energy savings applying temperature setback heating and a 

pre-heating control methodology in nZEBs (V); 
• To estimate the effect of detailed UFH control modelling on BPS results by 

analyzing the following: 
o the effect of UFH PI controller parameters on energy performance and 

indoor air temperature of the building (II), 
o the determination of PI parameters for optimal performance of UFH (II), 
o the modelling of wax actuators for HVAC applications (III, IV), 
o the effect of wax actuator modelling on BPS results (III). 

 
Objectives were achieved primarily through the following: 
• experiments carried out in a test building to calibrate building and mass flow 

models and experiments under laboratory conditions to calibrate the wax 
actuator model, 

• building and component modelling in dynamic building simulation programs, 
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• parameter optimization in the case of PI and wax motor parameters and scenario 
optimization in MPC control,  

• co-simulation using several different programs for the implementation of the 
MPC simulation framework, 

• simulations to determine the influence of modelling or control changes on BPS 
results. 

 
This thesis is based on three peer-reviewed journal articles and two conference papers. 
 
In article I, we analyzed the general potential of timing the heating of a residential 
building according to the variable availability of renewables for decreasing primary 
energy demand [1]. I developed and implemented in a co-simulation framework an  
easy-to-apply and adaptable model-predictive control algorithm for low temperature 
radiators that makes it possible increase the level of renewable energy usage and employ 
peak shaving through preheating (or pre-cool-down) without lowering the level of 
comfort. 
 
In article II, we determined PI controller parameters for UFH in different ways. Since 
hydronic UFH systems (especially in low-energy buildings) have long time constants, 
which discourage manual tuning of PI parameters, automatic methods were tested. 
Energy consumption and control precision were evaluated for all parameter combinations 
determined. Simpler methods were compared with more elaborate solutions, and 
optimal parameters were identified.  
 
In article III, we developed an empirical model for a wax actuator for UFH based on 
extensive laboratory measurements. The modelled wax actuator, together with other 
control process details, was tested in BPSs. The complexity of the control process model 
increased with the stepwise addition of optimal controller parameters, a signal delay,  
a non-linear valve curve, signal modulation, and the wax actuator. Both PI and 
thermostat (on/off) controllers were employed. 
 
In paper IV, we calibrated and compared physical and characteristic models for wax 
actuators in a simple experiment. Wax motor parameters were thus optimized, and the 
precision of piston displacement and volume flow modelling were evaluated in the two 
models. 
 
In paper V, we developed a variation of the pre-heating control algorithm for the 
temperature setback approach and analyzed the resulting final energy saving potential 
in offices. Using estimated time constants, a suitable heat-up time was continuously 
calculated during night and weekend setbacks so that a temperature approaching the 
comfort setpoint would coincide with the occupancy start time. UFH was compared to 
radiators, and both well and poorly insulated constructions, as well as light and massive 
ones, were analyzed. 
 
Practical outcomes and the novelty of this thesis are as follows: 
• The first time-dependent empirical model of a thermo-electric actuator (wax 

motor) in BPS was developed for HVAC applications, and its effect on BPS energy 
results was estimated. 
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• Optimal PI parameters for UFH were determined that allow room temperature 
to follow the setpoint almost ideally if continuous mass flow control is applied. 
This made it possible to reduce energy consumption referenced to on/off control 
by 9%. Parameters that perform well could be achieved using a simple calculation 
based on data from a test running for a weekend.  

• A dynamic primary energy factor signal instead of a price signal was applied to 
optimize dynamic heating operation in a simulated residential room. An MPC 
algorithm was developed with the dual purpose of minimizing emissions and 
maintaining a comfortable indoor climate.  

• The algorithm developed was an MPC that could be easily applied and adapted, 
simple enough to allow for STM activation in regular residential buildings, 
eliminating the necessity for complex measurements, expert knowledge of the 
building and its control, or expensive computations. 

• As a practical consideration, it was found that business-as-usual PI control 
simulation did not reflect actual mass flows in the system. In most cases, when PI 
control was used with a wax motor, mass flows were similar to on/off mass flows, 
making it possible to substitute PI simulations with on/off simulations with a small 
deadband and shifted setpoint.  

 
Limitations of the work include the following:  
• The primary energy factor was assumed to correlate directly with CO2 emissions, 

though in practice, it is often determined by politics. 
• Analysis of the potential of the heating control algorithms and the influence of 

control modeling was limited to the room level, with little simulation and analysis 
conducted at the whole-building level. 

• Various case studies and comfort criteria were utilized in different analyses, 
limiting the direct comparability of the results. 

• The wax motor model was developed using an extensive set of measurements, 
but its influence on simulation results was only tested using constant temperature 
setpoints. 

• The performance estimation of different control algorithms and parameters was 
only carried out in simulations, using calibrated models, though. 
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Notations 
Abbreviations 

aFRR Automatic Frequency Restoration Reserve 
BPS Building performance simulation 
CO2 Carbon dioxide 
CP Control parameters 
D Delay 
FAT Full activation time 
FCR Frequency Containment Reserve 
FE(D) Final energy (demand) 
FFR Fast Frequency Reserve 
HR Heat recovery 
HVAC Heating, ventilation, and air-conditioning 
LS Load shifting 
MAE Mean absolute error 
MC Modulation control 
mFRR Manual frequency restoration reserve 
MPC Model predictive control 
nZEB Nearly zero energy building 
on/off Thermostat control(ler) with binary (on or off) output 
PCM Phase change material 
PE(D) Primary energy (demand) 
PEF Primary energy factor 
PI(D) Proportional-integral(-derivative) control(ler) 
PV Photo-voltaic (solar panels) 
PWM Pulse width modulation 
(V)RES (Variable) Renewable energy sources 
STM Structural thermal mass 
TABS Thermally activated building systems 
UFH (Hydronic) underfloor heating  
VC Valve curve 
WM Wax motor 

 
Symbols  

a, b calculated parameters 
C heat capacity 
Cp specific heat capacity 
D damping 
d displacement 
E error 
g full transmittance of solar radiation 
H heat loss coefficient 
h full hours 
I solar irradiation  
K proportional gain 
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k, c estimated parameters 
Kp process gain 
L  time delay (melting heat in physical WM model) 
M mass 
N number of something 
n50 air change rate at a pressure difference of 50 Pascals  
occ thermal zone's occupancy  
PEF primary energy factor 
Q energy consumption 
q50 air leakage of a building envelope at a pressure difference of 50 Pascals  
R thermal resistance 
s second-order transfer function from the heating signal 
T temperature 
t time 
TC temperature change speed 
ti integration time 
tt tracking time 
u control signal 
U thermal transmittance or input voltage 
�̇�𝑉 volumetric flow 
VI violation index 
w angular frequency 
X exogenous variable vector 
Δ difference 
τ or tau time constant 
Φ heating power 

 
Subscripts 

auth authority-corrected 
bp breaking point 
D delay 
DAT full deactivation time 
Db deadband 
dead / d dead 
exceed over the limit 
fall / f fall 
FAT full activation time 
flu liquid state 
h heating 
H0 initial value of enthalpy 
hold / h hold 
i / y cycle counter / general index 
in indoor 
melt melting process 
min minimum 
n night 
o operative 
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oh overheating 
out outdoor 
out_lim outside of limits 
rise / r rise 
set setpoint 
sol / solid solid state 
sup supply 
uc undercooling 
w wax motor 
wnd weekend 
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1 Background 

1.1 Low energy heating applications 
This thesis focuses on low energy heating applications in buildings and mostly excludes 
high power and high temperature energy wasting systems. Heating constitutes a large 
share of total building energy consumption [13]. To reduce energy consumption of 
buildings, the European directive on the energy performance of buildings states that all 
new buildings must be nZEBs [21]. This would reduce total heating consumption for new 
buildings, but the share would still be significant in most parts of Europe, due to cold or 
moderate climates. 

Heating demand can be met by a variety of sources, but low carbon emissions can be 
ensured with the use of solar thermal, biofuel boilers, efficient district heating (DH),  
and heat pumps, assuming a high share of renewables in the power mix. As the efficiency 
of heat pumps and district heating production is higher when system water temperatures 
are low [22], [23], their use also assumes the use of lower temperatures in room heat 
emitters, and this favors the use of large surface heat emitters such as UFH and large 
radiators. The trend towards the use of low-temperature heat emitters is also appearing 
on the building side, as less heat is needed in nZEBs. People often choose UFH because 
it reduces thermal asymmetry and there are no visible devices.  

While systems in nZEBs that use a heat pump or low-temperature DH and UFH or 
radiators require flow temperatures from ca 30–50 °C on the secondary side, when a 
traditional DH or boiler system is used, the primary side temperature is from 70–90 °C, 
and the secondary circuit temperature is from 40–70 °C. In the case of boiler systems, 
buffer tanks are usually added to stabilize the system’s operation and temperature.  
In the case of heat pumps, tanks are used for the same purpose, though the temperature 
fluctuations are smaller. In the case of inverter heat pumps, the tanks are often 
unnecessary if the volume of the heating system is sufficiently large, as the inverter can 
vary the power and not overheat the water. Using the tank increases investment costs, 
requires additional mechanical room space, and reduces efficiency due to additional heat 
loss. 

A typical low temperature heating system schematic is shown in Figure 1. The heat 
production can be provided by (inverter) heat pump, (low temperature) district heating, 
or, if needed, by higher temperature source and mixing the lower temperature for input. 
The system is assumed not to have a buffer storage tank. The parts modelled in the scope 
of this thesis (heat emitters, thermostats, manifold valves, and actuators) are enclosed 
in the red box. In the context of this thesis, the room and heat emitter and the flows in 
the circuit are modelled, but the interaction between different circuits and the heat 
source were not included.  

 
Figure 1. Low energy heating applications. The scope of the model is enclosed in the red box. 
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1.2 Intermittent heating control 
Heat output of the hydronic systems can be influenced by supply temperature, and by 
the mass flow.  The supply water temperature is classically adjusted to match the outdoor 
temperature (heating curve) to ensure that there is more heating capacity available at 
lower outdoor temperatures and less at higher ones with the same mass flow. The supply 
temperature is maintained by the heat source or by mixing higher and lower temperature 
water. 

The mass flow is controlled using a valve for each circuit or radiator, and a manual or 
electric actuator opening and closing each valve. In both UFH and radiator solutions,  
the actuator has evolved from one with a fixed valve position, to one with room-based 
manual on/off or continuous control, and finally, to one with automatic feedback control 
using a local sensor or room controller. In the latter case, the emitters can be controlled 
using a set temperature value (setpoint). The setpoint can be user-defined or have a range 
within which a user can modify it. Newer thermostatic valve heads employ microcontrollers 
to gather data, learn, and use predictive control (described in section 1.4). 

Energy consumption depends on external boundary conditions and internal gains,  
as well as on the selected room temperature (see section 1.3 for typical temperatures). 
Accordingly, the method of periodically decreasing the temperatures of heating systems 
in buildings, often called intermittent heating or the setback approach, is a widely used 
method for saving energy both historically and up to the present day. The temperature 
reduction can be applied to either the heating curve or the room temperature setpoint. 
Temperatures would be reduced when rooms are vacant, or the occupants are sleeping. 
An example usage profile for offices is shown in Figure 2A. 

The optimization of intermittent heating is not a new topic [24]. In several studies, an 
energy saving potential of up to 20% has been demonstrated [25]–[27]. In single cases, 
observed reductions have been much higher or much lower, e.g., up to 70% [28] or  
ca 4% [29]. The main factors determining the savings potential are the thermal time 
constant for the building (which depends on the thermal mass of the construction, 
energy efficiency, and the power of the heat emitter), the outdoor temperature,  
the setback time, etc. In the studies mentioned, the buildings investigated were mostly 
moderately insulated. The effect of energy-efficiency on room temperatures during 
intermittent heating is shown in Figure 2B. Intermittent heating is not considered a 
feasible solution for massive and low energy buildings [24],[30], while a lower thermal 
time constant enables larger savings with intermittent heating [27]. 

 
Figure 2. A: A typical intermittent occupancy/heating profile [31]; B: Typical temperature profiles 
for two buildings with such control; purple represents the energy-efficient building and blue,  
a typical building (adapted from [27]). 
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The use of setback control requires higher power than constant operation to ensure 
quick heat-up [32]. As a consequence, the dimensioning of these systems is standardized 
with additional power (over-dimensioning). While in the case of systems such as gas or 
pellet boilers, more power does not mean a significant increase in investment cost,  
the price of a heat pump increases significantly with an increase in power. A typical  
cost-reduction for modern low energy buildings is thus achieved using low peak-power 
heating systems. This results in systems with no extra power available for heat-up.  
The setback algorithms must, therefore, be able to consider both the available and 
required power of the heating system to perform effectively. 

1.3 Thermal comfort at dynamic control  
Varying the room temperature setpoint can influence the thermal comfort of the 
occupants. In most cases, rooms are not in constant use, and when they are not 
occupied, temperatures do not need to fall within the usual comfort limits. During the 
hours they are occupied, however, thermal comfort must be ensured. Typical usage 
profiles are defined by ISO 18523-2:2018 [33], and comfort limits are defined by ISO 
standard 16798-1 [34] according to clothing level and activity. Standard values are often 
defined by building class as an aid to designers. The limits, however, can vary if the 
activity of room occupants changes. 

The indoor climate class can be estimated according to the limits defined by ISO 
16798-1 and slack hours defined by ISO 16798-2 [35]. These standards allow a range of 
20 to 23 °C during the heating period for a residential room with indoor climate class II 
(which buildings are usually designed for), where the activity level is 1.2 and the clothing 
level, 1. Temperatures must stay within these limits, exceeding these for up to 3% of the 
period of occupation during the heating period or 20% of the week (see Figure 3 for an 
explanation). It is assumed that the occupants will increase the temperature if it remains 
below this limit for a longer time. When different control algorithms are compared for 
energy consumption, the ensured thermal comfort should be similar. This means that 
the setpoint should be shifted to ensure the same climate class is achieved or that 
temperature control must be sufficiently precise. 

 
Figure 3. Allowed deviation of the room operative temperature and the required shift in temperature 
setpoint (adapted from [36], [37]). 

1.4 Predictive control 
To guarantee thermal comfort for occupants while minimizing the energy demands of 
dynamic heating operations, it inevitably becomes necessary to predict temperature 
response [1]. In buildings with simple setback control mechanisms based on pre-defined 
temperature setpoint schedules, there is a risk of discomfort when people arrive if the 
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temperature has not yet achieved its set value. On the other hand, energy is wasted if 
the temperature is reached too soon.  

A typical solution to this problem is to predict the heat-up time. The heat-up time can 
be manually scheduled by the building manager or occupant as experience dictates,  
but this does not allow for dynamic adjustments in response to ambient temperature 
fluctuations and internal gains. In calculations of automatic heat-up time, the building is 
often simplified as a single time constant model. The time constant for the cool-down 
process is usually estimated, being considered dependent only on the building structure, 
as in ISO 52016-1:2016 (previously ISO 13790) [38]. Based on this estimated time 
constant and the estimated heating power, the heat-up time can be calculated.  

In recent years, most intermittent heating control systems for low energy buildings 
include advanced control methods to ensure an acceptable level of thermal comfort and 
simultaneous energy savings [39]. There are several methods available to estimate the 
heat-up time for both single and multi-zone cases [27], [40], [41]. For at least a decade, 
smart thermostats for radiators have included programmable setpoints and have had the 
ability to learn the heat-up time. To pre-program the setpoints, the behavior of the 
tenants must, however, be regular and known beforehand. This mostly applies to office 
buildings but not to residential buildings or public buildings, such as shopping centers, 
concert halls, etc. In the case of residential buildings, a method by Ayr et al. locates the 
tenants using their smartphones and switches off the heating when the distance from 
home is large [42]. When the tenants approach the building, the heating is turned on 
again. The savings achieved using the setback approach depend heavily on the behavior 
patterns of tenants [43]. 

There are also more advanced systems that predict room temperature using different 
dynamic constraints, making it possible to optimize control actions. Model predictive 
control (MPC) solutions, for example, take comfort limits as constraints and optimize 
control actions using a simplified model. Different objectives can be selected, while the 
goal is often to achieve optimal energy consumption. The results measured are used to 
improve control. The general operation of MPC is shown in Figure 4. MPC control has 
been widely analyzed as method of building control [39].  MPCs applied to space heating, 
using constraints that ensure thermal comfort, have been analyzed previously in several 
different configurations [44]. The influence of different parameters, such as occupancy 
data [31], [45], and the steps necessary to implement MPC in practice have also been 
analyzed [46]. Still, a high level of complexity, low adaptability, and high cost are factors 
which keep MPCs from being more widely implemented.  

  
Figure 4. General concept of MPC: process flow chart [47] and timeline (adapted from [48]).   
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1.5 Grid-driven heating control 
Not only does dynamic heating save energy, it can also be used to help balance the grid. 
As the share of renewable energy in the power mix is ca 28% globally and is predicted to 
be ca 38% by 2027 [6], the demand for energy storage [49] and demand-flexibility is 
expected to increase in the near future. As the building sector consumes 30% of global 
electrical energy [50] and thermal energy in addition to it, buildings should be considered 
a potential source of flexibility.  

There are different ways to influence the consumption side of the grid balance [7]. 
Demand side management (DSM) is an established strategy for controlling energy 
demand, focusing on the overall energy usage of consumers and their consumption 
behavior over time [51]. DSM, which originated during a time when maintaining constant 
power from inflexible nuclear or lignite plants was paramount, has led to the practice of 
load shifting (LS), which includes such DSM techniques as peak clipping or valley filling. 
Given the fluctuating and sometimes negative electricity prices on markets like the 
European Energy Exchange, the DSM potential for large industrial consumers has been 
extensively studied [52], [53]. 

DSM activities are less common in a residential context, primarily involving static, daily 
repeating time-of-use pricing schemes to encourage nighttime consumption [54]. 
Residential electricity use is typically analyzed for LS involving the shifting of clothes 
washing times, etc. Analyses usually focus on the shifting of routine electricity use or 
investigate electrical HVAC consumption. The use of heat pumps for the electrification of 
heating can, however, combine space heating with thermal storage management (STM) 
as a grid balancer [16], [55]. 

Space heating accounts for about 20% of the EU’s final energy demand [9]. Dynamically 
controlling residential heating systems could, therefore, offer some flexibility potential 
for stabilizing the grid [56]–[59]. Some heat pumps (HPs) are even now capable of 
operating on the basis of external signals and shutting off during peak consumption 
times, and there are now initial solutions for synchronizing heat pump operation with 
local PV generation. 

The grid operator has essentially two ways to influence energy consumption: using 
the price of energy (see section 1.5.2) or offering special incentives to participate in grid 
balancing (see section 1.5.3). Their application to the thermal demand of buildings would 
require the dynamic control of systems that receive signals from the grid, and it would 
be dependent on the building’s ability to shift the thermal load (section 1.5.1). 

1.5.1 Potential for shifting thermal demand 
Thermal demand in residential buildings is typically rigid, closely linked to interior 
temperatures and therefore to the thermal comfort of occupants. To harness the 
potential flexibility of these buildings, thermal storage is needed. This could involve the 
use of technical storage systems such as hot water tanks [59], [60] or the inherent 
structural thermal mass (STM) of the buildings themselves [61]–[63]. In the case of 
technical storage systems, dedicated equipment must be acquired and housed within the 
building. In contrast, STM is already present in the buildings and involves no additional 
acquisition costs or space for implementation [64]. The cost of the necessary control 
equipment and electronic thermostats is also significantly lower than that of hot water 
storage tanks or other thermal storage systems [57], [64].  

Generally, the STM of a building is the total heat capacity of its construction materials. 
However, the thermal storage capacity of STM only becomes apparent and usable when 
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temperature variations within a building allow its activation, meaning the charging and 
discharging of a portion of that mass. This implies the need for variable setpoints or 
minimum and maximum limits, rather than constant room setpoints. The process of 
storing energy in the STM and load shifting due to temperature changes is shown in 
Figure 5.  

Historically, thermal mass activation research had focused on commercial cooling 
needs, as these demanded a significant amount of electricity during peak load times in 
the traditional power generation system with, for example, thermally activated building 
systems (TABS) [65]–[68]. Heating activation was seldom discussed, as it was fueled using 
non-time-dependent fossil fuels [69], [70]. STM activation for electricity flexibility is now 
increasingly being discussed [16], [55], [63], [71]–[73]. In many studies, additional STM is 
provided by incorporating phase change materials (PCM) in the building construction 
[74].  

Previous studies found that poorly insulated buildings can shift more energy but over 
brief periods, whereas buildings with better insulation can shift less energy but over 
extended periods [61], [63], [75], [76]. Further, it was shown that buildings with 
inadequate insulation experience greater heat losses due to STM activation. In contrast, 
extremely well-insulated buildings risk compromising comfort levels if STM activations 
are not correctly timed or if internal and solar loads are not accurately forecasted [61], 
[63], [77].  

 

 
Figure 5. Energy storage and release in a building structure with constant setpoint heating alongside 
dynamic indoor temperatures during a heating action (adapted from [78]). 

1.5.2 Price-based control 
To validate the feasibility of thermal mass activation in residential buildings, suitable 
control algorithms need to be designed. These algorithms should facilitate STM 
activation in response to signals from the grid while maintaining constant thermal 
comfort for occupants. 

Typically, the control signal is the price of electricity. Consumers can adjust their usage 
based on this signal to pay less for energy. In case the common two-tariff rate is applied, 
heating would start during the night, resulting in a control approach like the setback 
method. Predictive control would need to consider the day-ahead electricity spot prices. 
Some heat pumps already optimize their behavior on the basis of price, and more 
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advanced methods for heat pumps have been developed [79]. Certain control methods 
also ensure flexibility by exploiting a storage tank or building’s STM [74]. 

Some studies argue that price-based MPC is not the best way to drive flexibility as it 
limits negative flexibility [80]. Instead, they propose a more flexible approach based 
more indirectly on price. Moreover, to reduce carbon emissions from the local or central 
grid, an ecological control signal might be preferred over an economic one. An ecological 
signal such as the primary energy factor could more accurately reflect the level of 
emissions [81]. 

Very few studies integrate residential building simulations with MPC and optimization 
strategies that control STM activations to maximize comfort and LS potential [16], [62], 
[82]. The LS potential of STM under model-based control is found to be lower than that 
of rule-based control. This is partly due to the fact that MPC minimizes comfort violations 
at the expense of a slightly reduced LS potential. The utility functions needed to optimize 
a given system’s operation usually show that STM activations are only profitable for 
limited periods, thus also restricting LS activities. 

1.5.3 Participation in frequency restoration reserve  
The incentive-based approach is employed to help maintain a constant power frequency 
of 50 Hz across the grid throughout the day. The balance between production and 
demand is projected and adjusted to determine the day-ahead price. Power grids rich in 
renewable energy, however, often encounter sudden and unexpected intra-day 
production changes that can destabilize the system. Imbalances can also occur during 
regular operation, as a result, for example, of errors in the prediction of demand. Various 
frequency restoration reserves have, therefore, been established to balance these 
fluctuations either automatically or manually (see Table 1 for an overview of the Finnish 
system).  

Table 1. Reserve marketplaces in Finland (adapted from [83]) 

Abbreviation FFR FCR-D FCR-N aFRR mFRR 

Name 
Fast  
Frequency 
Reserve 

Frequency 
Containment 
Reserve for 
Disturbances 

Frequency 
Containment 
Reserve for  
Normal Operation 

Automatic 
Frequency 
Restoration 
Reserve 

Manual 
Frequency 
Restoration 
Reserve 

Activated In large freq. 
deviations 

In large freq. 
deviations Used all the time Used during 

certain hours 
Activated if 
necessary 

Activation speed In 1 second In seconds In 3 minutes In 5 minutes In 15 minutes 
 

In the Nordic countries, the reserves employed for standard operation are the Fast 
Frequency Reserve (FFR) and the Frequency Containment Reserve (FCR). There is also 
FCR for large disturbances. These reserves include production, consumption, and storage 
that can be automatically leveraged in seconds or within three minutes [83]. During 
certain hours, the automatic Frequency Restoration Reserve (aFRR), which has an 
activation time of 5 minutes in the Nordic countries, can also be used. The balancing 
market in the Baltic region is still in the development phase, so balancing services 
employing FFR, FCR, and aFRR have not yet been fully developed [84].  

If necessary, the manual Frequency Restoration Reserve (mFRR) can also be activated. 
These tertiary control reserves, provided by the Transmission System Operator in most 
countries, are called on to help correct prolonged deviations that cannot be addressed 
using other upstream balancing services (FCR and aFRR) alone [85]. The mFRR is the 
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slowest among these products and the only one currently available in the Baltic region. 
In the Baltic countries, the maximum full activation time (FAT) of mFRR is 12.5 minutes 
[86], while in the Nordic countries, it is 15 minutes. Depending on the region, the FAT for 
mFRR can be even shorter (e.g., 5 minutes according to [87]). The minimum duration for 
which the reserve can be activated ranges from 15 minutes to 1 hour. 

mFRR reserves mostly consist of safety production sources, storage options, or large 
consumers such as factory lines. Generally, only large consumers (representing at least  
1 MW [85]) can participate in the mFRR. Aggregators (Balancing Service Providers) can, 
however, combine several smaller consumers (e.g., private heat pumps) into one 
switchable unit and therefore enable participation for everyone [88]. These units are 
called virtual power plants. Changing the demand of smaller consumers can be quicker 
and more cost-efficient than switching production or storage sources on and off.  
The aggregators transfer the signal to virtual power plant partners and override the 
default control approach. In the case of heat pumps, frequency needs be set manually 
[89]. The Transmission System Operator can require both upregulation of consumption 
to participate in the downward mFRR reserve as well as downregulation of consumption 
to participate in the upward mFRR reserve. In the Estonian market, the potential for both 
mFRR downward and upward reserves has been shown to be insufficient to balance the 
grid inside the country [84].  

Downregulation of demand is often more difficult than upregulation for many private 
users. This is an opportunity for STM activation in massive and energy-efficient buildings, 
giving them an advantage on the market. LS and participation in mFRR downward reserve 
inevitably increases a building’s electric energy consumption assuming that thermal 
discomfort is not increased. The impact of each LS action on electricity costs should be 
assessed for effective participation in the mFRR. It should also be ensured that modelled  
up- and down-regulation capacity is actually available to react to grid signals. A complete 
understanding of the performance of each component of the heating system on a  
15-minute timescale and performance of STM activation is, therefore, needed when 
developing the control principles of a heating system for profitable and effective 
participation in the mFRR. 

1.6 Modelling of control processes 
Analysis of building energy performance is most often carried out using white-box 
simulation models. To use these models for the testing of electricity balancing control 
algorithms in buildings, heat emitter control modelling must be reviewed. In typical BPSs 
used to determine annual energy demand, heat emitters are not always separately 
modelled but incorporated as ideal systems with ideal control that generate exactly the 
heat needed to achieve the desired temperature in a room. Depending on the goal of the 
simulation, heat emitter models could be included, and the heating plant is sometimes 
modelled in detail.  

When modelled, the UFH is often simplified in BPS programs, reduced to a floor layer 
with a different temperature, either with a specific thickness or virtually dimensionless. 
The layer temperature develops from the heat transfer between the piping and the layer 
material and is calculated according to logarithmic temperature differences. The return 
temperature is calculated using the room heat balance and mass flow. Floor surface 
temperature is estimated using the logarithmic temperature difference.  

If modelled in detail, the mass flow is estimated using the design temperature drop 
and feedback control according to the default PID controller or thermostat. Both the 
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estimated room temperature fluctuations and mass flows depend, therefore, on controller 
parameters. Valve effects are usually omitted from UFH modelling (a linear valve curve 
is assumed). As most short delays in the system (valve opening delay, actuator delay, 
temperature sensor delay, signal transmitting delay, calculation time) are omitted, their 
effect is aggregated with the effect of controller parameters.  

In most UFH simulations, it is not necessary to include short time delays, as the time 
constants for the fluid and construction mass are orders of magnitude higher. The time 
constant for the room temperature measurement can be as low as 2 minutes [90]. A delay 
of 3–5 min (the heat-up time) for the actuator-valve mechanism is normally assumed when 
it is being energized [91], [92]. Even together, these values are too low to have a significant 
effect on the annual energy consumption of a building, especially if tenants adjust the 
setpoint when the delay results in temperature fluctuations. Nevertheless, these short 
delays may prove significant, for example, in simulations aimed at testing control 
algorithms for rapid processes, such as reactions to grid signals from frequency markets. 

Many existing studies on heating system performance and control have taken 
simplified approaches to the modelling of control processes, and the impact of these 
simplifications has not been well-documented. This thesis has thus placed a significant 
focus on the detailed modelling of heating system control to quantify the full effect of PI 
parameters (section 1.6.1) and wax motors (section 1.6.2) on UFH control. 

1.6.1 PI and its tuning methods 
PID is well-known as one of the best and simplest feedback controllers for any process. 
While PID can take different forms, the derivative part is usually dropped for buildings, 
and PI controllers are used instead [93]. This is because the D part is more useful for very 
fast processes where changes are in seconds. Even in the case of fast building processes, 
such as ventilation airflow control, controller producers exclude the D part from default 
PID parameters. Here we use the classical form (not the parallel form) of the PI controller: 

𝑢𝑢(𝑡𝑡) = 𝐾𝐾 �𝐸𝐸 +
1
𝑡𝑡𝑡𝑡
�𝐸𝐸𝐸𝐸𝑡𝑡� (1) 

where u is the (dimensionless) control signal and E is the difference between the setpoint 
and measured air temperature in °C and acts as the feedback to the control. K is the 
proportional gain, and ti is the integration time. In the case of parallel gains, the integral 
part’s parameter integral gain Ki would be expressed as Ki=K/ti. The discretization of the 
PI(D) controller can also vary depending on the software. In IDA ICE simulation software 
[94], which was primarily used in this work, the implementation for each timestep is shown 
in Figure 6, where hilimit and lolimit are the limits for the PI output signal (0 and 1).  

The PI parameters K and ti can be manually or automatically estimated (tuned),  
or parameters pre-set by the controller or software producer can be used. If improper PI 
parameters are chosen, the whole system can become unstable. Designers and 
researchers, therefore, often turn to optimal or predictive solutions [95]. But advanced 
solutions are not easy to implement, and the need for robust and reliable solutions with 
minimal human interaction is evident [93], [96]. Therefore, sensitivity and performance of 
control algorithms should be tested in very detailed realistic simulation environments [97]. 
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Figure 6. PI controller implementation in IDA ICE software. The parameter tt is the tracking time 
and has a value of 30s by default. The conv_unit variable is for unit conversion if needed, and 
TimeConstBDF1 is for filtering. For the default tau = 0, there is no filtering, and Efilt = E. 

Many simplified methods have been developed for tuning PI parameters. Approaches 
often rely on the first order model with time delay, where the temperature response of 
an input step change is given as follows: 

𝑇𝑇(𝑡𝑡) =  𝐾𝐾𝑝𝑝 �1 − 𝑒𝑒− 𝑡𝑡−𝐿𝐿𝜏𝜏 � + 𝑇𝑇(0)𝑒𝑒− 𝑡𝑡−𝐿𝐿𝜏𝜏  (2) 

where T(t) is room air temperature in °C at time t seconds after the step, T(0) is the initial 
temperature before the step, Kp is the process gain (dimensionless), 𝜏𝜏 is the time 
constant in seconds, and L is the time delay, also in seconds. Though the underlying 
assumption of PI control is that the system performs linearly, it is also often applied in 
the case of non-linear systems. For systems performing differently at various boundary 
conditions (such as heating systems in different seasons), it means that the same control 
parameters should not be used year-round [93]. 

The auto-tuning of PID controllers for heating, cooling, and ventilation plants was first 
described several decades ago [98]–[100] and has become a current topic of interest 
[101]. If there is enough computational power, artificial neural network models should 
be capable of tuning PI parameters [102]. Self-learning PI controllers are already 
commonly available for radiators in new buildings. As radiators are also installed in public 
and commercial buildings, there is a lot of interest in and financial incentive for the 
development of better-performing solutions for these environments.  

For hydronic UFH, only simple thermostats with a deadband of at least +/- 0.5 K are 
typically used even in modern buildings. When UFH is used with a thermostat, the air 
temperature can, however, fluctuate significantly, and occupants will raise the setpoint 
to avoid lower levels and meet their comfort limits. This leads to higher energy 
consumption. Control of UFH as a slow system with a high thermal mass is an issue of 
debate, and good solutions have not yet been found. Some manufacturers offer 
sophisticated self-learning controls, while on/off control is likely the most common 
implementation in practice. In some studies, self-regulating properties (no-control)  
have shown a level of performance similar to that of more sophisticated control  
solutions [103]. The high time constant for UFH is even increased by the low supply 
temperature from heat pumps made possible by small losses in well-insulated nZEBs with 
heat recovery ventilation. The high time constant means that setting PI parameters 
manually by trial and error, common practice for PI tuning, will take a significant amount 
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of time. For self-tuning controllers, simple tests are needed, but these can also prove 
time-consuming.  

For grid-driven dynamic heating applications in low-energy buildings, a small range of 
temperatures can be utilized. Random fluctuations must be avoided to enable 
meaningful shifts. A constant (e.g., minimum) temperature level must, therefore, be held 
as precisely as possible. When parameters are optimized, PI control for UFH control 
provides a greater energy savings than standard on/off control [36], [104]. Optimal 
parameter values are, however, not usually revealed in the scientific literature. There is 
a lack of published data on PI parameter values for UFH, with some exceptions [36], 
[105], and the effect of different parameters values for UFH has not yet been analyzed. 
In the case of radiators, however, the effect of PI parameters has been studied, as there 
is a lot of potential for energy savings due to often untuned heating circuits [106]. Tuning 
radiator PI parameters using machine learning has shown a 32% reduction in heating 
energy consumption compared with Ziegler-Nichols tuning [107]. The current situation 
shows that while PID and on/off control waste energy, more advanced solutions on the 
market often do not ensure comfort [108]. With quality tuning, PI could both reduce 
energy waste and ensure comfort. Parameter optimization for UFH has been carried out 
extensively in simulations [36], but it is not yet known whether it is possible to obtain 
optimal parameters with shorter tests.  

1.6.2 Wax actuator and its modelling 
When dynamic heating control driven by power-grid incentives is applied, the timescale 
needed for UFH control decreases significantly. The start-up time for a heat pump system 
can generate a bottleneck that can critically impact the local system response to the grid. 
Even if the heat pump can be activated as quickly as required for mFRR, a heat sink is 
needed to keep the small amount of water in the heat pump’s closed circuit from 
overheating. This would lead to a halt in electricity consumption and a failure to fulfill the 
promised bid to mFRR. In the case of inverter-based heat pump systems, large storage 
tanks are not typically installed, and the building structures must be used as a heat sink. 
This requires opened valves in the hydronic heating system, e.g., a UFH manifold.  

The UFH system and its control includes several components, some of which have 
already been shown in Figure 1. The manifold system is shown in Figure 7 and includes 
valves on both the supply and the return side. Supply side valves are for initial manual 
balancing (e.g., with rotameters), while return side valves are often continuously 
electrically controlled on the basis of data received from room thermostats. In simulations, 
these components are often simplified as a linearly controlled volume flow with the input 
being calculated using the room temperature and setpoint conditions via the chosen 
controller (e.g., PI or on/off). In an actual system, however, the controller output would be 
modified in several ways before the volume flow is determined. First, there would be at 
least a minute delay before a change in room temperature affected the control signal. 
Second, volume flow does not change linearly with valve piston movement or control 
signal. Finally, before the heating signal is converted to water flow, an additional delay 
might be induced by return-side actuators. This process is shown later in Table 10.  

The actuators in UFH manifolds are thermoelectric actuators that work with wax, 
which reacts relatively slowly. Signal delay and unsuitable control parameters can 
prolong the opening time even further. 
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Figure 7. Components of a UFH manifold (adapted from [109], [110]). 

In the closed valve position, the system’s water volume is very small and temperature 
limits in the heat pump circuit may be reached too quickly when the heat pump is started 
at full power. The slow movement of the actuator’s piston with a slow opening of the 
valves would then hinder the aggregator’s delivery of the load expected by the grid.  

Thermoelectric wax actuators are electrically controlled and use paraffin wax as phase 
change material (PCM) for volume change [111], [112]. These actuators are known by 
other names as well, such as wax motors (used in this work, abbreviated as WM), wax 
pellet actuators, thermo-electric actuators, and thermal actuators [113]–[116].  
Cross-sections of wax actuators on manifold valves in the open and closed positions are 
shown in Figure 8. The wax is solid at room temperature and liquid at higher 
temperatures. It is heated by a positive temperature coefficient (PTC) heater. In the 
absence of an electric heating signal, the actuator-valve system is normally closed. When 
voltage is applied, the wax starts melting and expanding, setting the valve’s piston in 
motion. This process is shown in Figure 9. With the assistance of a spring, piston 
movement (displacement) reduces the actuator’s inner height, thus opening the valve. 
The hysteresis of up and down movements is generated by the temperature difference 
between stop and start positions, due to the thermal inertia of the wax and friction of 
internal parts, which include a spring [117]. Such a method of valve control has been 
used in UFH for quite some time, as the actuators are silent and durable [118]. Slower 
reactions also preclude the water hammer that is associated with motorized valves. Wax 
actuators are also used in fan coil units in cooling systems and in pressure-independent 
control valves in heating systems. Radiator thermostats include similar motors, but these 
are often based on the expansion of a liquid or gas instead of the phase change of wax.  

Some wax actuators use continuous control with voltage between 0 and 10 V. Others 
use discrete control with a binary heating input, i.e., no voltage for no heating and 230 V 
or 24 V for heating. Continuous 0–10 V wax actuators still use 24 V to power the PTC 
heater. Thus, if a controller with continuous output, such as a PI controller, is used to 
control a UFH wax actuator, the continuous signal must be modulated into a binary signal 
for the PTC heater. 0–10 V actuators can, theoretically, stay partially open. Partial opening 
control is, however, simpler for valves that have a logarithmic valve characteristic curve, 
i.e., a logarithmic volume flow dependency on the valve opening. In UFH manifolds, 
quick-opening valves are employed instead. These exhibit most of the change in volume 
flow when the valve is only slightly open. A partial flow would only be realized within a 
very small range of the extent to which the valve is open. These valves thus perform close 
to on/off with either actuator type, whether using continuous or discrete control.  
As a consequence, simpler 24-V on/off-motors are often used, as is the case in this work 
[117]. 
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Figure 8. Valve opening with wax actuator 
warming visualized as part of a manifold 
(adapted from [119]).  

Figure 9. Theoretical piston movement 
(displacement) according to wax temperature 
(adapted from [117]). 

The only available wax actuator model (described in section 2.3.2.2.4) is based on 
physical principles modelling the piston displacement according to ideal phase change 
process as shown in Figure 10. The upper graph displays the ideal wax temperature 
changing process presented on a time scale that is dependent on the binary heating 
signal. This omits the hysteresis in temperature shown in Figure 9. The lower graph in 
Figure 10 shows the resulting piston displacement. The linearized simplification is designed 
according to the ideal wax temperatures but if omitting the step of modelling the 
temperature, it can also include the hysteresis. In the context of this thesis, this simple 
linearized model is referred to as the characteristic model [92] and the different time 
periods shown in Figure 10 are referred to as characteristic times and defined as follows: 

• Dead time (tdead): solid wax heating up to the melting temperature with no
volume change

• Rise time (trise): phase change of the wax from solid to liquid with expansion
• Hold time (thold): liquid wax cooling down to the melting temperature with no

volume change
• Fall time (tfall): phase change of the wax from liquid to solid and compression

Based on these, additional times for analysis could be calculated as well: 
• Full activation time (FAT): tFAT = tdead + trise

• Deactivation time (DAT): tDAT = thold + tfall

• Overheating time (toh): the time when the valve is fully open, but the motor is
still heated and liquid wax is still heating up

• Undercooling time (tuc): the time when the motor is not heated, the valve is fully
closed, and solid wax is cooling down

The characteristic times can be empirically estimated, and modelling of the wax 
actuator does not require physical modelling of the wax temperature and phase change 
process. This makes the method more tenable, since all physical parameters such as 
material properties, mass, volume, conductivities, spring properties, etc. do not have to 
be estimated. Wax motor models for HVAC together with their effect in BPSs have not 
up to now been analyzed in the scientific literature. This is a major contribution of the 
present study, since an implementation that allows investigation of grid-driven control 
with sufficient accuracy is still lacking. 
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Figure 10. Definition of characteristic times for normalized linear displacement of the piston of a 
wax actuator or valve dependent on the heating signal; wax temperature changes during this 
process shown in the upper graph. 
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2 Methods 
This work is divided into two main parts: a general evaluation of heating with dynamic 
setpoints in nZEBs and a detailed analysis of UFH control. This chapter is structured as 
follows: 
• The present section provides a general overview of methods used. 
• Section 2.1 describes the rooms used in the analysis. 
• Section 2.2 explains the methods used in the first part of the analysis, the primary 

and final energy reduction algorithms, and their sensitivity analysis. 
• Section 2.3 describes the methods in the second part of the work, the detailed 

modelling of the UFH control process, and an evaluation of its effect on BPS results.  
The first task was to quantify the potential to reduce primary energy demand (PED) 
through the optimization of the control of low temperature radiators in buildings with 
different building standards (I). The combination of RES in the power grid, an increase in 
the energy efficiency of buildings, and the use of heat pumps suggests that there is 
potential for reducing carbon emissions from heating through the activation of STM. 
Dynamic primary energy factor (PEF) was used as the grid signal instead of spot price to 
make it possible to directly quantify emissions and accommodate tariff-based prices.  
To ensure thermal comfort, PED optimization was carried out using a control algorithm 
that includes MPC but is simple and can be implemented using a very small number of 
measurements (sections 2.2.1 and 3.1.1).  

In systems with constant or only slightly varying PEF, such as fully renewable or fully  
non-renewable sources, final energy demand (FED) reduction is necessary for cutting PED 
or costs. In this case, intermittent heating control can be employed. To see its potential in 
modern very low energy buildings, an office room with very small losses was defined (V). 
Offices have a regular usage profile and long vacant periods compared to rooms in 
residential buildings, making it possible to quantify its full potential. Different thermal 
masses and both UFH and radiators were also tested to see the variance range. In addition, 
a well-insulated office was also compared with a less insulated one. To quantify the 
potential without reducing thermal comfort during occupancy, an even simpler predictive 
control than MPC was implemented: a pre-heating time calculation based on time constant 
estimation (sections 2.2.2 and 3.1.2). Theoretically, this can be realized with a prediction 
model like the one applied in MPC for PED reduction. Even slight complexity can, however, 
be a barrier to implementation and is probably not needed here.  

From the results in section 3.1.2, we can see that UFH may cause overheating during 
day, and the potential for FED reductions with dynamic heating is, therefore, lower than 
that for radiators. The fact that UFH cannot maintain a defined temperature level may 
also reduce the potential for implementing different FED and PED reduction solutions. 
For a meaningful comparison and to be able to use simpler control algorithms, it is, 
therefore, essential to improve UFH control. 

In simulations of these high-level control algorithms, PI control for UFH is usually 
implemented. In practice, however, thermostat (on/off) control is often installed. With 
on/off control, clearly, only a very small deadband would allow precise control, but due 
to measurement imprecision, it cannot be infinitely small. PI, therefore, has greater 
potential to improve control. In simulations, the BPS software’s default PI parameters 
are often used, though it is not clear how suitable these are in practice and in the case of 
the simulated building. In practical applications, new parameters must be found for the 
specific case and given boundary conditions. In section 2.3.1, a search for optimal PI 



31 

parameters for UFH is described, and the potential influence of changed parameters on 
FED is analyzed (II). Section 2.3.2 investigates low-level control of UFH further, describing 
methods for developing a wax motor model (III and IV), as there is little to be found in 
the literature on wax motors in UFH applications. Two different models, a characteristic 
model and a physical model, were tested in one simple test scenario (IV). As the 
characteristic model fit the measurements slightly better and was much easier to 
parameterize, it was discussed and developed further in greater detail for more general 
use on the basis of an extensive set of experiments (III).  

The effect of the resulting empirical model on FED was also discussed (III) and tested 
with both PI and on/off control. Beyond the wax motor itself, several accompanying 
effects were also considered. For PI control, both default and optimized parameters from 
earlier work were used. Since most wax motors only accept a binary heating signal, the 
PI output had to be modulated. As the valve curve is not in practice linear, a non-linear 
curve was used in the simulations. In all, a flow control process with gradually increasing 
level of detail was defined, and its effect on both temperature fluctuations and FED was 
estimated at each step.  

The whole room temperature control process together with the regulation of the 
volume flow and supply water temperature of the heat emitter is shown in Figure 11.  
On the left, room air temperature setpoint options for different approaches are shown, 
including the PED and FED savings algorithms (publications I and V). The control process 
for volume flow based on set and measured air temperatures is shown in the middle part 
(publication III). Publications II and IV discussed PI control and wax motor specifics in this 
process. All the publications included the room and heat emitter modelling, except IV, 
where the room was included only in the measurement of volume flows in the UFH circuit 
for calibration purposes. 

 
Figure 11. Overview of room heating control and which topics this thesis focuses on. 

2.1 Overview of the room and building models 
To evaluate the thermal conditions and energy requirements that arise when using 
different control strategies, comprehensive physical models of the buildings were 
created. In each simulation, heating operations were controlled in one room using the 
algorithms developed. Three different test rooms were modelled. We called these the 
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“German home”, “Estonian home”, and “Estonian office”, according to their locations 
and usage profiles. An overview of the three rooms is shown in Table 2. In the first row, 
room plans are shown with windows, modelled doors, and geographical orientation with 
dashed lines indicating the external walls of neighboring rooms.  

The rest of the table shows physical parameters for the rooms. For the sensitivity 
analysis, the room parameters which varied (window direction, window parameters, wall 
construction, etc.) are shown with slashes. The building envelope was characterized 
using thermal transmittance (U-value in W/m2K), and window glazing parameters 
included the full transmittance of solar radiation (g-value). Infiltration was characterized 
using the air leakage of the external envelope at a pressure difference of 50 Pascals (q50). 

The two homes were rooms in buildings that had been used earlier to calibrate or test 
the simulation models [43], [104], [120]–[123]. The “German home” test room was on the 
first floor of the initial building model, a typical two-story single-family detached home with 
a heated floor area of 150 m2. The building was constructed of aerated concrete and 
insulated with mineral wool. The thickness of the insulation and airtightness were varied 
to estimate the sensitivity of the MPC algorithm developed. The “Estonian home” was a 
room at the TalTech nZEB test facility, a 100-m2 house featuring balanced heat recovery 
ventilation, a ground source, and an air-to-water heat pump system with radiators and 
UFH, among other technologies. The “Estonian home” room was called Room6/R6 in 
different articles. Room 5 in the same building is very similar, in fact just a mirrored version 
of R6. The “Estonian home” room is the subject of the detailed UFH control analysis in the 
second part of this work. The “Estonian office”, a model modern office room, was the 
subject of the analysis of FED reduction with setback heating.  

The office room was modelled as a single zone with adiabatic internal structures, while 
the adjacent zones to the other rooms were modelled to maintain a constant 
temperature of 21/22 °C. This approach partially ensured that the performance of the 
control algorithm would not be overly influenced by the selected building geometry. 
External boundary conditions were set using weather data from the test reference years 
(TRY). For the German home, the German Lower Rhine region (western Germany – TRY 
region number five) was used [124], and for the other two, the Estonian TRY [125].  

The rooms were heated using either radiators or UFH. The table shows their power 
and the share of heat demand under design conditions it was defined for. Ventilation 
with heat recovery (HR) was included in all well-insulated cases. Average internal gains 
from people, lights, and equipment are also included in the table. 

The IDA ICE simulation software was used in almost all cases. For the MPC analysis,  
a co-simulation framework was compiled using Dymola/Modelica software [94], [126], 
[127]. The German home was thus modelled in Modelica. Both IDA ICE and Modelica 
software model rooms as one ideally mixed air volume, its space enclosed by structural 
components. The heating system was mostly based on components available in this 
software. In the case of Modelica, the AixLib library was used [128], [129]. In this thesis,  
it was not critical to construct a detailed model of the heat generation system. Heat was 
produced by an ideal heat source, which was linked to the hydraulic radiator or UFH system 
in the test room under observation. In the context of this thesis, the room, heat emitter, 
and mass flows in the circuit were modelled, but the interaction between different circuits 
and the heat pump were excluded (see also Figure 1). 
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Table 2. Overview of the modelled rooms and their parameters 

Visualization 

Name German home Estonian home Estonian office 

Location NRW, Germany Tallinn, Estonia Tallinn, Estonia 
Area 16 m2  10.4 m2 13.3 m2 
Function Residential Residential Office 
House area 150 m2 100 m2 - 
Adjacent rooms At temperature 22 °C At temperature 21 °C Adiabatic int. walls 
Envelope 

External env. Area 37.6 m2 30.1 m2 10.3 / 23.6 m2 
External wall 
construction; 
U-value (W/m2K)

Aerated concrete, 
mineral wool; 

0.54 / 0.28 / 0.14 

Timber frame; 

0.12 

Timber frame / 
masonry; 
0.8 / 0.14 

Floor 
construction; 
U-value (W/m2K)

concrete floor with 
insulation, on ground 

0.52 / 0.33 / 0.26 

concrete floor  
(with crawlspace); 

0.08 

Concrete floors, 
adiabatic or above air 

Adiabatic / 0.11 
Ceiling / roof; 
U-value (W/m2K)

timber frame ceiling; 
0.21 

timber frame roof; 
0.08 

Concrete ceiling; 
adiabatic 

Specific heat 
loss W/K/floor m2 

1.9 / 1.1 / 0.6 
without air exchange 

1.5 
without air exchange 

1.4 / 0.7 / 0.5 
without air exchange 

Windows 
Directions N & W S & W / N & W (R5) N / S (modern) 
Area(s) 1.8 m2 x 2 3 m2 x 2 3 m2 x 1 
Frame fraction 20% 24% 25% 
U-value (W/m2K) 2.5 / 1.3 / 0.8 0.75 1.4 / 0.75 
g-value 0.8 / 0.6 / 0.5 0.3 0.54 / 0.46 
Air exchange 
Infiltration 
(q50 in m3/h/m2) 

12 / 6 / 1.2 0.6 3 
For old: in vent. Incl. 

Ventilation 
(l/s/m2) 

0.36 1.08 / 0.5 Avg. 0.58 (2 during 
working day)  

Heat input 
Vent. Supply 
temperature 

Tout (HR ca 80% 
reflected in smaller 
0.07 l/s/m2 airflow) 

Tsup 18°C (80% HR) Tsup 18°C (80% HR) 
old: no HR & Tout 

Heat emitter, 
nominal power 
(W/m2) 

Radiator 
67 / 53 / 26 (dim. 

131% /143% /260%) 

UFH  
68  

(dim. 90% / 140%) 

Radiator / UFH  
125 / 33 / 21 (dim. 

360% /180% /115%) 
Supply/return 
temperatures 

55/45 by design 34/29 by design ideal 

Internal gains 
(W/m2) 

18.1 during 
 occupancy 

On average 4 (during 
occ. 10.4 + people) 

On average 3.8 
(during occ. 8.3) 

Modelling 
Software Dymola/Modelica IDA ICE 4.8 IDA ICE 4.7.1 
Utilized for: PED reduction with 

MPC 
PI precision, control 

of volume flows, WM 
FED reduction with 
setbacks and pre-

heating 
In publications I II, III, IV V 
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2.2 Effect of dynamic setpoints on energy savings 

In this first part of the work, two control algorithms were developed to estimate the 
energy saving potential using dynamic setpoints. The following cases were analyzed:  

- Primary energy saving potential in a residential building when optimizing PED
using MPC (section 2.2.1)

- Final energy saving potential in an office when using a nighttime temperature
setback and pre-heating time estimation based on a time constant calculation
(section 2.2.2).

2.2.1 PE saving potential 
2.2.1.1 Concept 
An algorithm for PED minimization was developed for the “German home” room. Three 
building standards were compared for the sensitivity analysis. The control algorithm 
would dynamically identify optimal operating temperatures to guarantee thermal 
comfort for occupants while reducing PE demand for heating in response to a dynamic 
PEF [130]. Optimization would be achieved through the application of dynamic thermal 
comfort limits dependent on room occupancy and activity levels of the occupants [1]. 
Ensuring thermal comfort and PED reduction simultaneously through STM activation 
would require predictive capabilities, prompting the development of an MPC algorithm. 

The control algorithm, which includes both rule-based and model predictive parts, 
was designed to operate without any prior system data and collect data required at 
runtime. Once enough data was gathered from the physical simulation (a white-box 
model), a simple black-box model was built and updated daily. This model was then used 
to predict thermal conditions in order to optimize heating operations.  

2.2.1.1.1 Dynamic primary energy factor
The objective function of the MPC optimization algorithm was based on a dynamic PEF, 
making it possible to minimize PE demand for heating. The fluctuating PEF was adapted 
from the study by Stinner et al. [130], where it was calculated on the basis of time series 
data for Germany’s electricity demand and renewable power generation from wind and 
PV in 2015. Their profiles can be scaled to reflect any given share of RES on the grid. 
In the present work, the PEF was scaled to reflect 80% RES, the German government’s 
target for the year 2050 [131]. This approach ensures sufficient fluctuation to allow 
dynamic operation of the heating system, as required for LS and STM activation. Figure 
12 illustrates the resulting dynamic PEF signal for the observed two-month period. 

Figure 12. Dynamic PEF profile used as penalty function for optimization in MPC. 
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2.2.1.2 Building simulation 
The “German home” was modelled using Modelica (as a white-box model) and for the 
reference case, and its construction was defined according to German energy 
conservation ordinance EnEV 2009 (referenced as EnEV 2009 or 09) [132]. This standard 
describes an average modern German building built or retrofitted after 2009 [132], [133]. 
Energy efficiency was then reduced to comply with the 1984 German thermal insulation 
ordinance (TIO 1984 or TIO) [134] and subsequently improved to comply with the passive 
house (PH) standard [135]. 

The room was equipped with a radiator that would provide a nominal heating load  
of 26 W/m2 (PH), 52 W/m2 (09), and 67 W/m2 (TIO), as calculated for the observed  
room [32], [136]. Power included a heat-up factor of 16 W/m2, as recommended for 
buildings with moderate nighttime temperature reduction. So the radiators followed  
the assigned air temperature setpoints, they were controlled using a conventional PI 
controller (K = 0.1, ti = 1000).  

Room operative temperature predictions in MPC relied on a simple black-box model. 
An auto-regressive model with exogenous inputs (ARX) was used since ARX is often 
integrated with MPC to optimize energy consumption [69]. The model consists of two 
parts, an auto-regression calculation including the weighted sum of the variable’s own 
previous values and the weighted sum of exogenous variables, which include the effects 
of other factors influencing the operative temperature from the previous and current 
time steps. A third order ARX model was selected based on a literature review [137].  
The three previous values of the operative temperature were thus used to predict the 
next value. Three timesteps of the exogenous variables were also taken as inputs, with 
the assumption that the first predicted time step [t+1] values were already available. 
Time was quantized into 15-min steps. 

The structure of this ARX model is shown in equations (3) and (4). The four exogenous 
variables (defined by vector �⃗�𝑋) correspond to the temperature setpoint (Tset), solar 
irradiation (I), ambient temperature (Tout), and room occupancy (occ). Tset was the control 
variable adapted according to the optimization (see next section). In Eq. (3), To is the 
operative temperature and ci,y are the ARX fitting parameters estimated using the 
identification function ‘arx’ in MATLAB [138]. All ci,y parameters were initialized to zero. 

𝑇𝑇𝑜𝑜[𝑡𝑡 + 1] = 𝑐𝑐0,𝑋𝑋�⃗ ∙ �⃗�𝑋[𝑡𝑡 + 1] + 𝑐𝑐1,𝑋𝑋�⃗ ∙ �⃗�𝑋[𝑡𝑡] + 𝑐𝑐2,𝑋𝑋�⃗

∙ �⃗�𝑋[𝑡𝑡 − 1] + 𝑐𝑐1,𝑇𝑇𝑜𝑜 ∙ 𝑇𝑇𝑜𝑜[𝑡𝑡] + 𝑐𝑐2,𝑇𝑇𝑜𝑜
∙ 𝑇𝑇𝑜𝑜[𝑡𝑡 − 1] + 𝑐𝑐3,𝑇𝑇𝑜𝑜 ∙ 𝑇𝑇𝑜𝑜[𝑡𝑡 − 2] 

(3) �⃗�𝑋 = �

𝑇𝑇𝑠𝑠𝑠𝑠𝑡𝑡
𝐼𝐼

𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡
𝑜𝑜𝑐𝑐𝑐𝑐

� (4) 

While a perfect prediction of I, Tout, and occ was assumed to be available to the MPC,  
the same data was used in both the white-box and black-box models. German TRY data 
was applied for I, Tout. Occupancy was generated using Richardson’s approach [139].  
This method produces a statistically based irregular occupancy time-series that differs 
each day and distinguishes between weekdays and weekends. A two-week section of the 
generated profile is shown in Figure 13. According to the profile, the room was used for 
34.5% of the observed time: 21.5% representing periods when the occupants were 
active, 11.8%, inactive periods, and 1.2%, nighttime periods. 
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Figure 13. Sample two-week section of the occupancy profile. 
 

 
Figure 14. Flow chart for the heating control algorithm developed. 

2.2.1.3 Self-learning model predictive algorithm 
The control algorithm was written in the Python programming language, while MATLAB 
was used to fit the black-box model, Gurobi [140] to do the optimization, and 
Dymola/Modelica, to do the ‘reality’ simulations. Though it was implemented on a  
high-performance system, the algorithm was design to be simple enough to run on even 
a Rasberry Pi [141] in a typical home. The corresponding performance calculation is 
included in publication I. 

The flow chart in Figure 14 provides an overview of the control algorithm designed. 
The initial part of the algorithm is rule-based, making it easier to adapt the control system 
to new environments. If the room is occupied, the temperature setpoint is defined as the 
optimal operative temperature. If not, pseudo random binary signals (PRBS) [137] are 
selected as temperature setpoints so that a wide range of measurement data can be 
gathered for model fitting. This identification mode is not permitted if the ambient 
temperature is higher than the minimal acceptable building temperature (19 °C) and the 
current PEF is higher than its yearly average value of 1. If not permitted, the energy saving 
mode is selected, and the temperature setpoint is defined as the minimum temperature 
under unoccupied conditions (19 °C). Operation modes are separately selected for all  
15-minute time steps, and a temperature setpoint profile for the upcoming hour is then 
compiled. The control algorithm is executed once per hour. 

The ARX model, based on collected measurements, is fitted when measurements for 
at least one week are available. New model parameters are fitted every 24 h. The model’s 
root mean square error (RMSE) between temperature measurements and average 
predictions for the previous three days is evaluated. If RMSE < 1 K, the model can be 
implemented. If the RMSE is larger, the last suitable model is used if not older than 3 days. 
Otherwise, the ARX model is not used for the MPC until the next successful model fit.  
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If a sufficiently accurate ARX model is available, the dynamic heating mode is activated 
and the MPC seeks a suitable heating operation to minimize PE demand for heating 
according to the objective function in Eq. (5). The cost function minimizes the PEF-weighted 
difference between the temperature setpoint and minimum acceptable operative 
temperature using a time step of 15 min with a 24 h horizon. This requires the dynamic 
PEF from the coming 24 hr.  

min
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

��𝑃𝑃𝐸𝐸𝑃𝑃(𝑡𝑡) ∙ �𝑇𝑇𝑠𝑠𝑠𝑠𝑡𝑡(𝑡𝑡) − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡)�
24∙4

𝑡𝑡=1

� (5) 

A linear optimization, employing a deterministic concurrent method [140] is performed 
in Gurobi (version 6.5.0) using the gurobipy Python package. If an optimal heating 
operation is found, the first hour of the optimized temperature setpoint schedule is set 
as the temperature setpoint profile for the heating, and the cycle is repeated hourly.  
If the optimization fails at first, the algorithm reduces the optimization horizon by 2 h 
until it reaches 12 h. If no solution is found for the observed optimization problem, and 
the optimization fails, then the algorithm is downgraded to rule-based control.  

Finally, the compiled temperature setpoint profile for one hour is simulated in the 
white-box model, and the resulting operative temperatures are returned to the control 
algorithm as ‘measurement’ values for its next iteration.  

2.2.1.4 Evaluation of concept and scenarios 
The performance of the control algorithm was evaluated from 1 February to 31 March. 
This period was selected for the cold ambient temperatures, which would ensure a 
continuous heating demand, while the prominent role of PV generation would ensure 
regular fluctuations in the PEF. The simulations were performed for the three building 
standards described above. 

To assess the potential of the algorithm developed, an MPC optimization scenario 
(O2b) was created. Two reference scenarios (R1 and R3) were also defined and simulated 
to help assess the MPC algorithm’s performance. For the reference scenarios, a rule-based 
control was used to generate time-dependent temperature setpoint profiles. R1 would 
keep temperatures at a constant 22 °C for a comparison with conventional building 
operations. The temperature setpoints for R3 were the optimal temperatures in the 
dynamic comfort profile and would therefore serve as the main benchmark for the MPC 
algorithm. O2b implemented dynamic comfort constraints and dynamic maximum rates 
of temperature change that were adapted from Wolisz [1]. These vary according to 
occupancy and occupant activity. The rate of limiting temperature change varied from  
1 to 3 K (specified in publication I), depending on tenant activity and whether the 
temperature was increasing or decreasing towards or away from the optimal operative 
temperature (R3). Specific comfort constraints for all scenarios are given in Table 3. 

Table 3. Boundary conditions in the scenarios analyzed 

 Operative temperatures when occupants are … Rate of change 
Time range 

 
Scenario (↓) 

Not present 
(at any time) 

Active 
7 a.m.-6 p.m. 

11-12 p.m. 

Inactive 
6-11 p.m. 

Sleeping 
12 p.m.-7 a.m. 

At any time 

R1 22 °C ≤ 4 K/h 
R3 19 °C 21 °C 23 °C 20 °C ≤ 4 K/h 

O2b 19-24 °C 20-23 °C 22-25 °C 19-22 °C Dynamic 
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Agreement with the comfort constraints defined was evaluated by quantifying the 
violations of these constraints using equations (6) and (7). For each time step (t) when 
the operative temperature was not in the comfort range, the violation time (tout_lim in 
0.25 h) was multiplied by the violation’s extent (ΔTout_lim in K). The summation over the 
timesteps resulted in a temperature violation index (TVI) that represents the total 
constraint transgression in Kh (degree-hours). Similarly, the temperature change 
violation index (TCVI) was calculated from the extent of the violation (ΔTCexceed in K) by 
full hour (hexceed in h). The violation indices for scenario O2b were compared with those 
of reference scenario R3 (which had optimal temperature setpoints). 

𝑇𝑇𝑉𝑉𝐼𝐼 = �∆𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡_𝑙𝑙𝑚𝑚𝑚𝑚 ∙ 𝑡𝑡𝑜𝑜𝑜𝑜𝑡𝑡_𝑙𝑙𝑚𝑚𝑚𝑚
𝑡𝑡

 (6) 𝑇𝑇𝑇𝑇𝑉𝑉𝐼𝐼 = �∆𝑇𝑇𝑇𝑇𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒 ∙ ℎ𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑒𝑒
ℎ

 (7) 

2.2.2 FE saving potential  
2.2.2.1 Concept 
Results from the minimizing of PED using MPC control show that building energy 
efficiency has a significant impact on load shifting capability (see results section 3.1.1.2). 
It was made possible, however, by a significant increase in FED. The following analysis 
assesses how much it is possible to reduce FED during setback control and how much the 
insulation level and thermal mass of building constructions affect it in very low energy 
buildings. As shown previously [43], profile shape significantly influences energy 
consumption, as the duration of temperature setback varies. The “Estonian office” room 
was thus modelled to use long and regular vacancy periods to show the full savings 
potential. 

2.2.2.2 Building simulation and scenarios 
The “Estonian office” room model used for the simulations had three different energy 
efficiency level variants, the old, the standard, and the modern. In all cases, concrete 
(heavy) and wooden frame (light) constructions were used to represent different thermal 
masses. The old and standard rooms had one external wall with a window facing north 
and an external floor over outdoor air. The modern configuration had the same 
constructions as the standard case, but its floor was adiabatic, and it mirrored the 
standard case with the window facing south so the room received more solar heat gains. 

We defined the internal loads and ventilation control according to Estonian norms for 
office simulations [142], meaning that the building would be occupied from 7 a.m. to  
6 p.m. on workdays. During night, on the weekends, and on holidays, the building would 
be unoccupied. Ventilation airflow was 2 l/s/m2 during periods of occupancy and for  
1 hour preceding and following each of these periods. The usage profile is shown in 
Figure 15. This usage rate was multiplied by 5.8 W/m2 to yield the occupant heat gain, 
and by 9.5 W/m2, to yield the heat gain from lighting and electrical appliances.  

 

 
Figure 15. Usage rate (according to [142], a weighting factor for all internal gains. 
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Two types of limited-power heating systems were simulated: ideal air heaters and 
simplified floor heaters. Ideal air heaters represented the radiators (Rad) supplied by a 
district heating system, while floor heaters represented the underfloor heating (UFH) 
supplied by a heat pump. Simplified/ideal systems were used in place of the function for 
raising the heating curve to achieve maximum output power of the systems during  
heat-up; the designed power was always available if needed. The modern systems had a 
nominal power of 21 W/m2, the standard systems, 33 W/m2, and the old systems,  
125 W/m2. In the standard case, the room was also modelled with over-dimensioned 
radiators (according to [32]) to provide the extra power needed for weekend setbacks. 
It can be compared with a gas boiler supplied radiator-based heating system, which can 
be easily over dimensioned without a significant increase in cost. The ideal heaters in 
standard light offices with 51 W/m2 and in standard heavy offices with 103 W/m2 were 
simulated and defined as ‘over-dim-Rad’.  

10 different scenarios were created based on different combinations of the 3 
insulation levels, heavy and light construction cases, 2 heat emitter systems, and the 
over-dimensioned radiator cases, as shown in Table 4. These were simulated over a fixed 
heating period (1 October to 30 April) using two control algorithms. First, a reference 
case with a constant setpoint of 21 ˚C tracked by PI control was simulated, and then,  
a setback algorithm with pre-heating was applied. The pre-heating algorithm together 
with the numeric parameters in the table are described in the next section. 

Table 4. Scenarios and calculated input parameters used for the control algorithm 

 

2.2.2.3 Pre-heating control algorithm 
The aim of the setback control was to keep the air temperature at 21 °C during periods 
of occupancy using PI control and allow it to drop to 18 °C when the room was vacant. 
Pre-heating, however, also needed to be applied to ensure comfort conditions when 
occupancy began. A widely used heat-up time calculation was adapted for this dynamic 
use case. 

The pre-heating or heat-up time was defined as the time the system would need to 
heat the room back up to 21 °C from setback. Instead of choosing a constant value for 
each building, a variable pre-heating time dependent on boundary conditions could be 
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estimated using previously calculated parameter values. From the heat balance equation 
for indoor temperature Tin: 

𝑇𝑇
𝐸𝐸𝑇𝑇𝑚𝑚𝑚𝑚
𝐸𝐸𝑡𝑡

= 𝐻𝐻 (𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡 − 𝑇𝑇𝑚𝑚𝑚𝑚) + Φ (8) 

the heat-up time t up to the setpoint was calculated as the time from the current time 
(t=0) to the time targeted higher temperature Tset would be reached assuming current 
indoor air temperature to be Tin: 

𝑡𝑡 = − 𝜏𝜏 ∙ ln � 
Φ/H – 𝑇𝑇𝑠𝑠𝑠𝑠𝑡𝑡  +  𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡
Φ/H – 𝑇𝑇𝑚𝑚𝑚𝑚  +  𝑇𝑇𝑜𝑜𝑜𝑜𝑡𝑡

� (9) 

where Φ is the constant nominal heating power in watts, H is the heat loss coefficient 
(W/K), and Tout is the external air temperature. τ is the time constant in seconds 
calculated as τ=C/H. Parameter C represents the heat capacity of the air and structures 
(J/K). This rough simplification does not take into account internal gains, heat-up process 
dynamics, etc. 

For the calculation of the time constant for the night setback, surface layers with a 
depth of up to 20 mm were included in the heat capacity calculation. An active layer with 
a depth of 100 mm was used for the weekend setback [143]. The time constants were 
quantized by rounding them to the closest 25 hours. This made it possible to use 
approximate values, as exact values are usually not known for real cases.  The heat capacity 
values for the 100 mm layers were approximately four times higher than those for the 
20 mm layers, as shown in Table 4 (7449 kJ/K for heavy and 5002 kJ/K for light). 

The control algorithm developed calculated the heat-up time every 5 minutes.  
If the time exceeded the actual time left until the start of the period of occupancy,  
the temperature setpoint was changed to 21 °C, overriding the initial PI control. If the 
calculation resulted in a heat-up time less than the time left until the start of occupancy, 
the temperature setpoint was turned back to 18 °C again. The implementation of the 
pre-heating algorithm in the IDA ICE simulation software is shown in Figure 16. 

 
Figure 16. Implementation of the pre-heating algorithm in IDA ICE software. 
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2.3 Control process modelling effects on energy performance 
In this second part of the work, variant models of the UFH control process were created 
to determine how BPS results would be affected by optimized PI parameters (section 
2.3.1) and a detailed modelling of wax actuators (section 2.3.2). The modelling of wax 
motors also implies the modelling of the effects in detail: PI control, signal delay, valve 
curve, signal modulation. The analysis focused primarily on PI parameters and wax 
actuators, as the effect of optimal PI parameters for UFH and a parametrized wax 
actuator model had not been found in the previous literature. In this part, the modelled 
room was the “Estonian home” at the TalTech nZEB test facility.  

2.3.1 PI parameter estimation for UFH 
2.3.1.1 Concept 
The previous analysis showed that for UFH, the use of default parameters for PI would 
not make it possible to maintain a constant temperature for UFH even in the simulation. 
The goal here was not only to optimize PI parameters for UFH but also to find simple 
tests that would simplify doing this in practice.  

PI parameters were estimated for two test rooms in several ways according to the 
following process. First, input data was generated with measurements or simulations. 
This data was then fitted to simplified models, which were used to further estimate PI 
parameters with methods from the literature. Finally, the resulting parameter 
combinations were tested in the heating period simulation. 

In another approach, PI parameters were generated by optimization in the simulations. 
Input data was thus generated simultaneously with the optimal parameter combination 
and its evaluation. 

2.3.1.2 Input Data 
The “Estonian home” room model used in this analysis was referred to as Room6 (R6) in 
preceding studies. The windows of the initial room faced south and west. In this analysis, 
the north-and-west facing room (Room5 / R5), essentially a mirrored version of the  
initial room, was also included. To generate the data used for the PI parameter 
estimations, six different datasets were generated. These are characterized in Table 5, 
according to outdoor climate, heating setpoint, room geometry, and gathering method 
(simulation/measurements). In all cases, the output was the room temperature that 
could be used in simplified models (the first four rows), or the same simulations were 
iterated to optimize PI parameters (last two rows).  

The only measured dataset (described in [122]) consisted of measurements we 
carried out at the same TalTech nZEB test facility in room R5, where we performed 2-day 
and 3-day long temperature setbacks. The air temperature was measured while the 
temperature setpoint was kept at 21 °C and during the setbacks, when it was lowered to 
18 °C. These temperatures are shown in Figure 17 with estimated average temperatures 
at the high and low levels. A commercial self-learning PI was used to control UFH, which 
had temperature variations below 1 K during constant operation in this room with low 
solar gains, while outdoor temperatures ranged between –5 and +5 °C. Heat-up times 
were up to a day. 
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Table 5. Overview of the input data for the model calculation and optimization 

 

 
Figure 17. Measured temperatures during two setbacks at the TalTech nZEB test facility [122] 

The rest of the input datasets were simulated in the previously calibrated IDA ICE model 
of the same building. Shorter setbacks of 1, 3, 6, 12, and 24 hours were simulated using a 
constant outdoor temperature of 0 °C with no solar or internal gains. Between the setbacks, 
the initial temperature of 21 °C was stabilized. Without solar gains, the two test rooms were 
equivalent, and so the estimation of PI parameters was based on only one of them. 
Constant outdoor conditions made it possible to get cleaner data for simplified model 
estimation and make it easier to tune the parameters in Matlab (see the next section). 

An ideal-like step test, the only open-loop case, was also simulated using the same 
constant outdoor conditions. A step from no heating to full power heating was performed. 
The simulation period was lengthy, so that indoor air temperature stability would be 
achieved both before and after the step. This meant two months in simulation to stabilize 
it at the balance temperature, and one month after the step to reach a steady state. 
Simulations with outdoor conditions set using Estonian TRY and setpoints determined 
using pseudo-random binary signal (PRBS) were also run. For the PRBS temperature 
setpoint, the zero level was set at 18 °C, the maximum level at 24 °C. The simulations 
were carried out over two separate weeks, one week in March and one week in February:  
the first, a sunny week with moderate temperature (19–25 March), the second, cold 
week with almost no sun (29 January – 4 February). The model was fitted using both data 
for the entire weeks and data only for the weekends of these weeks (12 p.m. Friday to 
12 p.m. Sunday). 

The last two rows of Table 5 characterize the inputs for optimization of the PI 
parameters. The same two weeks in March and February stated above and the  
entire heating period from 1 October to 30 April were used as optimization times.  
The optimization was carried out for both a constant temperature setpoint of 21 °C and 
a variable setpoint temperature profile. 

Dataset Climate Setpoint Rooms Generation method 
A Actual 2- and 3-day setbacks R5 Measured 
B Constant Shorter setbacks R5/R6 (equal) Simulated 
C Constant Infinite step-up R5/R6 (equal) Simulated 
D Estonian TRY PRBS R5 and R6 Simulated 
E Estonian TRY Constant R5 and R6 Simulated 
F Estonian TRY Variable (price-based) R5 and R6 Simulated 
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The variable setpoint was calculated using price data 2017–2018 [144] and a simple 
algorithm (from [79] that is not the best suited for therein intended purpose of load 
shifting but is good for producing an hourly changing profile. For the price-based control, 
the air temperature setpoint was changed hourly to 20, 21, or 24 °C. The lower two 
temperatures were comfort levels and had to be maintained, while the highest level was 
reserved for load shifting and did not need to be tracked, though the heating would have 
to have been activated at full power until the temperature was reached. 

2.3.1.3 Estimating PI Parameters 
For each input data combination in Table 5, the PI parameters K and ti were estimated 
using one or more of the following methods: 

1. Calculating using a simple method (datasets A-D), 
2. Tuning in Matlab/Simulink, (datasets A-C), 
3. Optimizing with GenOpt [145] (datasets E,F). 

In the first two cases, a simplified process model of the system was needed. Using the 
generated input data (see section 2.3.1.2), a first order process model with a time delay 
was fitted (see section 1.6.1), and parameters Kp, L, and τ were estimated. The model 
fitting was performed in Matlab, using System Identification Toolbox [146].  

In the first method, the fitted model parameters were used to calculate PI parameters 
according to three widely known methods – Cohen-Coon, Skogestad IMC (SIMC), and 
AMIGO [147]. The formulas used by these methods to calculate the two PI parameter are 
shown in Table 6, where the parameter b is a dimensionless value calculated using model 
parameters: 

𝑏𝑏 =  𝐿𝐿/(𝐿𝐿 + 𝜏𝜏) (10) 

Table 6. Formulas for calculating PI parameters in the three chosen methods. 

Method K  ti  
Cohen-Coon 

(CC) 0.9 ∙ �1 + 0.092 ∙
𝑏𝑏

1 −  𝑏𝑏 � (11) 3.3 − 3𝑏𝑏
1 + 1.2𝑏𝑏 𝐿𝐿 (12) 

Skogestad  
IMC (SIMC) 

𝜏𝜏
2𝐾𝐾𝑝𝑝𝐿𝐿

 (13) min(𝜏𝜏; 8𝐿𝐿) (14) 

AMIGO 
0.15
𝐾𝐾𝑝𝑝

+ �0.35−
𝐿𝐿 ∙ 𝜏𝜏

(𝐿𝐿 + 𝜏𝜏)2�  ∙
𝜏𝜏
𝐾𝐾𝑝𝑝𝐿𝐿

 (15) 0.35𝐿𝐿 +
13𝐿𝐿𝜏𝜏2

𝜏𝜏2 + 12𝐿𝐿𝜏𝜏 + 7𝐿𝐿2 (16) 

 
In the second method, PI parameters were tuned in Matlab®/Simulink for the 

previously fitted simplified models, which were converted into transfer functions.  
The tuning was performed in a closed-loop process, where the input was daily periodic 
6-hour setback profile. The tuning aimed for short rise time (speed) and an overshoot of 
no more than 5% of the desired temperature increase. 

In the optimization method, PI parameters were optimized in GenOpt using a hybrid 
GPS algorithm [148]. The optimization was carried out for the three different time 
periods (the entire heating period, a cold cloudy week, and a moderate sunny week) and 
for both the constant and variable setpoint profiles (see section 2.3.1.2). The objective 
of the optimization was to minimize the mean absolute error between the setpoint 
temperature and the simulated temperature. The initial search was conducted with 
parameter values that varied by factors of 10, from 10 in power of –10 to +10. 
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Optimization limits were then set around the K and ti values that yielded the lowest error 
and the parameters were optimized more precisely. 

For visualization of the results, estimated PI parameters were classified into four 
groups, according to the simplified models: setbacks, longer step, PRBS sL, and PRBS lL. 
Models generated from measured data and the ideal step were classified as “longer 
step”, shorter setbacks, as “setbacks”. Models acquired using PRBS were classified 
according to the resulting magnitude of the L parameter (< 1000 sec was short (sL), and 
> 1000 sec was long (lL)). 

2.3.1.4 Evaluation tests 
All the estimated PI parameter combinations were tested in simulations to evaluate 
heating energy consumption per square meter of floor area after thermal comfort had 
been ensured. Evaluations were carried out for the entire heating period (01 October – 
30 April), for all combinations of PI parameters, for both rooms, and for both setpoint 
profiles (constant and variable). The setpoints used for the evaluation of the PI parameters 
were the same used in the optimization cases (see section 2.3.1.2).  

It was critical that no parameter combination would result in temperatures below the 
given comfort setpoints. In most cases, however, this had not been achieved, and the 
setpoints thus had to be shifted before evaluation. The goal was to achieve temperatures 
equal to or above the setpoint for at least 97% of the time, as recommended by the 
thermal comfort standard EN 16798-2 [35]. 

Cumulative temperature graphs were generated on the basis of the initial simulations. 
In the constant setpoint case, the setpoint was shifted 3% of the time exactly as many 
degrees as the cumulative graph was below the setpoint (see section 1.3). In the variable 
setpoint case, shifts for both the 20 °C and 21 °C setpoints were calculated. For the 20 °C 
setpoint, the shift was 3% for 1.3% of the total time, and for the 21 °C setpoint, 45.2% of 
the total heating period. The maximum of the shifts calculated for these two points was 
applied to the entire profile. 

The IDA ICE software’s default values for the PI parameters, K = 0.3 and ti = 300 s, were 
used for the benchmark simulations. On/off controls with four different deadband 
widths were also evaluated for comparison: a modern controller with a deadband of  
0.5 K (+/- 0.25 K), close-to-ideal versions with deadbands of 0.16 K and 0.05 K, and  
a conservative one with a 1 K deadband. 

2.3.2 Physical control process components 
2.3.2.1 Concept 
In practice, in addition to PI control parameters, UFH control is also influenced by several 
physical components. In this part of the work, some of these effects have been evaluated. 
A wax actuator model, however, must be found or parametrized first, as discussed in 
section 1.6.2. 

Initially, we tested both a characteristic and a physical model. Though results did not 
differ significantly, the characteristic model was much easier and more practical to 
estimate, and so it was chosen for further study. Dependence on previous heating actions 
was built into the characteristics to calibrate variability. The resulting variable empirical 
model was further analyzed to estimate the effect it would have on simulation results. 
This analysis also included other control process effects, such as delay, valve curve, and 
signal modulation (see Table 10 in section 2.3.2.4 for all components). 

 The general workflow of this part of the study is shown in Figure 18. The piston 
displacement, which was dependent on the electrical heating signal, was measured when 
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the valve was not connected to the UFH system. The displacement measurements were 
used to define the wax actuator model. The wax motor was then connected to a valve in 
the UFH manifold, and the volume flow was measured when the electric signal was 
known. The wax motor model from the previous step was then used to calculate the 
piston’s linear displacement in flow measurements. The valve opening to volume flow 
characteristic curve (the valve curve) was then calibrated using these measurements and 
calculations. Finally, the wax motor model and valve curve determined from 
measurements were used to assess their effect in simulations. 

 
Figure 18. General overview of the research process. Room calibration was included in the previous 
research.  

2.3.2.2 Development of the wax actuator model 
2.3.2.2.1 Measured actuators 
The wax actuators measured in this work were commercial products that are commonly 
installed in UFH manifolds in Estonian buildings. Two actuators from different producers, 
products A and B, were tested. In the case of product B, four different exemplars were 
tested to see if there were any significant differences. Assessment of potential variance 
was outside the scope of this work, so no more products or exemplars were considered. 
The datasheet for product A claimed a positioning time tFAT of 3 min, a full movement 
range (also called ‘nominal stroke’) of 2.5 mm, and a positioning force of 105 N.  
The datasheet for product B did not include this information.  

For some measurements, a quick-opening valve was screwed to the actuator (outside 
the manifold). In such cases, the initial position of the spring in the motor was slightly 
more compressed, potentially reducing the full movement range. The movement time, 
however, would be similar, since it depended on the wax phase change time at constant 
power, and it was this effect that was being analyzed. The final combinations were 
named A, Av, B1, B1v, B2, B2v, B3v and B4v, where the first letter indicated the product, 
the number, the exemplar, and ‘v’, the presence of the quick-opening valve. All 
combinations are described in Table 7. The last column is explained in the next section 
(2.3.2.2.2). The initial test measurements are in blue font. 

 



46 

Table 7. Measured wax actuator and valve combinations for clarification of combination names; 
the last column shows the measured heating profiles 

Combination Product Exemplar Valve included Heating profiles measured (signal on - off) 
A1 A 1 no 15min-15min; 15min-45min; 5min-5min 

A1v A 1 yes 15min-15min 
B1 B 1 no 15min-15min; 15min-45min; etc. 

B1v B 1 yes 15min-15min 
B2 B 2 no 15min-15min 

B2v B 2 yes 15min-15min; 15min-45min 
B3v B 3 yes 15min-15min 
B4v B 4 yes 15min-15min; 15min-45min; etc. 

 
2.3.2.2.2 Displacement measurements 
Displacement of the last element of the wax actuator and valve combination, either the 
motor’s lowest surface or the valve’s piston, were measured. Initial tests on B1 were 
measured using a digital caliper. Later, to make this measurement easier to replicate in 
this case and all others, a vertically fixed displacement transducer with a 10 mm measuring 
range was used [149]. The actuator’s surface temperature, the room temperature, and 
the actuator’s supply voltage were also measured. The measurement step was 1 second 
and the data was logged using an HBM CX22BW data recorder [150] and an MX840A 
measuring bridge [151]. 

In all tests, the actuators were powered and controlled using a Siemens LOGO! 24CE 
controller (with 24-V transistor outputs) [152], which generated the heating profiles 
shown in the last column of Table 7. The first value (before the dash) is the time during 
which the wax actuator is being heated (a 24 V signal is produced as input). The second 
number (after the dash) is the cool-down time between heating cycles (the signal is off). 
A “15min-45min” profile thus means that the voltage was 24 V for 15 minutes and was 
then off for 45 minutes. This was repeated periodically. The test duration for each profile 
is given in Appendix A of (III). 

The heating profiles were chosen to ensure the complete opening and closing of the 
valve during each heating cycle. If this failed to happen, the tested heating profile was 
excluded from the study, since cycles in which the valve is not fully opened or closed are 
not typically used for wax actuators. Based on the literature and initial tests, at least  
3–5 minutes of heating and cooling time would be needed. In this study, the cut-off limit 
for this exclusion remained close to 3 minutes for both heat-up and cool-down. Longer 
gaps between heating periods to allow the wax to cool down between cycles were tested 
and their effect on valve opening time was analyzed. A 15min-15min heating profile was 
measured for all combinations for comparison, and most heating profiles were tested on 
motor B1. 

2.3.2.2.3 Post-processing displacement 
The measured displacement was normalized for each experiment. The maximum 
displacement was measured at the closed cold position, when the piston was at its lowest 
position. When the valve opened, the piston head moved higher, and the measured 
values were lower. The difference between the fully open and fully closed positions,  
the stroke, was identified in each experiment to normalize the displacement as follows: 



47 

𝑛𝑛𝑜𝑜𝑛𝑛𝑛𝑛𝑛𝑛𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡 =  
|𝐸𝐸𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡 − 𝑛𝑛𝑡𝑡𝑛𝑛𝑜𝑜𝑠𝑠𝑒𝑒|

𝑛𝑛𝑡𝑡𝑛𝑛𝑜𝑜𝑠𝑠𝑒𝑒
 (17) 

where 𝐸𝐸𝑡𝑡𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑒𝑒𝑛𝑛𝑡𝑡 [mm] is the measured time series during one experiment. The 0-V 
or 24-V input voltage was also normalized to a time series with values between 0 and 1, 
the heating signal. While the normalized displacement could be used directly for the 
physical model fitting, characteristic times had to be estimated before the characteristic 
or empirical model could be fitted. That process is described in section 2.3.2.2.5.  

2.3.2.2.4 Physical model 
The physical model used is based on first principles and was developed by Lars Eriksson 
at EQUA AB in 2017 for a private company. It was publicly released together with IDA ICE 
software [94]. The original parameter values were, however, considered proprietary not 
included. The model implementation is shown in Appendix . 

The model uses enthalpy levels to keep track of the wax state in the motor. The heat 
exchange with the ambient environment is modelled using one resistance and no 
capacitance. Delays due to the capacity of the plastic cover cannot, therefore, be 
characterized. The model does not include the springs in the system, increasing the same 
effect. The ambient temperature is only an input, precluding the generation of a heat 
balance. Heat transfer to ambient is, therefore, only dependent on the input 
temperature from ambient and the resistance. To be able to use the air temperature in 
the room where the manifold is located, the resistance would have to be large. 

To improve the model, the surface temperature was used as input instead of the air 
temperature. As the temperature of the motor’s surface is usually not measured in 
typical applications and to make it possible to run the simulation with different heating 
signals, a model-based approach was developed for the surface temperature. It was 
calculated using the measured room air temperature plus a second-order transfer 
function y using the heating signal u: 

𝑦𝑦 =
𝐾𝐾

(𝑛𝑛/𝑤𝑤)2 + 2𝑛𝑛(𝑛𝑛/𝑤𝑤) + 1𝑢𝑢 (18) 

with parameters K, the gain, D, damping, and w, the angular frequency. Value ranges 
were estimated from time constants, as we expected the first time constant 𝜏𝜏1 to be close 
to an hour and the second time constant 𝜏𝜏2 to be close to a minute. As the transfer 
function’s denominator with two poles can be expressed as (𝜏𝜏1𝑛𝑛 + 1)(𝜏𝜏2𝑛𝑛 + 1), we can 
derive the following: 

𝑤𝑤 = 1/�𝜏𝜏1𝜏𝜏2 (19) 

𝑛𝑛 = 𝑤𝑤(𝜏𝜏1 + 𝜏𝜏2)/2 (20) 

For both the surface temperature model and physical model, the parameters, their 
default values, assumed ranges, and optimized values are shown in Table 8. The values 
were optimized to fit the experimental data measured during the initial 15min-15min 
and 15min-45min tests of the B1 actuator. The values for all parameters were found 
using GenOpt with a connection to IDA ICE parametric runs [145] minimizing the MAE 
(mean absolute error) between the measured and simulated values, linear piston 
movement in the physical wax motor model and surface temperature for the second 
order transfer function.  
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Table 8. Parameters for both the physical wax motor model and surface temperature model, their 
tested value ranges with reasoning, default values, initial values, and their final optimized values 

Name Description Initial value / 
Default (limits) 

Reasoning Final 
value 

Unit 

N Number of ambient 
connections 1 / 1 Simplest model 1 items 

M Mass of the wax 0.0008 / 0.0005 
(0.0005 to 0.002) 

Ca 1 cm3 of wax, density 0.8 
g/cm3 [153] 0.001 kg 

CP_SOL Specific heat capacity in 
solid state 

2100 / 1200 
(2100 to 3000) 

e.g. 2384 or 2604 J/(kg K) 
[153], or 2100 J/(kg K) [154] 2930 J /  

(kg K) 

CP_FLU Specific heat capacity in 
liquid state 

2100 / 1200 
(2100 to 3000) 

2981 J/(kg K) [153], or 2100 
J/(kg K) [154] 2910 J / 

(kg K) 

L_SOLID Melting heat 210000 / 200000 
(200000-220000) From 200 to 220 J/g [153] 203000 J/kg 

T_H0 Initial value of wax 
temperature 20 / 20 

As the initial value of H was 
not changed, default value 

was used. 
20 °C 

T_MELT Melting temperature of 
wax 

75 /75 
(60 to 80) 

Working env. temperatures 
up to 60 degrees [91], [155]; 

has to be higher 
72 °C 

U Input voltage at signal 1 24 / 230 Defined by the wax motor 
product in use 24 V 

MAXDISP
VLV 

Maximum displacement 
of the valve 3.25 / 1.5 Used the same as valve 3.25 mm 

MAXDISP
ACT 

Maximum displacement 
of the actuator 3.25 / 3.5 Determined from the 

measurement 3.25 mm 

T_CURIE 
PTC heater temperature 

where resistance 
becomes infinitely large 

90 / 90 
Ranging from 60 to 140 °C; 

for thermal actuators is 
typically at 90 °C [156] 

90 °C 

R_25 PTC heater resistance at 
25°C 

50 / 290 
(5 to 300) 50 K/W [157] 97 K/W 

R 
Thermal resistance 

between wax and cover 
surface 

13 / 13 
(0.1 to 100) 

Only insulation 100 K/W, 
only plastic 0.3 K/W. 52 K/W 

K Surface temperature 
model’s gain 

10 
(1 to 30) 

Temperature change 
between the room and wax 

temperature 
18.5 - 

w 
Surface temperature 

model’s angular 
frequency 

0.002 
(0.0001 to 0.1) 

Time constants’ initial guess 
τ1=1h and τ2=1h 0.0011 - 

D Surface temperature 
model’s damping 

4 
(0.1 to 10) 

Time constants’ initial guess 
τ1=1h and τ2=1h 0.56 - 

 
2.3.2.2.5 Empirical model 
The entire process from the measurement of displacements to the creation of the 
characteristic/empirical model is shown in Figure 19. In each test in Table 7, we 
estimated the characteristic times described in section 1.6.2. The four characteristic 
times, dead time, rise time, hold time, and fall time, were identified for each heating 
cycle.  

In the initial test, the empirical model with constant characteristic times was 
estimated. The cut-off between time periods was defined when the minimal or maximal 
displacement was reached, as determined by visual inspection. Since the model would 
not be used later in a dynamic simulation, its response to the heating signal was set 
according to these identified values.  



49 

With a continuous smooth response and more data, however, the cut-off between 
these periods was not very clear. In the case of the dynamic empirical model, the rise 
and fall times were, therefore, separated by defining a minimum ramping slope. It was 
assumed that the linear change from 0 to 1 would take no longer than 10 min in total. 
For a normalized displacement, this is 10% per minute, so a slope steeper than 0.83% 
over 5 seconds was classified as part of the rise time. To smooth out measurement errors, 
the average slope was determined over a measurement of 5 seconds instead of 1 second 
steps. For fall classification, the slope was steeper, and therefore, a limit twice as large,  
-1.67% over 5 seconds, was used. These limits were chosen after qualitatively assessing 
whether the classified periods had discontinuities. When the displacement should have 
been 0, a margin of 5% was added to exclude small shift offsets. The timesteps that were 
not included in rise or fall times were classified as dead time, hold time, overheating 
time, or undercooling time according to heating signal and normalized displacement 
values, following the logic described in section 1.6.2. The input heating signal was 
recorded as 1 when greater than 0.5 and 0 when less than or equal to 0.5.  

 
Figure 19. The process of estimating the characteristic or empirical wax motor model from 
displacement measurements. 

It was clear from using different profiles and more data that characteristic times would 
vary depending on the wax temperature. For further analysis, dependence on preceding 
actions was then built into the parameters. Based on estimated values for one 
characteristic time across all tests, a regression model for calculating each characteristic 
time was defined by fitting the experimental data. According to wax temperature and 
phase change theory, the following assumptions could be made: 

 dead time should be dependent on how low the temperature of the solid wax 
has fallen, represented by undercooling time: 

𝑡𝑡𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒,𝑚𝑚 = 𝑠𝑠𝑒𝑒 ∙ 𝑒𝑒
−
𝑡𝑡𝑢𝑢𝑢𝑢,𝑛𝑛−1
𝜏𝜏𝑑𝑑 + 𝑐𝑐𝑒𝑒 (21) 

where 𝑡𝑡𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒,𝑚𝑚 [s] is the dead time at cycle n, and this depends on the 
undercooling (uc) time of the previous cycle 𝑡𝑡𝑜𝑜𝑒𝑒,𝑚𝑚−1 [s] and on the parameters 
𝑠𝑠𝑒𝑒  [s], 𝜏𝜏𝑒𝑒  [s], and 𝑐𝑐𝑒𝑒  [s], where the index d denotes “dead” in dead time. 

 hold time should be dependent on how high the temperature of liquid wax has 
risen, represented by overheating (oh) time (with similar definitions): 

𝑡𝑡ℎ𝑜𝑜𝑙𝑙𝑒𝑒,𝑚𝑚 = 𝑠𝑠ℎ ∙ �1 − 𝑒𝑒−
𝑡𝑡𝑜𝑜ℎ,𝑛𝑛
𝜏𝜏ℎ � + 𝑐𝑐ℎ (22) 

 rise and fall times should be constant for a given wax motor product at constant 
ambient temperature, as they represent the melting or solidification processes 
of the wax. 
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To find the parameters and test these assumptions, τ (τd and τh respectively) was first 
estimated. The correlation between the (one minus) exponent and the output time (tdead 
or thold respectively) was calculated for different τ values, and the τ value with the best 
resulting correlation was chosen. The models based on Equations (21) and (22) were then 
tested using linear models (lm), and the parameter significance of k and c was tested by 
calculating p-values in R [158]. If the p-value for a parameter was larger than 0.001,  
no significance was found, and the model was not used. Otherwise, the parameters k and 
c were fitted.  

The parameters in characteristic time models can change for each product, due to 
differences in wax mass and build of the motor. If no common model was significant, we 
used R to estimate multi-level models (lme), which varied the parameter b for the 
product models. Common models are, however, clearly to be preferred. Although the 
rise time was assumed to be constant, it can be seen by the results (section 3.2.2.2) that 
it was not. A model similar to Eq. (21) was, therefore, applied. The resulting models are 
shown in Table 9. These models were combined into a single empirical linear segments 
model. The implementation of this combination in IDA ICE necessitated including the 
detection of heating signal changes, keeping track of the duration of the last heating and 
cool-down periods, knowing the current status classification, calculation of the normalized 
displacement from the rise and fall time linear ramps.  The implementation is described 
in detail in publication III. 

The models obtained were then tested on the measured data. For each test, both the 
mean absolute error (MAE) and root mean square error (RMSE) were calculated, and 
these were used to compare motors and profiles. The linear segments model for one of 
the products was implemented and tested in IDA ICE. Product B was selected, as it had 
been installed by design at the TalTech nZEB test facility. 

Table 9. Characteristic time models resulting from the analysis 

Symbol Unit Description Formula 

𝑡𝑡𝑒𝑒𝑠𝑠𝑑𝑑𝑒𝑒,𝑚𝑚 s Dead time −192 (3) ∙  exp (−𝑡𝑡𝑜𝑜𝑒𝑒,𝑚𝑚−1/780) + 219 (13) ± 13 
𝑡𝑡𝑟𝑟𝑚𝑚𝑠𝑠𝑠𝑠,𝑚𝑚 s Rise time −30(3) ∙  exp (−𝑡𝑡𝑜𝑜𝑒𝑒,𝑚𝑚−1/1140)  + 142(22) ± 21 

𝑡𝑡ℎ𝑜𝑜𝑙𝑙𝑒𝑒,𝑚𝑚 s Hold time �
195 (6) ∙ �1 − exp �−

𝑡𝑡𝑜𝑜ℎ,𝑚𝑚

240�� + 30 (5), for product A

82 (3) ∙ �1 − exp �−
𝑡𝑡𝑜𝑜ℎ,𝑚𝑚

600�� + 58 (2), for product B
 

𝑡𝑡𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙,𝑚𝑚 s Fall time �180, for product A
123, for product B 

2.3.2.3 Calibrating the valve model  
To simulate the effect of modelling the control details in a BPS, a model was needed that 
would map volume flow to any valve displacement. Instead of using a theoretical valve 
curve, an actual curve was estimated from measurements. 

For measurements inside the UFH system, the wax actuator B2 was installed in the 
UFH manifold on the return side valve of the “Estonian home” room circuit at the TalTech 
nZEB test facility. While the aim was to calculate the given valve’s characteristic curve for 
further modelling as a proof of concept, only one motor was measured. On the supply 
side, the circuits were set to constant position. While advanced systems can use many 
different methods to control pressure in the system, for this study, a constant pressure 
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region of the pump was used. As in previous experiments, the LOGO controller generated 
15min-15min heating profiles (15-minute long heating signals with a 15-minute gap 
between heating cycles). The volume flow, generated from significant changes in room 
air temperature setpoints, was measured using the Sensus Pollustat E heat meter [159]. 
All other circuits were closed given the much lower setpoints. The measurements are 
fully described in publication IV. 

The measured volume flows and the heating signal were used to estimate the valve 
curve. First, the empirical wax motor model developed (see section 2.3.2.2.5) was 
applied to estimate the valve piston’s linear displacement due to the electrical heating 
signal from the controller. The characteristic valve curve is the relationship between this 
displacement and the measured volume flow. The valve curve modelling was then 
carried out in two steps: first, the theoretical quick opening valve curve typical of UFH 
valves was defined, then the valve authority effect was applied.  

The theoretical normalized valve curve, the relation of the displacement d to volume 
flow �̇�𝑉, was here defined in a simplified way using three points [160], the minimum 
efficient displacement (dmin), the maximum efficient displacement (dmax), and the  
mid-point or breaking point (dbp, 𝑉𝑉𝑏𝑏𝑝𝑝̇ ). All the parameters were chosen to minimize the 
MAE between the measured and calculated final volume flow using the Evolutionary 
Microsoft Excel Solver. The limits were set to 0.1–0.3 for dmin, 0.1–1 for dbp, and 0–1 for 
𝑉𝑉𝑏𝑏𝑝𝑝̇ . The dmin was forced to be lower than dbp. The parameter dmax was set to 1, and  
to model the ramp more precisely, the part where the valve opening was above 0.95 or 
below 0.05 was omitted from the error calculation, since the flow variation was very 
small. The authority effect to obtain authority-corrected volume flow �̇�𝑉𝑑𝑑𝑜𝑜𝑡𝑡ℎ was added 
according to literature sources [161], [162]. In these calculations a pressure difference 
across the pump of 30 kPa was assumed, and across the system without a control valve, 
a difference of 27.1 kPa. The pressure difference across the control valve thus resulted 
in 2.9 kPa. The whole process was described in detail in publication III. 

2.3.2.4 Estimating the effect in simulations 
To quantify the influence of the wax actuator and other control modelling details on 
energy performance and temperature control accuracy, several control scenarios were 
defined for the “Estonian home” simulation model. With UFH supply temperature and 
volume flow of the liquid given as inputs, the pressure and return temperature were 
modelled. The heating temperature curve is included in Appendix B of publication III. 

The installed power was dimensioned to 140%, and the flow rate of the balanced  
heat recovery ventilation was set to 0.5 l/s/m2. The first week of January and second 
week of February were the periods selected for the simulations, as heating consumption 
is similar while solar heat gains are different during these weeks. Heating consumption 
was 2.4 kWh/m2/week using IDA ICE default PI control. Solar heat gains were  
0.15 kWh/m2/week and 0.82 kWh/m2/week during the first week of January and first 
week of February, respectively. The average dry bulb outdoor temperature was –1.9 °C 
in January and –6.8 °C in February. A longer period was not simulated, as the empirical 
wax motor model currently requires timesteps of 5 seconds, dramatically increasing both 
simulation time and output file size. 

The on/off thermostat (O) and PI controller (P) cases were simulated for comparison, 
and both included a progressing level of detail. First, the business-as-usual simulations 
were defined (IDs O_0 and P_0), with IDA ICE default parameters, which are typical for 
BPS simulations. Then, adapted control parameters, signal delay, an adapted valve curve, 
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signal modulation, and the wax motor model were added step-by-step. The steps 
corresponding to the simulated scenarios are shown in Table 10. On top of the  
business-as-usual cases, first, in the CP step, default control parameters (CP) were added: 
the deadband (Db) for the on/off controller and proportional gain K, integration time ti, 
and tracking time tt for the PI controller. A 2-min input signal delay (D) from the room 
temperature sensor to the controller would not usually be considered [163] but was 
added starting with step D for both O_D and P_D [164]. The calibrated authority-corrected 
quick-opening valve curve (VC) was included next. It was estimated as described in 
section 3.2.2 and implemented in IDA ICE with small linear segments replacing the IDA 
ICE default linear control. Modulation control (MC) was then applied in step MC only to 
the continuous PI control, as the on/off output was already binary. Since the given 24V 
wax actuators could only be controlled using a binary signal, the continuous output of 
the PI controller was converted with an hourly modulation, where at the beginning of 
each hour the algorithm decided whether to heat and for how long. This is a variation of 
pulse width modulation (PWM). The applied modulation control principle is shown in 
Figure 20. Finally, the developed empirical wax actuator model for product B was 
included in steps O_WM and P_WM (again, the “WM” standing for “wax motor”).  

The most detailed steps, O_WM and P_WM, were used as the benchmark for all 
scenarios using the same controller. The comparison of energy consumption in the 
different cases is sensible only when the comfort levels are similar, since lower 
temperatures would clearly result in lower energy consumption for heating. All 
simulations were thus initially carried out with a constant air temperature setpoint, 
which was then shifted iteratively until the operative temperature at 0.6 m from the floor 
in the middle of the room was below 21 °C for up to approximately 33 hours per week. 
This matches the 20% limit for weekly deviation from indoor climate class boundaries 
(EN 16798-2:2019 standard [35]). Finally, temperature fluctuations and heating energy 
consumption in the different scenarios were compared. 

 
Figure 20. Implementation of the modulation of PI output into wax motor input (the heating signal s). 
The calculation was performed once per hour. 
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Table 10. Implementation of all control scenarios for both on/off (thermostat) and PI control 

Step Parameters Modelled PI (P_) or on/off (O_) control process 

P_0  
(business-
as-usual) 

K=0.3 
ti=300s 
tt=30s  

P_CP 
(adapted 

parameters) 

CP :  
K=18 
ti=2300s 
tt=30s 

 

P_D  
(added 
delay) 

Added delay  
tD=2 min 

 

P_VC  
(calibrated 

valve curve) 

Sections 
2.3.2.3 and 
3.2.2.2 

 

P_MC  
(control 
signal 

modulation) 

Figure 20 and 
Figure 38 

 

P_WM  
(added wax 

motor) 
Table 9 

 

O_0  
(business-
as-usual) 

TDb=2K 

 

O_CP 
(adapted 

parameters) 
TDb =0.5K 

 

O_D  
(added 
delay) 

Added delay  
tD=2 min 

 

O_VC  
(calibrated 

valve curve) 

Sections 
2.3.2.3 and 
3.2.2.2 

 

O_MC Figure 20 and 
Figure 38 

Modulation control not applicable/needed for on/off, as the 
output signal is already binary 

O_WM  
(added wax 

motor) 
Table 9 
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3 Results 

3.1 Energy performance of dynamic heating 
In this section, primary and final energy savings are assessed. PED was minimized using 
dynamic PEF in a residential room, the “German home”, with MPC and dynamic 
temperature constraints. FED reduction was estimated in the “Estonian office” with  
pre-heating estimation in setback control.  

3.1.1 PED-optimized control 
The MPC algorithm’s performance was tested for three different building standards, 
EnEV 2009, TIO 1984, and the Passive House standard (PH). Results from the reference 
scenario R3 and MPC case O2b described in section 2.2.1.4 were compared. Scenario R1 
had not achieved the same thermal comfort level (I) and is, therefore, only further 
considered in the discussion. 

An example of the MPC algorithm’s control behavior (scenario O2b and building 
standard EnEV 2009) is presented in Figure 21. The ‘measured’ and predicted temperatures 
differed only slightly during unoccupied phases (Tmax = 24 °C) and at night. Larger deviations 
occurred during phases with significant internal or solar heat gains. The ‘measured’ 
temperature was close to the lower comfort boundary at times with high PEF and often 
clearly increased when PEF was low (PEF is shown in the lower part of the graph). Periods 
when the temperature setpoint exceeded the optimal comfort temperature were marked 
as STM activation periods. These phases were limited or frequently interrupted, even when 
the ‘measured’ temperature was below the upper comfort limit and PEF was low. This 
occurred either when the predicted temperature reached the upper boundary or when 
fluctuations of the predicted temperature prevented successful optimization and MPC was 
deactivated. Such conservative operation resulted in only a few minor comfort violations 
despite clear STM activation activities. Occasionally, when the identification mode was 
triggered, the temperature started to fluctuate significantly during unoccupied phases with 
a below-average PEF. 

 
Figure 21. Example five-day sequence in the operation of the MPC algorithm. 
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3.1.1.1 Thermal comfort with MPC 
The simulated thermal conditions for reference scenario R3 and optimized scenario O2b 
are shown in Figure 22. The chart shows the average operative temperatures during each 
occupancy phase over the entire observed period.  

The average temperatures for the reference scenario differed by less than 0.5 K from 
the defined temperature setpoints (overlapping with optimal temperatures, indicated 
with red lines). For PH only, during the seldom and short periods of nighttime occupancy, 
and when the setpoint was low during unoccupied times, temperatures did not drop 
enough to achieve the targeted reduction. This shows that PI control for rule-based 
temperature setpoints was working properly.  

The average temperatures for O2b were above the optimal and R3 temperatures for 
active, sleeping and unoccupied phases, showing that STM was being activated. For the 
inactive phase only, O2b temperatures were closer to the lower comfort boundary than 
R3 temperatures. O2b temperatures differed by up to 1 K from optimal temperatures for 
most phases, by less than 1.3 K only for the unoccupied phase (PH). Generally, average 
temperatures in the TIO 1984 case were lower than in the EnEV 2009 case, and average 
temperatures in the PH case were higher than in the EnEV 2009 case. High heat losses in 
the TIO 1984 case made possible stronger reactions in temperature and therefore better 
compliance with the dynamic temperature setpoints. 

 
Figure 22. Sensitivity analysis across building standards of average operative temperatures for 
different occupancy phases. 

Figure 23 shows TVI and the TCVI scores (temperature and temperature change 
violations) for all scenarios. For reference, a daily violation of 1 K for 1 h would result in 
a TVI or TCVI score of 59 Kh as the evaluated period was 59 days (1 February to 31 March). 
Scenario R3 was designed to keep to optimal temperatures, thus violating the comfort 
limits only during the transition phases between different constraints. TVI and TCVI 
scores for scenario R3 were, therefore, used as a benchmark, being the lowest scores 
that could be attained using the given PI control under the given conditions.  

The violation indexes for scenario R3 increased towards that of less insulated  
cases due to the larger temperature fluctuations induced by the heat loss. In the  
MPC-controlled O2b scenario (84), these violations could be effectively mitigated, 
allowing a 11% reduction in TVI and TCVI, even lower than that for the EnEV or PH cases. 
This was primarily due to STM activations, which reduced the time for the minimum 
temperature setpoint in the MPC case. Temperature fluctuations decreased in the EnEV 
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and PH cases due to the higher insulation level and lower solar energy transmittance, 
leading to lower TVI and TCVI scores in reference scenario R3. In the PH case, the low TVI 
was even further reduced by using MPC, while in the EnEV 2009 case, the O2b and R3 
scenarios had very similar scores. Limited improvement in TVI could be attributed to two 
possible factors: either the model’s predictions were sufficiently accurate to ensure 
compliance with temperature constraints, or the predictions were completely unsuitable 
for MPC. TCVI scores for both the EnEV and PH cases were low and remained almost 
unchanged due to moderate slopes for temperature fluctuations. 

 
Figure 23. Sensitivity analysis of dynamic temperature/temperature change violations.  

3.1.1.2 PED reduction and STM activation efficiency with MPC 
After the overall ability of the MPC algorithm to maintain the desired comfort conditions 
was demonstrated, a comparison was made of PE and FE consumption and average PEF 
in the observed scenarios (see Figure 24). 

The O2b cases required higher temperatures for STM activation, leading to a final 
energy consumption higher than that in reference scenario R3. O2b, however, exhibited 
a significantly lower average PEF, in the EnEV 2009 case, 8%, and in the PH case, 33% 
below the overall average PEF of 1.12 observed during the entire testing period. As a 
result, the O2b scenario was able to compensate for higher FE consumption caused by 
STM activation and achieve a PE consumption level below that of the R3 scenario. 
According to the LS efficiency calculation in publication III, more than half of the 
additional energy consumption associated with STM activation was wasted, mainly due 
to the energy used to maintain temperatures above the optimal level. 

In the TIO 1984 cases, heating demand was consistent and high, leading to a PEF closer 
to the overall average for the reference case than in the other building standard cases. 
Significant heat losses limited the potential for STM activation and consequently resulted 
in a smaller decrease in the average PEF. Also due to the high heat losses, the energy 
charged into the STM could only be stored for short periods. As a result, STM activations 
were infrequent, and final energy consumption increased by only 16%. The slightly reduced 
average PEF just about compensated for the increased energy consumption from STM 
activation. Actual PE consumption was only 2% lower than that in the R3 scenario.  

In the PH cases, low temperature fluctuations made it possible to apply MPC 61% of 
the observed time. Only a limited range of the available temperatures could, however, 
be used. The slow cool-down of the building enabled even moderate STM activations to 
shift heating demand over extended periods, with most of the required heating activities 
concentrated in phases with lower PEF. As a result, the average PEF for the PH O2b 
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scenario was 47% lower than that for R3. Despite the very low average PEF, PE 
consumption for the PH case with MPC was 15% lower than that for the R3 case, as STM 
activations in the low heat loss setting resulted in an increase in FE demand by 58%. 
Results for the EnEV 2009 case fell somewhere between the results for the two other 
building standards. 

 
Figure 24. Sensitivity analysis of average PEF values and resulting FE and PE consumption. 

3.1.2 FED-reduction with control  
3.1.2.1 Temperature performance with setbacks 
Simulated temperatures for the FED reducing algorithm with time-constant based  
pre-heating after night and weekend temperature setbacks are shown in Figure 25.  
Air temperature fluctuations over a two-week period in winter for all simulated cases are 
shown together with the occupancy-induced setpoint. Figure 25 (a) shows that for the 
modern well-insulated room, air temperatures did not drop below 19 °C, even with the 
weekend setback. With the south-side window, PI control failed to keep the temperature 
constant during the day after the night setback, and the room overheated, especially in 
the UFH case.  

The same can be seen in Figure 25 (b): even with the light structure and north facing 
window, temperatures slightly overshot the setpoint on all days. Figure 25 (b) also 
illustrates the well-known fact that a room with higher heat capacity cools down more 
slowly. In the case of the light building structure, the temperature dropped to as low as 
18 °C, even in the standard floor heating case. This never happened in the massive 
construction cases.  

Figure 25 (c) shows that not all the time constants were accurate. Temperatures 
fluctuated in the standard heavy radiator case on Mondays, revealing that the algorithm 
had assumed heating would take longer, but the temperature rose quickly, and the 
temperature setpoint was lowered to its setback level. The temperature, however,  
also dropped quickly, need for heat-up was again calculated, and the temperature 
setpoint was increased again. This behavior caused a fluctuation in several other cases 
as well. The pre-heat algorithm, nevertheless, helped to achieve the temperature 
setpoint without overheating, and PI control with the radiators effectively maintained 
the temperature during the constant setpoint. 
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Figure 25. Air temperature fluctuations over a two week period in winter for all simulated cases. 
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In Figure 25 (d), we can see that in the heavy construction case with over-dimensioned 
heating, the temperature not only rose more quickly but also fell lower than when lower 
powered radiators were used instead (Figure 25 (c)). This could be attributed to less heat 
being stored in the construction due to a shorter reaction time. Figure 25 (e) shows that 
in old buildings the temperature dropped to 18 °C almost immediately and due to high 
available heating power, also rose quickly to 21 °C. In the old building case, therefore, 
the setback potential had been fully exploited. 

In Figure 26, we can see that the fluctuation after the weekend setback (on Monday) 
was more significant than after the night setback (on Friday), strongly suggesting an 
over-estimated time constant. In addition to the inaccurate estimation of the heat-up 
time, the switching on of the ventilation at 6 a.m. also contributed to a reduction in room 
temperature just before occupancy started. The setpoint (21 °C) was, therefore, not 
attained by the start of occupancy in most of the offices on Mondays, though the 
temperatures were all still above 20 °C. 

On Fridays, in the radiator cases (lighter grey on the graphs), the setpoint was attained 
by the given time. In the UFH cases (darker grey), the heat-up time was significantly 
under-estimated. The given algorithm resulted, nevertheless, in an overshooting of the 
setpoint temperature during the day and setpoint tracking with much larger fluctuations 
than in the radiator cases. The UFH algorithm, therefore, did not successfully carry out 
the setbacks, as comfort had not been ensured. 

Figure 26. Temperature performance during heat-up times over the first 12 hours on Monday,  
4 January (left), and Friday, 8 January (right). Darker grey: UFH, lighter grey: Rad, black: 
temperature setpoint. 

3.1.2.2 FED reduction with temperature setbacks 
Total energy consumption results are shown Table 11 (for the meaning of the scenario 
abbreviations, see Table 4). We can see that energy consumption for heating the supply 
air was almost the same for all the modern and standard cases. The slight differences 
were due to differences in return air temperature and thus recovered heat. In the 
setback cases, the consumption for air heating was 1 kWh/m2/y higher than in the 
constant setpoint case. Consumption was zero for old buildings, as the supply air was not 
being heated. For space heating, there were three clear levels according to the 
energy-efficiency of the scenario, as expected. Radiator cases consumed slightly less 
energy than UFH cases, and the lighter cases slightly less than the corresponding massive 
ones. Higher consumption resulted from higher average temperatures due to 
imprecisions in temperature control.  

The reduction in total energy consumption resulting from constant control of 
intermittent heating is shown in Figure 27. All the observed cases resulted in an 
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approximately 4%–7% reduction in heating consumption. The differences in absolute 
reduction, however, were significant, as the net heating demand in each of the cases 
ranged from 29 to 207 kWh/(m2y). For the old buildings, the reduction was, therefore, 
about 12 kWh/(m2y), while in the south-oriented low energy cases, the reduction was 
only 1 kWh/(m2y).  

In all the heavy construction cases, setback efficiency was marginally less than that in 
the corresponding light construction cases. In these latter cases, there was, in fact,  
less consumption to begin with and larger reductions as well. In the floor-heating  
cases, consumption had been reduced more than in the comparable radiator cases.  
In the over-dimensioned radiator cases, consumption was the same or less than that in 
the standard sized radiator cases, but the reduction was larger. 
 
Table 11. Energy consumption results in the constant and setback control cases 

 
 
 

 
Figure 27. Energy performance of intermittent heating; absolute difference between given case and 
corresponding reference case on the left and relative efficiency on the right.  
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3.2 Simplification effects in modelling UFH control 
In this chapter, UFH control is analyzed in more detail. In the first part, optimized PI 
parameters for UFH are compared with default PI parameters used in BPSs. The second 
part includes an estimation of the effect of modelling UFH control with different levels 
of detail related to energy and thermal performance as well as mass flows in short time 
scales. This section also describes the development and testing of wax motor models. 

3.2.1 Effect of optimal PI parameters 
In total, 68 PI parameter value pairs were obtained. Each of these combinations is 
represented in Figure 28 as a point plotted on a log10-log10 plot according to method, 
model, and dataset. In Figure 28 (a), the parameter estimation method is represented by 
the marker shape, and the model group, by the marker color. Logarithmic scaling reveals 
a roughly linear tendency in parameter estimation results: the lower the integration time 
the higher the proportional gain. 

For a very small proportional gain, the integration time deviates significantly from the 
linear behavior shown when using the log10-log10 scale. The reason for this is partly 
revealed by Figure 28 (b), where we can see that these four cases had been calculated or 
optimized for March, in fact for the south-oriented Room 6, meaning that solar peaks 
were severe, and almost no heating was needed. This is why parameter values for these 
cases were so exceptional. 

In Figure 28 (b), we see a clear separation between parameter values according to 
outdoor conditions. The first group (in grey) were calculated assuming constant outdoor 
temperatures and no solar radiation, the second group, using dynamic outdoor 
temperatures and realistic solar irradiation. As can be seen, there is a clear separation 
between the March and Jan/Feb periods, and it can be concluded that more solar gains 
caused the value of the K parameter to decrease and ti to be longer, while dynamic 
outdoor weather with normal solar gains generally increased the values of both 
parameters. In the optimal cases, combinations closer to the dynamic climate values 
were optimized for the variable setpoint, the lower values for the constant setpoint. 

 
Figure 28. (a) All estimated PI parameter K and ti value combinations labelled according to calculation 
method and underlying model; (b) all combinations labelled according to outdoor conditions in input 
data (HP stands for heating period). 
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3.2.1.1 Temperature performance 
Each parameter combination resulted in different air temperature profiles and PI output 
signal profiles. Four examples of both the temperature and PI output profiles for constant 
setpoint cases are shown in Figure 29 and four examples for variable setpoint cases for 
the Estonian home (Room 6), in Figure 30. In both figures, the Jan/Feb week is shown on 
the left and the March week, on the right. The selected parameter value combinations 
are ordered according to their log10 ratio. The first is the value combination that had the 
lowest log10 ratio, then comes the IDA ICE default combination (0.3/300), then the one 
that resulted in optimal energy consumption (18/2300, see section 3.2.1.2), and finally, 
the combination with the highest log10 ratio. 

 In Figure 29, the graphs on the left (Jan/Feb) suggest that it was relatively easy to 
maintain a constant setpoint when there were no solar gains. The small fluctuations were 
largest when a very small proportional gain (K = 0.012) with a large integration time was 
applied. The PI output signal readings (in black) show that the controller changed the 
signal too slowly. As a result, the signal remained almost constant throughout the day 
and even throughout the week. For the same reason, temperatures dropped below the 
constant setpoint in March, as shown in the graphs on the right in Figure 29, and setpoint 
tracking was poor in the variable cases.  

Figure 29 also shows that in the constant setpoint cases, the 2400/42 combination 
most effectively maintained the constant setpoint. The PI output signal for this 
combination, however, changed the most rapidly, due to a large proportional gain and 
relatively short integration time. This kind of switching reduces the life span of most 
devices and would not be acceptable in practice. It may also be impossible to implement 
given the delays described in section 2.3.2. The use of optimal parameters (18/2300) led 
to a very similar temperature performance. In this case, the proportional gain was still 
large, but the integration time was longer, and as a result, the signal was a bit smoother. 
When the integration time was long, as in the 18/2300 case, heating started earlier and 
stopped sooner than in the shorter integration time default case (0.3/300), as clearly 
shown in the graphs for the week in March. The signal also changed more rapidly in this 
case due to a larger gain. 

The variable setpoint cases in February (on the left in Figure 30) show that in cold 
weather with low solar gains, the 24 °C setpoint peaks had not been reached due to the 
short duration of the setpoint increase. The PI signal was 1, however, during these times, 
indicating that the heater was fully on, as intended for load shifting. The same graphs 
also show that controllers with the 18/2300 and 2400/42 combinations both effectively 
maintained a lower setpoint. In the latter case, however, it frequently switched on and 
off and had almost no other state. In March, solar peaks governed the temperatures.  
The March graphs (on the right in Figure 30) also show, however, that the heating had 
been turned on, intensifying the overheating.  

All the cumulative temperature and control profiles over the heating period are shown 
in Figure 31. For the PI signal, only R6 is shown, as the profiles for the two rooms are very 
similar. The switching behavior noted before showed a clear dependency on the log10 
ratio of the PI parameters. The higher the ratio, the more abrupt the changes, reflected 
in behavior on the cumulative graph close to on/off signals. The higher temperatures at 
the high-temperature end were dependent on the ti value, while the low-temperature 
end seemed to be more dependent on the K value. Energy consumption for a parameter 
combination was, therefore, mostly dependent on the K value, and whether there was 
over-heating due to disturbances was more dependent on the ti value.  
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Figure 29. Air temperatures and PI output signals for the constant setpoint case over one week in 
January/February (left) and one week in March (right) for four pairs of parameter values. 

 

 
Figure 30. Air temperatures and PI output signals for the variable setpoint case over one week in 
January/February (left) and one week in March (right) for four pairs of parameter values. 
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Figure 31. Duration curves for the heating period before temperature shifting. Curves for temperatures 
on the left and for PI output signals on the right. The purple area indicates the zone below the setpoint, 
and the black dashed lines show the results obtained using IDA ICE default parameters. 

Some of the parameter combinations did not achieve the required temperature 
setpoint, and some resulted in temperatures above the setpoint. At the high temperature 
end, in particular, there was a clear difference in results for rooms R5 and R6, as can be 
seen in Figure 31. This was due to the room orientations, as south-west facing R6 
experienced more solar gains than the north-west facing R5. As stated in section 2.3.1.4, 
setpoints were shifted in all cases so that temperatures would reach the required 
setpoint most of the time. The shift values were below 1 K, and they differed for R5 and 
R6 as well as for the constant and variable setpoint cases. After the shifting, all 
temperatures reached the defined setpoints over about 95%–97% of the heating period. 
The shifts are shown together with the energy consumption evaluations in Figure 32. 

3.2.1.2 Energy consumption 
Energy consumption results after setpoint shifting are shown in Figure 32. In most of the 
variable setpoint cases, less energy was consumed than in the constant setpoint cases, 
as average room temperatures were lower. The setpoints were also higher than those in 
the constant setpoint cases for some periods, but coincidentally, the higher setpoint 
temperatures often occurred during the day, when there were also solar gains, and thus 
influenced heating energy usage less than expected. In the constant temperature cases, 
a clear optimal value emerged between −3 and −1 of the log10 ratio of K/ti. In other 
words, in optimal cases, the K value was 10 to 1000 times smaller than ti. 

The horizontal lines in Figure 32 indicate the energy performance of the benchmark 
on/off cases with different deadbands after setpoint shifting. From top to bottom (yellow 
to blue) the corresponding deadbands are 1 K, 0.5 K, 0.16 K, and 0.05 K. The color 
indicates the temperature shift correlating with the deadband. Optimal PI parameter 
value combinations resulted in energy consumption even lower than the lowest of the 
on/off cases with an unrealistically small dead band. In the case of the commonly used 
0.5 K deadband, 2–3 kWh/m2/year more energy was consumed than in the PI cases with 
the variable setpoint. In the case of the constant setpoint, the lowest PI results were as 
high as 7 kWh/m2/year or 9% lower than results in the on/off case with the 0.5 K deadband. 
Excluding the cases with extremely poorly performance, total variation in energy 
consumption was more than 10 kWh/m2/year or 12% of consumption in the 0.5 K on/off 
case with a constant setpoint.  
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The parameter value combinations having a log10 ratio in the optimal range of −3 to 
−1 are shown in detail in Table 12. According to this data and data for the rest of the 
parameter value combinations in the Appendix of publication II, the GenOpt method 
produced suitable parameter value combinations in almost all tested cases. On shorter 
timescales, the Cohen-Coon method produced parameter values in or close to the 
optimal region in cases with lower solar gains (R5 and the Jan/Feb week). 6-h setpoint 
setbacks and PRBS also produced good results. PI parameter values obtained for the 
March period using the PRBS lL model and in one case using the Optimal method resulted 
in extremely high energy consumption. Most methods resulted in parameters that 
reacted more slowly than optimal over the March weekend, as almost no heating had 
been applied due to high solar gains. In this case, only the use of the PRBS method 
resulted in good parameters, while it induced additional heating. 

 

Figure 32. Influence of the PI parameter log10-ratio on energy consumption; colors indicate the 
setpoint shift, grey signifying that the temperature setpoints decreased (shift below 0). Horizontal 
lines indicate the on/off cases with different deadbands. The IDA ICE result using the default 
parameter ratio 0.3/300 is indicated with a black “+” on the constant setpoint markers. 

+ + 
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Table 12. Optimal parameter combinations as log10 ratios ranging from –3 (excluded) to –1. 
Ordered according to increasing energy consumption values for the R6 constant setpoint 

  
 
 

 
Figure 33. Piston displacement for the constant characteristic and physical models when the wax 
was under expansion (left) and contraction (right). 

3.2.2 Effect of detailed control modelling  
3.2.2.1 Initial test results 
Both the physical and constant characteristic models of the wax motor were first 
calibrated and tested using data with constant period length. The underlying surface 
temperature modelling resulted in an MAE of 0.67 K. A sample of the piston movement 
results obtained during heat-up and cool-down processes is shown in Figure 33. The MAE 
for the characteristic model was 0.05 and for the physical model, 0.07 mm. This was less 
than 5% of the absolute maximum value but 10% and 8%, respectively, of the average 
displacement during the test. In the physical model, however, the actuator piston started 
moving more than 1 minute earlier than measurements showed when the valve was 
opening or closing. The characteristic curve showed good performance, as it had been fit 

Time(min)     Time (min) 
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to the same data. It showed that the actuator was fully open 5.6 minutes after the heating 
started and fully closed 4.4 minutes after the heating had stopped. The characteristic times 
determined were as follows: tdead = 144 s, trise = 192 s, thold = 102 s, tfall = 162 s. 

3.2.2.2 Models based on extended tests 
While the dead time was almost a constant 2.4 min (144 s) during the initial test, it varied 
over a range of more than 3 minutes during the extended test (see Figure 34). Though 
initial test results lie in the same range as results in the second test, the constant 
characteristic curve cannot be universally applied due to a large variance in the dead and 
hold times. As the optimization of parameters for the physical model was a computationally 
expensive process, variability was included in the characteristic model by making the 
parameters time-dependent (see section 2.3.2.2.5). As a result, the empirical model 
obtained showed an MAE below 10% and an RMSE below 15% for each of the profiles, 
while the average MAE was 0.041 or about 4%. 

Examples of the typical, best, and worst model fits for one hour are shown in Figure 
35. The A1 graph shows that shape choice for the empirical model has been suitable.  
For motor B, the heat-up process differed, but the effective volume flow corrected the 
slight deviation. In the worst case, the maximum delay between the measured and 
simulated start of the signal ranged from 1 to 1.5 min. Because this is a close match with 
the results obtained with the physical model in the simple test, in future the physical 
model should also be considered. 

The volume flow measurements and empirical model were combined to obtain the 
volume flow model (i.e., the valve curve). A graph showing the relation between both 
the measured and modelled volume flow and displacement is shown in Figure 36, with 
the theoretical valve curve indicated with a dashed line and the authority-corrected  
valve curve with a solid line. The authority-corrected valve curve best matched the 
measurements when the three-point quick opening characteristics had the following 
values: dbp = 0.41, �̇�𝑉bp = 0.5, dmin = 0.17. For the region in question, the MAE was 1.02%. 

Wax PCM effects do not explain the zero region of the valve curve in Figure 36, while 
linear displacement was greater than zero, indicating that the wax had already started to 
expand. It must have been due to some other unmodelled effect(s), such as the spring, 
different travel length for actuator and valve, or pressure effect. The resulting  
three-point characteristics also does not look very typical for a quick-opening valve.  
The estimated authority was, therefore, probably not precise or the different 
discrepancies between physics and the model behavior cancelled each other out, 
resulting in a good fit for the final volume flow model. 

 

 
Figure 34. Characteristic times identified in all tests (motors with a valve and without grouped 
together). 
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Figure 35. Performance of estimated wax motor model on the prediction of normalized displacement. 

 

 
Figure 36. Valve curve modelling process and results; measured versus modelled volume flows. 

3.2.2.3 Performance overview 
In section 2.3.2.4, several control scenarios were defined in IDA ICE to quantify the 
impact of the wax actuator and other elements of the control process on energy 
performance and temperature control accuracy. In this section, we compare the results 
of the energy performance simulations. As should be recalled, the “0” case was the 
business-as-usual case, i.e., a simulation model with close-to-ideal control of the UFH 
system. This ignores the modelling of both wax motors (WM) and exact valve curves (VC), 
while PI control and on/off thermostats were represented using the default parameter 
values commonly used in BPSs. The other scenarios used adapted control parameters 
(CP) and then, one at a time, added a time delay (D) to the input signal, a VC, modulation 
control (MC), and finally, a WM. The level of modelling detail was thus gradually built up 
from the ideal to the WM. 

To be able to compare energy consumption, air temperature setpoints were shifted 
so that 20% of the operative temperature remained below 21 °C (see section 2.3.2.4). 
The applied setpoint shifts for all cases and the resulting energy consumption are shown 
in Table 13. Temperature fluctuations are characterized by the air temperature shift from 
21 °C (dT) and the MAE of the air temperature MAE(T). Qh represents floor heating energy 
consumption per square meter of floor area per observed week, and its relative 
difference was calculated as ΔQh=(Qh-Qh,w)/Qh,w [%] for the given week. This difference 
represents the under- or overestimation of consumption in the given case, relative to the 
most detailed case, O_WM or P_WM.  
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Table 13. Temperature fluctuation and energy consumption results for all cases; air temperature 
setpoint deviations dT are from 21 °C, and energy consumption results Qh are expressed in 
kWh/m2/week. 

 

The table shows that the addition of the wax motor alone to the preceding level of 
model detail did not appreciably change energy consumption. There were larger 
changes, for example, when correcting parameter values or adding modulation.  
The whole process of adding modelling detail, nevertheless, led to striking changes in 
both temperature fluctuation and energy consumption results. The changes are discussed 
in detail in the following sections. 

3.2.2.4 Thermal performance 
The setpoint changes were negative for PI, but close to zero or even positive for on/off 
(Table 13). This means that the operative temperature stayed above the desired 21 °C 
most of the time, even after the air temperature setpoint was lowered below 21 °C for 
PI. In both cases, the operative temperature and air temperature had similar fluctuations, 
though with an offset. In the on/off case, fluctuations were much larger, and the setpoint 
had to be shifted higher. An example of this behavior is shown in Figure 37 (dotted lines 
indicate air temperature setpoint, solid lines, air temperature, and dashed lines, 
operative temperature). 

In the on/off case, the source of temperature fluctuations was the deadband (TDb) (see 
Table 13). The setpoint change and MAE for the O_0 case (TDb = 2 K) were much higher 
than those for the other cases (TDb = 0.5 K). While the MAE for on/off in January was 
generally around 0.2 K, it was around 0.6 K for the O_0 case. Due to symmetric 
fluctuations around the air temperature setpoint, the MAE was close to 60% of the 
deadband in all on/off cases. Fluctuations in the PI cases were induced by non-optimal 
parameters as well as modulation. While non-optimal parameters altered the continuous 
signal, modulation translated it to an on/off-like signal. The theoretical development of 
a control signal for P_WM was described in Figure 20. In Figure 38, a sample of the 
simulation outputs helps to visualize this translation of the PI output signal to a valve 
curve output. 

Due to this translation from a continuous signal to a binary one, the PI cases with 
modulation, P_MC and P_WM, had MAEs close to those of the on/off cases from O_CP 
to O_WM. In Figure 39, the temperature fluctuations for the P_WM and O_WM cases 
are shown together with those for the benchmark cases P_0 and O_0 and the improved 
parameter cases P_CP and O_CP. Significantly higher fluctuations occurred with a greater 
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deadband in the O_0 case, and a smaller deadband in the O_CP case and onwards 
improved on/off control remarkably. Improved PI parameters resulted in almost ideal 
control, while a modulation and WM delay reintroduced the temperature fluctuations. 
Overall, temperature performance in cases P_0, O_CP, O_WM, and P_WM was similar, 
and the WM cases could be substituted by using simpler control in the simulations.  
The similarity between on/off and PI was due to the fact that the PI cases did not perform 
optimally, while the on/off cases improved significantly beyond the O_0 case. In this 
work, the adapted deadband for on/off was set at 0.5 K. For this to be possible, the room 
air temperature sensor must be precise, calibrated, and optimally positioned. The room 
air also must be ideally mixed. Though the vertical gradient for UFH is small [36], [104], 
[121], the achievement of one single uniform temperature per zone were clearly still an 
idealization. 

 
Figure 37. Air and operative temperature comparison for one January day for PI (P_CP) and on/off 
(O_CP) cases. The grey line shows a 21 °C reference. 

 
Figure 38. Control signal development for P_WM over a 4-hour period. Outputs for PI (PI), modulation 
(MC), wax motor (WM), and valve curve (VC) blocks from Table 10. 

 
Figure 39. Air temperature fluctuations in January for detailed cases (O_WM, P_WM). For comparison, 
the default cases (O_0, P_0) and the cases with improved parameters (O_CP, P_CP) (grey helper lines 
are at 21 ±0.25°C) are also shown. 
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3.2.2.5 Energy consumption 
Energy performance in the given scenarios varied significantly depending on the level of 
detail. The use of a simple wax motor model instead of continuous control (VC to WM 
case) resulted in an energy consumption difference of up to 2.5% over the course of the 
observed weeks (see Table 13). This was consistent with the literature (e.g., see [165] 
and its references). Over the course of a year, this would have a sizeable impact on 
energy efficiency. 

Though the short delays and modelling of the valve curve had less of an impact on 
total energy performance, these resulted in different load profiles (see the next section). 
We found that both the choice of parameters for on/off and PI and the modulation 
modelling in the PI case had a significant impact. All on/off cases, except the most 
detailed case (O_WM), overestimated energy consumption, while all the PI cases, except 
the P_WM case, underestimated energy consumption.  

In most cases, lower energy consumption was achieved due to smaller temperature 
fluctuations, which made a lower temperature setpoint possible. The step from “0” to 
“CP” saw a reduction in energy consumption of over 3.4% over the week in February due 
to the use of improved PI parameters. The reduction in temperature fluctuation due to 
the use of optimal PI parameters was offset by an increase in fluctuations due to the 
conversion of the continuous PI output to binary values, so in the step from P_VC to 
P_MC and with the wax motor delay, in the step from P_MC to P_WM. The step from “0” 
to “CP” resulted in a 2.5% higher increase over the week in February than the step from 
“VC” to “WM”, with the addition of modulation and WM. This highlights the importance 
of optimal PI parameters. The parameters optimized for business-as-usual conditions, 
however, did not perform optimally when used with a modulation approach. The 
optimized parameters for continuous PI control (without modulation) could thus 
potentially be used for 0–10 V actuators, while the coupling of modulation with the 
optimization of parameters requires further research. The PI parameters specifically 
adapted to the applied modulation could potentially improve performance (see 
Appendix D of III). 

In any case, for the most part, PI scenarios consumed less heating energy than the 
corresponding on/off cases. When on/off and PI business-as-usual cases are compared, 
it can be seen that PI was almost 6% more efficient for both weeks (2.41 vs. 2.55 and 
2.31 vs 2.42), though there was practically no difference in the WM cases. The difference 
between O_WM and P_WM was generally smaller than that between the other 
corresponding cases, holding at 0.2% in January and 2.1% in February. For the „CP” 
through „VC” cases, it approached 2% in January and 5% in February. Substituting PI with 
WM modelling with on/off, as suggested for temperature fluctuations in section 3.2.2.4, 
would, therefore, not provide the same energy performance. The smallest difference was 
that between O_VC and P_0. 

3.2.2.6 Load dynamics 
In all the business-as-usual cases, energy consumption had been overestimated, keeping 
results on the safe side regarding system design. It was clear, however, that there were 
different volume flows in the circuit in the business-as-usual and the WM cases. Both 
overestimation of energy consumption and inaccurate mass flows may be considered 
non-conservative for other applications, such as grid balancing, structural thermal 
storage, etc. 

For a better understanding of the progression of energy consumption, cumulative 
mass flows for the January week are shown in Figure 40. On the on/off graph, O_0 stands 
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out from the other on/off cases. On the PI graph, the distribution of mass flows vary  
for all cases, in particular, “CP”, “D”, and “VC”. These cases otherwise performed 
similarly, differing by no more than 0.01 K in setpoint, 0.015 K in MAE(T), and 0.5%  
(0.01 kWh/m2/week) in energy consumption over the given week. This means that 
adding a 2-minute delay to the input signal and correcting the valve curve did not have a 
significant impact on air temperature and energy performance. It did, however, change 
mass flow dynamics. Using the same control parameters with a different mass flow 
profile affected temperature performance and energy consumption. P_MC and P_WM 
had mass flows similar to those of the binary on/off cases, while the “CP” and “D” cases 
had mass flows mostly at about the 25% level. P_0 and P_VC cases were between the 
two extremes, with close to linear flow. 

 
Figure 40. Cumulative mass flow performance over the week in January. 
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4 Discussion 

4.1 Summary of influence on FED 
Dynamic control of low temperature heating applications can significantly affect both 
thermal comfort and energy consumption in buildings. The potential effects of different 
control algorithms and control modelling were analyzed. In Table 14, FED and PED 
deviations from the corresponding benchmark are shown for all cases analyzed in 
previous sections. The optimization of FED for heating involves intermittent heating and 
the maintaining of low temperatures for as long as possible. We have shown that the 
temperature reduction time and energy savings for a given room are closely related [43]. 
For comparability, the benchmark had to be at the same comfort level as the observed 
scenario. In case of discrepancies in temperature setpoints, the share of time at the same 
comfort setpoint was given. If the difference had not been quantified, “comfort can 
differ” was added at the end. 

PED and FED reductions are intrinsically similar in the case of constant or low 
variability PEF, but in the case of dynamic PEF, these could differ significantly. When PEF 
was variable, the potential to minimize the PED of radiator heating was demonstrated in 
this work. For different building standards, PED could be reduced by 2% to 15%, though 
FED increased by 16 to 58% in the same cases. The benchmark for PED reduction relied 
on a dynamic optimal temperature with a maximum of 22 °C that had to be reached 12% 
of the time (zone occupied but occupants inactive). The analysis in [1] shows that when 
applying the EnEV 2009 building standard, FED reductions achieved when moving from 
a constant 22 °C level (see R1 in section 2.2.1.4) to the MPC-controlled O2b and R3 
scenario were 46% and 59%, respectively. While control optimization based on market 
price is the conventional approach, optimization based on PEF presents a solution that 
also accommodates tariff-based prices. Dynamic PEF has previously been taken account 
of in PED reduction with heat pumps [81], [130] but has been rarely used in the 
optimization of heating control.  

In the setback analysis with pre-heating control, FED could be lowered by 4%–7%, 
depending on the energy efficiency level and thermal mass of the construction. The are 
many reasons for the reductions being lower than those seen in most of the literature. 
The main departure from the literature is the energy-efficiency level, as with lower level, 
temperatures could drop to as low as 7 degrees on the weekends [27]. Earlier sources 
use airflows similar to those in this study, but use outdoor air temperature for ventilation 
supply instead of the constant supply temperature [26]. Indoor temperatures were 
different due to different climates and customs, and thermal comfort was not ensured 
during occupancy times in all cases [25], [70]. The low reduction results, however, do not 
agree with some of the literature. The reduction should, for example, be larger in the 
Estonian climate than in the German climate [28]. A higher FED reduction should also 
have resulted from the selection of an office profile representing a maximum reduction 
scenario given the occupancy profile [29], [43]. Relative to the R1 and R3 comparison in 
the PED reduction analysis, the occupancy time during pre-heating control was 33% 
longer due to a less precise pre-heating calculation procedure. Better estimation of time 
constants could theoretically improve the savings potential. In the pre-heating case, low 
heating power and lower infiltration and ventilation rates were other factors that may 
contribute to lower reductions.  
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Findings on sensitivity across building standards agree with the previous literature 
[27], [59], [62], which showed that setback heating yields less FED savings in well-insulated 
buildings, while a long time constant poses a challenge to this approach. This contrasts 
with the impact of PED optimization, where load shifting would be effective, especially 
in the PH case. The load shifting potential of massive construction makes it possible to 
stabilize the comfort level. When intermittent heating is applied, however, the heat-up 
times are much longer, and the extra losses incurred during unoccupied hours thus 
reduce the potential energy savings.  

Table 14 also shows the influence optimized PI parameters had on the energy 
consumption in comparison with IDA ICE default parameters (marked with “+” in Figure 
32). The variation was –5% to +7% in the constant temperature setpoint case. Very poorly 
performing parameter value combinations were omitted here; otherwise the consumption 
increase would have been as high as 19%. In the variable setpoint case, the effect was 
smaller (-3% to +4%), while during activation times, PI activated full power heating,  
as commonly happens at significant setpoint changes.  

The given range of influence of PI parameters is applicable only when UFH has continuous 
volume flow control. The need for modulation may alter the result. Increasing the level of 
detail in the control modelling (after changing the PI parameters and on/off deadband) 
resulted in a change of –0.4% to +2.6% in FED. 1.2% of this change can be attributed to the 
modulation and –0.4% to 0.9%, to the wax motor modelling. The modulation algorithm was 
fixed; changing it could potentially have significant effect on the energy consumption. 

Table 14. Summary of the analysis of the influence of different algorithms and modelling methods 
on FED (and PED if marked). 

Control description Influence on FED 
(and PED) 

Benchmark 

PED optimization with MPC (O2b) 
and dynamic PEF (I) 

FED +16% … +58% 
PED -15% … -2% 

R3 (variable) 
comfort was similar 

Temperature setbacks (33% at 
21°C) with pre-heating control (V) 

-7% … -4% Const 21°C,  
comfort can differ 

PI parameters, variable setpoint (II) -3% … +4% Default PI, variable (20% of time 
higher level, but not reached)  

PI parameters, constant setpoint 
(II, III) 

-5% … +7% Default PI,  
const. 21°C +shifted  

On/Off with 2K / 0.5K deadband (II, 
III) 

+0.4% … +6% Default PI,  
const. 21°C +shifted  

Control process components, incl. 
wax actuator (excluding CP) (III) 

-0.4% … +2.6% Default PI or on/off,  
const. 21°C +shifted 

4.2 Summary and suggestions for UFH control modelling 
UFH is a common solution in new buildings but is a system that is also difficult to control. 
The variety of available advanced control algorithms and scarcity of information on  
low-level control in the literature raised the question about how low-level control might 
influence high-level control methods.  

Detailed modelling of UFH control has not been common, as the thermal time 
constant of the system is tens of hours long, whereas differences in control are mostly in 
minutes. Most control details would, therefore, not significantly affect the results of 
annual BPSs. In the results presented above, it can, however, be seen that changing PI 
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parameters can increase energy consumption by up to 7%, and if extremely unsuitable 
parameters are chosen, the increase can reach as high as 19%. In the variable setpoint 
case, the increase in energy consumption was smaller, reaching 4%. In low power heating 
cases, therefore, the MPC approach applied in section 3.1.1 would only be slightly 
affected by a varying of PI parameters. The effect could potentially be much greater 
when using the setback approach, as constant temperatures would be maintained for a 
longer period. 

Suitable PI parameters could be found by applying simple tests, such as 6-h setbacks 
applied during the night or PRBS heating activation over the weekend. For a constant 
setpoint, parameter values resulting in nearly ideal control were found, something that 
has not been reported before. The optimal ratio of gain to integration time in seconds 
was found to be between 1e-3 and 1e-1. Default PI parameters for temperature 
controllers, such as 0.3/300 and 1/540, that have ratios from around 0.001 to 0.002 are 
the lower end of this range [166]. Parameters obtained at different outdoor conditions 
clearly diverged, suggesting in accordance with literature that PI parameters should be 
adapted accordingly [93]. Optimized PI parameters were able to reduce energy 
consumption; however, if optimization was not done, default parameters for annual 
simulations would be able to perform well enough in practice. For dynamic operation, 
the available power in nZEBs is often insufficient for the parameters to be able to make 
a significant difference, since after each temperature setpoint change, PI controllers 
generally function in on or off mode.  

In practice, there are other factors that can affect the performance of control 
algorithms, such as actuators, valves, and control signal alterations. While the effect of 
control parameters such as PI parameters and the on/off deadband proved to be quite 
significant, the effect of short signal delays turned out to be very small. While valve 
curves also had a low impact on energy performance, they had a significant impact on 
the dynamics of volume flows. The variations in volume flow could also potentially affect 
heat pump efficiency. It was observed that also wax motors can influence volume flows 
in the system as many UFH and radiator motors on the market are modulating. 
Continuous motors exist but are less common and more expensive.  

We tested three different wax actuator models: a physical model, a characteristic 
model, and an empirical model. The last is essentially a characteristic model with  
time-dependent parameters. The first two, both previously known models, were tested 
using a simple periodic test. While both models performed well with MAEs below 10%, 
the physical model was difficult to parametrize. After a broader set of tests, it became 
clear that a constant characteristic model could not be universally applied, as 
characteristic times vary significantly. A new empirical model was, therefore, proposed, 
one which would make similar performance possible without known physical 
parameters. The new empirical model also resulted in a fit with an MAE of 10% using 
various heating profiles.  

The effect of modelling a wax actuator in BPSs of energy consumption and temperature 
fluctuations had not been analyzed before. Though the effect of the wax motor alone on 
energy performance was found to be very small, there was a significant modulation 
effect. The wax motor also induced a time delay of up to 7 minutes on the opening of the 
valve. Manufacturer data sheets typically report 3–5 min positioning times [91], [92], 
[167], [168]. The longer times occurred after the wax had cooled down to room 
temperature and probably completely solidified. This can usually be avoided by 
occasionally heating the wax for a short time and thus making a warm start possible.  
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Modelling the wax motor delay and modulation may be important for algorithms 
making power-grid-driven decisions or when volume flow in time steps shorter than the 
hourly average is of interest, e.g., when making calibrations with measurements taken in 
intervals of less than 10 minutes. Modelling of the wax motor is often not necessary,  
as modelling a longer time delay and adding modulation with on/off control could make 
similar performance possible if a suitable deadband is chosen and the temperature 
setpoint is shifted. Non-ideal PI parameters and all further control signal alterations, 
including the wax motor, could then be lumped together.  

4.3 Future work 
The PED and FED reduction algorithms in this work illustrate some of the potential that 
advanced control can offer. There have been significant advancements in this area 
reported in the literature, and this work does not serve as an overview of it. The developed 
algorithms, however, have the advantage of being simple enough to be easy to apply in 
any building, requiring very little data and expert knowledge. While the detection of 
occupancy can be challenging, methods for this have been advancing rapidly. The dynamic 
PEF applied has also not been widely used, and the application of different dynamic PEF 
profiles with varied control algorithms could lead to interesting results. Here, the PEF 
applied was a German electricity market target of 80% for RES. Fluctuations in PEF were 
rapid and had a large amplitude (up to 2.5). At both a lower RE share and 100% renewable 
power, there would be less variability and a smaller reduction in PED. Large fluctuations 
are, however, characteristic of a larger RE share when the power grid is not fully renewable. 
In addition to the RES in the power grid, the dynamic PEF could also characterize district 
heating systems with mixed resources or other energy production systems with variable 
RE share. The dynamic control of heating in combination with dynamic PEF can have a 
significant impact on primary energy demand in future. The algorithms applied and their 
precision, therefore, deserve further analysis.  

The main novelty of this work lies in the level of detail of the control modelling.  
A physical wax motor model was parametrized, and an empirical model was developed, 
and tested for UFH. The proposed empirical model performed well over heating cycles 
of 10–15 minutes. If the heating period was, however, shorter, so that the valve did not 
fully open, the model was not applicable. The physical model was needed if the PWM 
was shorter than the FAT of the motor. The physical model would make it possible to 
model not only 24 and 230 V wax motors but also 0–10 V wax actuators, which use fast 
modulation of the PTC heating signal (24V/230V) to achieve the required control load. 
Though the necessity of using 0–10 V motors in UFH manifolds should first be assessed, 
since with the quick-opening valves currently in use, the valve curve converts any control 
signal to a control close to on/off. Application of the physical model requires additional 
information about the materials used and the dimensions of the wax actuator. This 
would entail material testing or obtaining detailed manufacturer datasheets. Numerical 
optimization can also be carried out (see section 2.3.2.2.4). Running the optimization 
with different sets of variables and fixed parameters as well as different ranges, orders, 
and initial values, may, however, lead to different results. Further analysis involving a 
much larger dataset would, therefore, be required. In addition to UFH, wax motors are 
also used in other applications, such as on fan coil valves and on pressure-independent 
control valves. The developed wax motor model could be applied in analyzing the 
detailed control process of these systems as well. 
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In this thesis, PI parameters were optimized without taking the influence of wax 
motors into account. When optimizing PI parameters for the constant setpoint case, 
inclusion of the modulation algorithm and wax motor might alter the optimal result.  
The definition of the signal modulation should be also included before the PI parameter 
optimization. In this thesis, a PWM signal was determined hourly to ensure full opening 
and closing of the valve even at a low percentage of the signal. In the future, this time 
could be shortened for precision if the physical model is being used. In addition to the 
single UFH circuit, the interaction of several circuits with modulation control could be 
analyzed, as PWM [169] can be applied to distribute volume flows across circuits to 
ensure continuous flow in the manifold, and this may result in performance similar to 
that with partial flow in each circuit. The potential effect of different control algorithms 
on heat pump efficiency due to varying volume flows should be also investigated in the 
future. 

As the PI parameters had only a small impact on the dynamic setpoint case,  
inclusion of the wax motor should not be essential in such a case. It should, however,  
be determined whether, when a significantly over-dimensioned UFH is being used to 
accommodate dynamic operation, PI parameters might have a larger effect and thus 
make precise control possible for constant operation as well. 
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5 Conclusions 
In recent years, control of heating systems has seen significant developments, with 
advanced control methods such as model predictive control emerging for hydronic 
underfloor heating and radiators. These developments have, however, often overlooked 
the low-level details of how heating systems are controlled. This thesis addresses this 
gap by exploring control dynamics and parameters for low energy heating applications. 
This work had two main goals:  

1) to analyze the energy saving potential when applying simple predictive 
algorithms for dynamic heating in low energy applications and  

2) to analyze the effect of detailed control modelling on building performance 
simulation results in underfloor heating applications. 

The following conclusions can be drawn regarding the former goal: 
• The model predictive control algorithm developed can significantly reduce the average 

primary energy factor for energy consumed. Relative to rule-based control, primary 
energy demand can be reduced by up to 15% in the case of Passive House buildings.  

• In modern buildings with slow-reacting heating systems, the relocation of final 
energy consumption was only possible in small absolute amounts. The use of setback 
control to reduce final energy demand led to a maximum savings of only 4%. 

• For buildings complying with a low insulation standard, only very small improvements 
in primary energy efficiency could be achieved using the predictive control model. 
The absolute amount of relocated final energy consumption, however, was high. 
Nevertheless, the highest relative final energy demand reduction (7%) was achieved 
for a standard room with light constructions and over-dimensioned radiators.  

Conclusions regarding the latter goal are as follows: 
• For the first time in the scientific literature, it was shown that underfloor heating can 

operate similar to ideal control when using PI parameters;  
• Well-performing PI (proportional-integral) parameters can be estimated using a 

simple automatic test over a single weekend if the test period includes significant 
heating actions. The test could, for example, be 6-h setbacks applied during the night 
or weekend-long pseudo-random changes in the setpoint signal. The mean absolute 
error for the air temperatures relative to the setpoint was well below 0.5 K. 

• The best PI parameter combination found for the system analyzed had a 
proportional gain of 18 and an integration time of 2300 s, which could reduce energy 
consumption for heating by 9%, when compared with an on/off thermostat 
controller with a 0.5 K deadband, and by 5%, when compared with the default PI 
parameters used in IDA ICE simulation software.  

• Heating energy consumption when using different estimated (not random) 
parameters was more than 15 kWh/m2/year when the setpoint was constant, 
highlighting the importance of using suitable PI parameters; 

• An empirical model of thermo-electric actuators (wax motors) used in HVAC control 
was developed on the basis of experiments. The model consists of four sub-models 
for linear segments estimating the length of characteristic times: dead time, rise 
time, hold time, and fall time. The final model resulted in an MAE for normalized 
linear displacement below 10% for all tested heating profiles. 
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• Business-as-usual building performance simulations over-estimated energy 
consumption by ca 5% for on/off and less than 1% for PI control, relative to the 
simulations with the most detailed level modelling of the control process. While in 
the on/off case, temperature fluctuations decreased when a smaller deadband was 
used, in the PI case, they increased due to modulation. Temperature variations thus 
critically affected the energy balance.  

• Business-as-usual PI control did not reflect actual mass flows in the system.  
The detailed behavior was similar to on/off behavior, and the PI simulations could 
thus be substituted with on/off simulations with a small deadband and without the 
wax motor. The temperature setpoint in these simulations would, however, have to 
be more than 0.1 K higher than that in the PI simulations to ensure the same 
performance. 

In conclusion, this thesis contributes to an understanding of control dynamics and 
parameters used in low energy heating applications by focusing on low-level control 
aspects. Our findings can inform the design and implementation of more efficient and 
environmentally friendly control algorithms for heating systems, as well as guide future 
research in this field. 
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Abstract 
Control Dynamics and Parameters for Low Energy Heating 
Applications 
The increase in variable renewable electricity generation and number of low-energy 
buildings due to energy and climate targets has been driving the electrification of thermal 
demand using heat pumps. To address imbalances in electricity production and 
consumption, the inherent thermal storage capacity of buildings has emerged as a 
valuable resource for load shifting. This storage potential can be tapped using heat 
pumps and variable room temperature setpoints.  

This thesis developed and tested algorithms applying dynamic room temperature 
control while maintaining thermal comfort. Firstly, an easy to adapt Model Predictive 
Control (MPC) approach was developed based on the dynamic primary energy factor and 
comfort limits for radiator heating systems, making a primary energy reduction of up to 
15% possible using thermal mass activation. In addition, a simple predictive pre-heating 
algorithm was developed for schedule-based intermittent occupancy, where a heating 
energy reduction of up to 7% was observed. These algorithms were tested on low-energy 
buildings, and results were compared with the performance of less insulated buildings. 
Findings agreed with the previous literature, showing that setback heating has less of an 
impact on energy savings in well-insulated buildings. Such buildings can, however, shift 
heating times over an extended period, resulting in a significant reduction in primary 
energy. The control of underfloor heating (UFH) systems using intermittent heating 
proved to be challenging with delayed heat-up and overheating. 

While high-level control methods like MPC for UFH and radiators have advanced in 
recent years, this thesis explored the often-overlooked low-level control dynamics and 
parameters for low-energy heating applications. The detailed modelling of the control 
process in short time scales would be needed to ensure building’s ability to quickly react 
to abrupt changes on production side. This thesis identified optimal PI (Proportional-
Integral) parameters for low-energy UFH systems improving the UFH control significantly 
and suggested simple methods for finding them in practice. Different parameter sets 
were evaluated, and heating energy differences up to ca 10% were observed. Detailed 
control effects, such as signal delay, valve curve, and the use of wax actuators for UFH, 
in particular, were analyzed. Experimental work was undertaken to model the wax motor 
and understand its impact on simulation results. The modulation of the PI signal in  
UFH motors was also examined, revealing its influence on short-term performance.  
The modelling influence on heating energy was below 3%, but remarkably affected the 
flow rate. 

The work in this thesis would be applicable to buildings using any limited capacity heat 
source with variable renewable energy share in production, such as district heat or heat 
pumps that are here used as an example. This thesis contributes to an understanding of 
control dynamics and parameters for low energy heating applications, highlighting the 
importance of low-level control aspects in short timescales. Results can be utilized in the 
design of efficient and environmentally friendly heating systems and control algorithms. 
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Lühikokkuvõte 
Juhtimise dünaamika ja parameetrid madalenergia 
küttesüsteemides 
Hoonete soojusvarustust on hakatud osaliselt üle viima elektripõhistele süsteemidele, 
soojuspumpadele. Selleks on andnud tõuke nii energia- ja kliimaeesmärkide tõttu 
suurenev elektri tootmine varieeruva tootlusega taastuvatest allikatest kui ka madalama 
energiatarbega hoonete kasvav arv. Elektri muutliku tootmise ja tarbimise 
tasakaalustamiseks on hoonete tarindite soojusmahtuvuse aktiveerimine osutunud 
energiatarbimise juhtimise väärtuslikuks ressursiks. Seda salvestusmahtu saab 
kasutusele võtta näiteks soojuspumpade ja ruumitemperatuuride muutuvate 
seadeväärtuste abil. 

Käesolevas doktoritöös arendati välja ruumitemperatuuri dünaamilise juhtimise 
algoritmid, mis samaaegselt tagavad ka soojusliku mugavuse, ja testiti neid. Esiteks 
töötati radiaatorküttesüsteemide jaoks välja lihtsalt kohandatav mudelipõhine ennetava 
juhtimise (MPC) algoritm, mis põhines dünaamilisel primaarenergia kaalumisteguril ja 
dünaamilistel mugavuspiiridel. See lähenemine võimaldas konstruktsiooni soojusliku 
aktiveerimise abil vähendada primaarenergia vajadust kuni 15%. Lisaks töötati välja 
lihtne prognoosiv eelkütte algoritm perioodilise kasutusega ruumidele, kus täheldati kuni 
7%-list kütteenergia vähenemist. Algoritme testiti madala energiatarbega hoonetes ja 
tulemusi võrreldi nende toimivusega vähem soojustatud hoonetes. Järeldused olid 
kooskõlas varasemate uuringutega, osutades sellele, et perioodiline küte ei võimalda 
hästi soojustatud hoonetes kuigi olulist kütteenergia säästu saavutada. Nendes hoonetes 
on aga võimalik kütmise aegu pikema perioodi jooksul nihutada, mille tulemuseks on 
primaarenergia oluline vähenemine. Põrandküttesüsteemide vahelduv juhtimine osutus 
nii ülessoojenemisega seotud hilistuste kui ka ülekütmise tõttu keerukaks väljakutseks. 

Doktoritöös uuriti ka seni teaduskirjanduses vähe tähelepanu pälvinud detailsemaid 
komponente ja nende parameetreid madala energiatarbega küttesüsteemide 
juhtimisprotsessis. Juhtimise detailne modelleerimine võib vajalikuks osutuda lühikeses 
ajavahemikus, et tagada vajalik reageerimiskiirus hoones juhul, kui tootmise poolel 
toimuvad ootamatud muutused. Töös leiti optimaalsed PI (Proportsionaal-Integraal) 
regulaatori parameetrid põrandküttesüsteemide jaoks ja pakuti välja lihtsaid meetodeid 
nende tuvastamiseks praktikas. Erinevate parameetrikomplektide kasutamisel kõikus 
energiatarve kuni umbes 10% ulatuses. Lähemalt uuriti doktoritöös juhtimisprotsessi 
komponentide detailse modelleerimise mõju, analüüsides näiteks ajalist hilistuse, ventiili 
karakteristiku ja põrandküttesüsteemidele iseloomulike aeglaste vaha-ajamite mõju 
simulatsioonitulemustele. Selleks koostati katsetulemuste alusel vaha-ajami empiiriline 
mudel. Lisaks analüüsiti ka PI väljundsignaali moduleerimist, mis oluliselt mõjutas 
lühiajalist toimivust. Detailse modelleerimise mõju kütteenergiale jäi alla 3%, kuid 
vooluhulgad varieerusid oluliselt. 

Käesoleva doktoritöö raames tehtud uuringuid saab rakendada hoonetes, mis 
kasutavad mis tahes varieeruval taastuvenergial põhinevat ja piiratud võimsusega 
kütteallikat, näiteks kaugküte või siin näitena toodud soojuspumbad. Siinne väitekiri 
aitab paremini mõista juhtimisdünaamika ja parameetrite mõju madala energiatarbega 
küttesüsteemides ning toob rõhutatult esile detailse modelleerimise olulisuse lühikestes 
ajaskaalades. Käesolev doktoritöö aitab planeerida tõhusaid ja keskkonnasõbralikke 
küttesüsteeme ning nende juhtimise algoritme. 
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Publication I 
Wolisz, H., Kull, T. M., Müller, D., and Kurnitski, J. (2020) Self-learning model predictive 
control for dynamic activation of structural thermal mass in residential buildings, Energy 
and Buildings. Elsevier B.V., 207, p. 109542. doi: 10.1016/j.enbuild.2019.109542 
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,��#.$ 5�!��,���� �R�!,�7��,�����!*���� $$!	"�#��!*9
!��� �!�� �!�$!��"�#��/5�)$ ��#���-%� ��!��$�#�),��]k̂ikh�ahith�kcxh}_hd���9�7f3Q�,���9�7,�7�S6R,0"�#�$!�,�7��,�7f3Q�,�����	,�7�7,u�guhixxc�̂k}ad_ahith_c�|�u�gu�t��_cekxh���vb��t �_cd_ikdkxh¡,��#!�9�����	,��!* ���/R,�7��,��$'$ �$ ��"&�'�!��$'$ �$�� .$�#�&$'5���!* ���/R,��!#�!$�,�&&$''$��Q��/�7��,)��('966���,%�!* ��,%�6*#�0�#�''$�'6��."�$!���6$!6$#$&� �&��/-�� .$�6 $'$ �$'6 $'$ �$-( ��"&�'-�!�- $'$ �$-�� .$�-(#�&$',(�%,����5�,5�,�)�"�)� /5�!��,��!�"&&�,�7�P,����$##�!*�!���($ ��$!��#;�#������!�%�!�#*� ��)� %� ���"#�-���!�%�/'�$ $'�'�%%$&�'�!)�'$�)�!*$���$ ��#'%� 



�� ���������	��
������������������������� �!"#$%!$��&'()*+),-(���*'.�'.'-/0���1�����.'2�.-�..'�3�4��.�'�567896::;<=>76�$?��& %7@A%$B$��CD E FG��E�3H�IHJ*3�4�3�4��.���567896:K;LL"MNOK;LL"CD E FG��E�	�PH�*3�4�3��Q��H����.���RST*T���U�V�W���HU������XH����U�XY��H��X��X�1�Z[�3��Q��H���\]����̂��UU�����'_�H̀�.���P����*//aaa�P1��U��/��/b.-./ac���U�V�c����HU�����c�XH����U�Xc��H��X�c�X�1�/�d�P��������X���
�W��.�.�e %?� �!7fE# Eg�: �# %���Xh*d�P��������X����4H�H����[��[H��d�4�X���h��..-�R	����H�������I�X��U�i�HXI�X	��X�̀ �H�U��H������j�gf��!$��&gBEG��&Eg�$ �7f !�@�gBFf$��f�&k���$����$��'�Y'Z*).,+2���*'.�b'(-/�����..-�'�.)�4���l[
�[���PHXVm�[H����]��Xn��.'_�R�P�X�H��̀�U�cVH���SH���H����a�P�UX���UH����H������*����HXc����I'WH��bW��������og#�� %gB"#$%!$��j��Bg�@ �f�F$@#% E$g�'�Y)Z*).),)'_���*'.�'.2./'_).')_b��.'2�'+)bb+.4���[����[���PH�I����[H��d�4�X���h��.'_H�R	���H�����������H���I�Xp���XI���X3�H�������X����og#�� %gBjG�&$f&qKg�B����f�F��$�&'b)bY'Z*.'�'�'���*'.�'.22/'()�c-+_-/'b)b/'/.'�'�'�4���[����[���PH�I����[H��d�4�X���h��.'_1�R]���H��T����X���HXH����X�I�X�UU�XH��p���XI���X3�H��������XH��X�����X�����rFN�sgBKg�B����f�&'''*.'.2'���*'.�'.+'/�b�U��I/�.'_'''.'.2'�4���[����[���PH�I����[H��d�4�X���h��.�.�R�T�HXH��c��XT�I����U���p���XI���X3�H���	��X�̀ ����������H����������XHUh����t	���������$�&'bY2Z*�.-2���*'.�bb_./��'b.2�.-2�4���[����[���PH�I����[H��d�4�X���h��.�'�R���������ISHJ�U��H��X��p���XI���X3�H����H�I������T��������H��3u��v	��X�̀�.�'[�H����[	����H�4��HX[���.'(�RuH�V��X�W����p�������X��uH�V���XcI�X��X[��']U��1�X�.'(�\]����̂��UU�����_�H̀ �.����VH�H1��*P����*//aaa�����H���P�1�U��/1���/VH�V�c�X�c�����c����cU���X��cVH�V�c��XI�X��X�
�WXwH�[d�[H����3����1�X���.'-�R	��X�̀ Q��J1��̀ �I�������H��������p����P�X���X�3�H����XH����P��P�X�H��H����������'''*__','..����*'.�'.'-/0����X�̀��.'-�.+�.(-�
[i�[x�x�X�[3�S�[t�i�[H��y�3�H����.�.�R�����̀���P�T����XH����I�Xc���XU�3�H������[���HX�����U��X�[H������H�h�I�X]�����X�a���������I�XS���X����UHc������1�X��UH����H�����og#�� %gB"#$%!$��j��Bg�@ �f�F$@#% E$g�'bY-Z*--�,-2b���*'.�'.2./'_).')_b��.�.�'2'b'_2�
��H1[�����.�'�z$�! s7fE# Eg�&M7fE# Eg�L=e��{��H�*
��H1���
��HP�[���.�.�|�$!}%�~$s%�Kg�E�g%gB�� Ej#@A&�3��c3�H���������UP���������HV��[��[��Q�XXH�����[H��d�4�X���h��.'2�R	J��X���c�H�W���X��H����I�H�H��X[p���XI���XH���X3�H���	�����
������������XH�IUH���H��]��XH�V����c��XH��X�uHXH������������ �!"#$%!$��&'--*��.,��2���*'.�'.'-/0���1�����.'2�.'�.-'��H0H����c0H�HX��������X��.'+�R3�������X�H��P�����HXV��H���������hH[�'d��̀�.'+�\]����̂��UU�����'b

�H̀ �.���P����*//aaa�X���H�H0H���/Hh�/'._.-�.'+.�'���H4�P�V�]h�X[�[��3�0���[H��t�
�h�����.�'�R���X��H��X�����c������������������H�H����XVU���U��X�*���V�a�I]��XH���H�H��Q�H�UH�����U��������� s%� �!F#&ME $� s%���������?$��&'b_*''.(.����*'.�'.'-/0�X��X��.�.�''.(.������X���[��3�[��	�3����HHX�[H��������X�����.'(�R��HU�3�H���W��H����������������H��I���X�I����������c�H���HX��������Uh��������� �!"#$%!$��&')'*'+2,'--���*'.�'.'-/0���1�����.'(�.��.b+�����0�H�[��'__)�9gE %��!�g�$f" % �f$��q7� �!sgg�Bg�D�&$�� �!9�g#s%�&GggE$��gB��!�g�$f�e7KF�&E�@&�
0���*���Xv����X����������X���H���.�.��q7z ��# �� �!��?$�g�@��EBg�FE E$&ME$f %Kg@A#E$���u���H*� Q����H��� I�X��H���UH������������̀���X�[y�[d�WXh��[H��W��H�������.'(�Ry���XU�PHXHUc��X�H������P��I�X	��X�̀Q��J1��̀*����������X�U��XH��P�X�H����XH����������H����������7AA%$�!������'_2*'_�,�.����*'.�'.'-/0�H����X�̀��.'(�.)�.-'��������[y�[W�xH��[H���������Uh���.'_�R3̀���X������c������P�X�H��PH������X̀����̀ SX��U��H��X�*��TXX�V�X�1����X�c3H�����H����X�HUP��T�L>�������<EGKg�B����f� g� D�f$&$g�  �! Kg�E�g%�KDK�[ (_b(,(_)b������0[d�[��H���.'2�R�U��HX����aHX��
����y��1H���H������XH��X�T�UX�H������a'�+����8 E#��K%$@ E�KG ���2Y)Z*b�+,bb����*'.�'.b2/�)'++2c.'2c.._'cb�������T�U��.�'�jg%%#FE E�MD E FG��E���XX�V���*������T�U�������[��y��.�'�z�|��L=K�zg�$f:g!#%����D�>�LM�KK><M>"7�����UP*�������y��P� p���XI���X3�H��� �����.�b�R���H�U� �H�I����P�X�����U�XU3�H���\]����̂��UU�����(Q�1X�HX̀�.�b�P����*//�P�����XI���XP�H�������U���h/�P��/aH��Xc����XcI���XcP�H���/HUU����X��/HU��H��X�/�H�I���c�P�X�����U�XUcP�H�/�u����H�������X���X���U���a��������.���R�P�X��c���U�XUuH�V��U��H��X�H��uH�V���H���X�I�XWII�X���uH�V��XH���[��.''c�.���\]����̂��UU������b]U��1�X�.���P���*//aaa�V����H���U���X���X���U������/HU��H��X�cH��cVH�V�cH�H���X��u�X�H�P�X���.�b�R�P�X�H��U��H��X�YSHJ����X�Z��\]����̂��UU�����(Q�1X�HX̀�.�b��VH�H1��*P����*//aaa�V�X�H�P�X��U��/�P�X�H��HU��H��X��P����u��H[4�cu�[��Q�XXH�����[H��d�4�X���h��.'_�R	J��X����H�����̀�I�H�H��X[p���XI���X[�����H���X3�H��X�̀�����3�H�	�������XI�X�H�U���p��t	�����QHU��̀���rFN�sgBKg�B����f�&'''*.)..+���*'.�'.+'/�b�U��I/�.'_'''.)..+�S��[d�[H����Q����P��..'�R	II�U��I�P�X����H���������H���������XH��X�����X��H��	��X�̀ �������c������TU��/.'������X�I�XT�����X̀���I�X��U���X�U�������I�P�QX��T��/T			������X�I�XT�����X̀���I�X��U�Y�H��x��.'	�)+_Z[�+�,�+(�S����X[����.._�R������UHc1H��������
1XHX̀I�X����c��	��X�̀H������X���̀�������
HaX��U���Xh���̀xH���H�
H1�XH��X̀�''�PT���X�H���H���������XI�X�H�U�����Hc�������UH������I�X��U�c����������H����._[y�H�c��a[�U���H��[d��̀�(,b.�



���������	�
��
�������������
�����
�� ������������������������ ��!"�#$%����"$�&�'���(�(�)�!�*+�!#"$�$,��%!�"!%�-&�.!��$&"��*�"�/$#0�-�-&�.#&��$�*�&"�-&�"#��1!"0#��#���$�!��%!$&�#�	���%�$,��234567894:;<=>:=47?�(@AB(CDE��%��AB(�B(BFGH�!$I���%��(BC�B(CDE���������������$'!$I�",����&"!I��J�#$%��� ��!"��(BF�)�!#+��I���&/#$%�&!$&�#��*�1!"0#��!0#$%��%!�#$#,!0!$&�$�!��%!$&�#�	���%�$,���$��%!"�$,��**!"!$&�!.!��K0!$&� �$ &1! �!"0#$ �$!",/ �#"'!&�2 345678 LM4N56?=M4O4:PO4O75Q54RB(@ASFTCD�%��AB(�B(BFGH�!$-�$0#$��(BD�(F�(DC�U1#$,���������%�#$%��#$-#"!��#��(BC�)	���%�$,+&�+�"�%��!V�I���&/A��%!���$,#$%���!��0!$&�!&"�-�*�"�!��%!$&�#��!0#$%�!�K�$�!*"�0�!#&�0K�,,"!,#&��$��29WW>=5:345678 ���T��EA@(CT@���%��AB(�B(BFGH�#K!$!",/��(BS�B(�(DS�XYYZ[\]̂Z_X̀aZb_cdZ\b̂ecbefd_ghZbe][iYdfj]kZ_gb[\ZddfdZ_e]lbeZ_mnopqrstuvwwxxyxwz{|}~{|y�z�yx~���xy��wz��y}�|�~{|y� �xy���wx �y{yxz�w�|}w� �~��w|�����w�� �w~{|���xy��wz}w~z�xw��z|��~������� ��x~{|y��}|�� ��� ������ � � �y ��}|����}|� ��� ����� ���� �� � � �y ��}|����}|� ¡¢  ����£ ����¤�� � � �y �}|���}|� ��� ����£ ���£¥��� � � ¦wz ��}|����}|�  ¤¤� ����� ����¥§� § � �y ��}|����}|� � �� ��� ¡ ����¤§� § � �y ¡�}|��¡�}|� ¤ � ��� � ���¡¤§� § � �y ��}|����}|� ¢�¢ ����� ���¥¤§� § � �y �£}|��¢}|� ¤�� ���¡¡ �����§� § � �y ��}|����}|� ���¥ ����£ ���¤¥§� § � �y ¡}|��¡}|� ��� ���¥£ ���  §  §   �y ��}|����}|� ���� ��� £ ����£§�� § � ¦wz ��}|����}|� ��£ ���¢� ����¡§ � §   ¦wz ��}|����}|� ��¥� ��� � ���� § � §   ¦wz ��}|����}|� ��£¢ ����¥ ���¡¢§¡� § ¡ ¦wz ��}|����}|� ��� ���¡� ����¢§�� § � ¦wz ��}|����}|� �¡¢ ����£ ����¢§�� § � ¦wz x~��y}�{y��}|� �£  ���£¢ ����£§�� § � ¦wz ��}|����}|� ��¢ ����¡ ���¥�῭©Zbe][îcdªZjfd«¬©_cYYk®beZdeZlYZdbecdZ][_]lckbe]f[_
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Abstract The main aim of this work is to analyse the energy saving potential and 

peak power impact resulting from the temperature setback approach. This paper 

analyses low energy buildings incorporating high-efficiency heating systems with 

limited power, as additional power for district heating and heat pump systems will 

need costly investments. The setback efficiency is estimated for different types of 

heating systems. Underfloor heating is compared to radiators both for limited and 

excess power. Based on estimated time constants, suitable heat-up time is calculated 

to minimise the time when temperatures stay below setpoint during occupancy. The 

energy saving potential of night-time and weekend setback periods in an office are 

analysed. It is found that the energy saving potential of setback is low under given 

constraints. Therefore, for modern buildings the cost-optimality has to be assessed 

separately for specific cases. 

Keywords Temperature setback efficiency • Low-energy buildings 

Limited power • Cold climate 

1 Introduction 

The method of periodically decreasing the set temperature of heating systems in 

buildings when the rooms are vacant, often called intermittent heating or the set

back approach is a widely used method for energy saving. In several studies [1-3] 

energy saving potentials of up to 20% were identified. In single cases, the observed 

reductions are much higher [4] or much lower [5]. In the mentioned studies, mostly 

moderately insulated buildings are considered with simple setback control mech

anisms based on pre-defined set-temperature schedules. However, such an approach 
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generates discomfort during the times when people arrive and the temperature has 

not achieved its set value. In recent years, most intermittent heating control systems 

for low energy buildings include advanced control methods to solve this problem 

[6]. However, these are not simple to apply. Applying setback temperatures requires 

over-dimensioned heating systems to enable fast heat up times [7]. However, a 

typical advantage of modem low energy buildings is the utilization of low 

peak-power heating systems which reduces the building's investment cost. 

Our assumption is that only very low energy savings can be achieved by tem

perature setback in modem well insulated buildings and therefore the required 

investment in over-sized heating systems is not profitable. Therefore, the efficiency 

of intermittent heating in modem and old buildings is compared in this work. 

2 Approach 

2.1 The Building Description 

Envelope. The room model used for the simulations is a 13.3 m2 office with a 3-m2 

window facing north. We have previously described this model with all con

struction specifications for modem and old buildings as well as heavy and light 

construction types in [8]. The room has one external wall and an external floor over 

outdoor air, therefore, its heating demand is larger than for an average office 

building. This case is defined as 'standard' office. For comparison, a similar office 

room with less insulation is defined as 'old' office. The third configuration is 

referred to as 'modem' as it has standard constructions but its floor is adiabatic and 

the window is south-facing. The total heat loss coefficient (without ventilation 

system) is 7, 9 or 18 W/K for modem, standard, and old buildings respectively. 

Ventilation and internal gains. We have redefined the internal loads and venti

lation control according to the Estonian norms for office simulations [9], meaning 

that the ventilation airflow is 2 l/s/m2 during the occupancy hours (7 a.m. to 6 p.m. 
at workdays) and 1 h before and after this timeframe. The usage profile is depicted 

in Fig. 1. These usage factors are multiplied with 5.8 W/m2 for occupant heat gain, 

and 9.5 W/m2 for heat gains from lighting and electrical appliances. During the 
weekends and holidays the building is not in use. The supply air temperature of the 

ventilation is 18 °C. For the modem offices, 80% heat recovery from the exhaust air 

is assumed, whereas the old building has no heat recovery at all. The infiltration in 

modem buildings is 1.3 1/s; in the old buildings, it is included in the ventilation. 

Heating systems. Two types of limited power heating systems are simulated: ideal 

heaters and electric floor heaters. Ideal heaters represent radiators (Rad) supplied by 

a district heating system, while electric floor heating represents underfloor heating 

(UFH) supplied by a heat pump. Using the electric/ideal systems replaces here the 

function of raising the heating curve to achieve maximum output power of the 

systems during the heat-up. The nominal power of the modem systems is 273 W, 
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Fig. 1 The isometric view of the simulated zone (on the left, screenshot from software IDA-ICE) 

and the usage factor profile 

of standard systems 437 W, and for old systems 1656 W. For the comparison with 

a gas boiler supplied radiator-based heating system, which can be easily over 

dimensioned without distinct cost increase, ideal heater cases with 684 W in 

standard light and 1367 W in heavy offices are simulated and defined as 

'over-dim-Rad'. These are dimensioned according [7] to weekend setbacks. 

Simulation. The building is simulated in IDA-ICE 4.7.1 software [10] using 

Estonian TRY [ 11] as climate data. The heating season is assumed to be from 1st of 

October to 30th of April. 

2.2 The Control Description 

Reference case. The performance of the setback control is evaluated by comparing 

the required heating energy demand against the demand of a reference case, where a 

constant temperature of 21 °C is maintained by a proportional-integral 

(PI) controller in the same room. Here, the performance is defined as the heating 

demand for both space heating and supply air heating by the air-handling unit. 

Control algorithm. The setback control also keeps the air temperature during the 

occupancy hours at 21 °C with PI control, only it is reduced to 18 °C during 

unoccupied hours. However, to ensure comfort conditions when occupancy starts 

the required heat-up time, until comfort temperature is reached, is calculated. 

If that calculated heat-up time is longer than the actual time left to the start of 

occupancy hours, the set temperature is changed to 21 °C overriding the initial PI 

control. If the temperature rises faster than estimated, the set temperature is turned 

back to 18 °C again. 

Heat-up time calculation. The heat-up time is the time the system needs to heat the 

room up to 21 °C again from setback. It is calculated every 5 min. For that, the 

one-time-constant model for the building is used. From the heat balance equation of 

(1)
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Table 1 Calculated input parameters used for preheat-control in intermittent heating 

Energy-efficiency Str. Heat Abbrev. 'Cn 'Cwnd <I> H C20mm 
level mass emitter (h) (h) (W) (WIK) (kJ/K)

Standard Heavy UFH S_H_UFH 50 225 437 9 1677 

Standard Heavy Rad S_H_Rad 50 225 437 9 1677 

Standard Light UFH S_L_UFH 50 150 437 9 1561 

Standard Light Rad S_L_Rad 50 150 437 9 1561 

Old Heavy Rad O_H_Rad 25 125 1656 18 1677 

Old Light Rad O_L_Rad 25 75 1656 18 1561 

Modem Heavy UFH M_H_UFH 50 300 273 7 1677 

Modem Heavy Rad M_H_Rad 50 300 273 7 1677 

Standard Heavy Over-dim S_H_O_Rad 50 225 1367 9 1677 

Rad 

Standard Light Over-dim S_L_O_Rad 50 150 684 9 1561 

Rad 

for the indoor temperature 0;n, the solution for the heat-up time is derived:

t = -T - In (
<I>/H - 0set + 0aut).<I> /H - 0;n + 0aut 

(2) 

<I> is the heating power in watts, H is the heat loss coefficient (WIK), 0aut is the
exterior air temperature, 0set is 21 °C and 0;n is the current indoor air temperature.
r is the time constant in seconds, however in this work it is always converted to
hours. It is calculated as T = C/H. C represents the heat capacity of the air and
structures (J/K). For the calculation of time constant for night setback, the surface
layers up to 20 mm depth are included into the heat capacity calculation. The active
layer depth of 100 mm is used for weekend setback [12]. The time constants are
quantized; they are rounded to the closest 25 h. This is done to use approximate
values, as the exact values are not known in real cases. The used values are shown in
Table 1. The 100 mm heat capacity values are approximately four times higher than
the 20 mm values shown in the table (7449 kJ/K for heavy and 5002 kJ/K for light).

3 Results and Discussion 

3.1 Energy Performance 

The simulated energy demands for all observed cases are shown in Table 2. It can
be seen that the energy consumption in the air-handling unit is almost equal for all
the modern and standard cases; it is zero for old buildings, as the supply air is not
heated. The total reduction of energy demand resulting from the intermittent heating
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Table 2 Energy need results for constant temperature and setback control cases 

Space heating Air handling unit Total [kWh/(m
2 a)] 

[kWh/(m
2 a)] [kWh/(m

2 a)] 

21 °C Setback 21 °C Setback 21 °C Setback 

S_H_UFH 52 47 15 17 68 64 

S_H_Rad 48 44 16 17 65 62 

S_L_UFH 53 47 15 17 68 64 

S_L_Rad 48 43 16 17 64 60 

O_H_Rad 207 195 0 0 207 195 

O_L_Rad 206 194 0 0 206 194 

M_H_UFH 17 15 14 15 31 30 

M_H_Rad 15 13 15 16 30 29 

S_H_O_Rad 49 44 16 17 65 61 

S_L_O_Rad 48 42 16 17 64 60 

operation is shown in Fig. 2. All observed cases result in heating demands reduced 

by approximately 4-7% when setback control is compared against the constant 

temperature reference cases. However, the absolute reduction differs significantly 

between construction types, as the net heat demand between the evaluated cases 

ranges from 29 to 195 kWh/(m2 a). While for the old buildings the reduction is 

about 12 kWh/(m2 a), then for the south-oriented low energy buildings the 

reduction is only 1 kWh/(m2 a). For heavy construction, setback efficiency is in all 

cases marginally less than for the corresponding light construction case. 

3.2 Temperature Performance 

Weekly fluctuations. The resulting air temperatures in the observed office during a 

two-week period in winter are depicted for all simulated cases in Fig. 3. In Fig. 3a, we 

can see that for the well-insulated room, air temperatures do not decrease to 18 °C 

(lower horizontal interrupted line), staying even for weekend setback above 19 °C. 

Moreover, the graph shows that the PI-control cannot hold a constant temperature 

during the day (set temperature level of21 °C shown in upper horizontal dashed line) 

and the room overheats for the floor-heating case. 

Figure 3b illustrates the known observation that a room with higher heat 

capacity cools down slower. In case of a light building structure, the temperature 

can decrease to 18 °C even for the floor heating case the Fig. 3b shows. Still, the 

temperature change is slow and the set temperatures difficult to maintain. 

Compared to these, changes in temperature for radiator cases in Fig. 3c are 

faster. PI control with the radiators maintains the temperature setpoint well. 

However, during the heat-up fluctuations occur. 
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Fig. 2 Energy performance of the intermittent heating, absolute difference from the reference 

cases on the left and relative on the right. The abbreviations in the labels are explained in Table 1 

In Fig. 3d, we can see that the over-dimensioned radiators allow for stronger 

room temperature reductions than in the corresponding cases with regular heating 

dimensioning in Fig. 3c. However, Table 2 shows that the resulting reduction of 

energy demand is not higher than 1 kWh/m2 a. 

Figure 3e shows that in old buildings the temperature drops to 18 °C almost 

immediately and, due to the high available heating power, raises up to 21 °C fast as 

well. Therefore, in the old building case, the setback potential is fully exploited. 

Heat-up performance. In all the temperature graphs (Fig. 3), we can see that for 

the heavy building cases the temperatures fluctuate before reaching the set tem

perature. This is because the actual temperature increase is significantly faster than 

modelled and the system lets the room cool down again until it calculates that 

heat-up should be started again. In Fig. 4. we can see that the fluctuation after 

weekend setback (on Monday) is more significant than after night-setback (Friday). 

While on Friday, the setpoint (21 °C) is reached by the start of occupancy in most 

of the evaluated office rooms, it is not the case on Monday. However, the tem

peratures are above 20 °C when occupancy begins in all observed scenarios. On 

Friday, as an exceptional case, S_L_UFH cools down fast but does not manage to 

heat up on time. 

Heating season. The overall temperature performance during the heating season is 

depicted in duration graphs in Fig. 5. Figure 5a illustrates the difference between 

the two heat emitters. We can see that the floor heating is not keeping the given set 

temperatures, as the graphs are smooth, whereas the plateaus in the radiator graphs 

show that to some extent set temperatures are maintained. In Fig. 5b, we can see 

that there is a very clear difference between the different insulation levels. While the 

plateaus are very clear in the old house case, the modem south-oriented building 

has very small energy losses and it has significantly higher temperatures. The 

standard cases can be found between these two extremes. Figure 5c compares 

heavy and light structures in old and modem buildings. The slower cool-down of 

the heavy buildings results in higher temperatures in the duration graph. 
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Fig. 5 Temperature duration graphs over the heating season 

4 Conclusion 

This research shows that the absolute setback efficiency in modem office buildings 
is significantly lower than in old buildings. This is mainly because the air tem-
perature does not drop as fast and it stays above allowed minimal limit during the 
nighttime setbacks. For floor heating cases, this applies even for weekend setbacks. 
It has been shown that buildings with lower thermal mass and faster reacting 
heating system have higher energy conservation potential when applying inter-
mittent heating operation. The setback control for old office buildings is always 
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profitable. However, for modem and especially modem buildings with slow 

reacting heating system, the benefits of setback control are low, especially in 

absolute numbers. Before applying, the saving needs to be weighed against 

potential discomfort and additional cost for every specific case. 
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