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Abstract 

Building energy flexibility may support higher 

penetration of renewable energy sources into electrical 

grids in the near future. In this work, thermal inertia of a 

family house is evaluated using building energy 

simulation tools. The simulation study is based on the 

interior temperature response to a sudden shutdown of the 

heating source while considering theoretical boundary 

conditions (i.e. constant exterior conditions). This 

experiment is intended to assess the energy flexibility 

potential of both building and its heating system. In 

addition, this simulation analysis elaborates the sensitivity 

of the interior temperature response to the model 

parameters such as the storage tank volume, the thickness 

of insulation and inner wall layers. The results of this 

study help to understand the thermal capacity of buildings 

including their heating systems.  

Key Innovations 

• Energy flexibility assessment using a detailed 

numerical model which represents the whole 

building with heating system.  

• Step-response analysis applied in whole-

building simulations for both charging and 

discharging process.  

• Parametrical study of the building interior cool-

down time related to the thermal inertia of 

building and heating system.  

Practical Implications 

This study quantifies the potential to postpone the 

operation of the heating source in a family house, e.g. a 

heat pump. The presented figures indicate the time 

interval which may be accounted for to overcome a high-

price period on the energy market and related recovery 

process to reach the original conditions. The study also 

reveals the most influential parameters via one-at-a-time 

(OAT) sensitivity analysis.  

Introduction 

Energy sector in the central Europe has been undergoing 

transformation towards carbon neutrality, which is the 

key objective for 2050 stated by European Green 

Deal(European Commission 2020). For instance, 

Germany made an impressive progress by providing 

approximately 34.8 % of gross electricity production 

through intermittent renewable energy sources in 2020 

(ENTSO-E 2021). Other countries in the region of central 

Europe are following this pathway towards carbon 

neutrality.  

The application of intermittent renewable energy sources 

(RES) is increasing and additional strategies must be 

considered to accommodate safely these sources in 

electrical grids. Building demand response is one of the 

strategies which may partially support an effective RES 

utilization when being applied at a larger scale. The 

premise of demand response for building sector is that 

building users will be motivated to shift their load 

according to the energy dynamic pricing related to the 

actual status of the grid.  

Before empowering building users to take an active role 

on the energy market, their flexible load must be 

maximized and precisely controlled to guarantee both the 

thermal comfort and also responsiveness to the grid. 

Building energy flexibility defined by IEA as “the ability 

to manage demand and generation according to local 

climate conditions, user needs and energy networks 

requirements” is relatively a new topic in the building 

sector which has been studied in the last decade. The key 

findings have been collected in the framework of the IEA 

EBC project Annex 67 which was followed up by the 

Annex 82 (Jensen et al. 2017).  

The current work is part of an ongoing research project 

aimed at the development and implementation of a 

supervisory control system to maximize energy flexibility 

in residential and office buildings without compromising 

thermal comfort of occupants. The here presented 

analysis is considered as a preparatory phase designed to 

(a) understand better the dynamics of one of the case-

studies, i.e. a family house with heat pump driven heating 

system and (b) support the control algorithm tuning.  

The case-dependency and dynamic character of studied 

processes disqualify conventional steady-state assessment 

methods. The here presented approach greatly benefits 

from the nature of building energy simulation (BES) 

tools, i.e. implementation of building physics. This 

approach improves understanding of the influential 

parameters using a numerical model which combines 

building physics and heating system operation. 

Thermal inertia and building energy flexibility  

The current work is focused on the step-response analysis 

of the entire building to quantify its thermal inertia. This 

analysis is important to reveal a possible time shift of the 

heat source operation trigger. It is quite complicated to 

quantify the impact of thermal inertia and the results 
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available in literature often vary with the selection of 

performance indicators as well as with the weather 

conditions, operation scenarios and specific design 

characteristics. 

For instance, the inner mass may have a large impact on 

the final energy demand for some theoretical cases (e.g. 

assuming a windowless room). According to the review 

made by Verbeke (Verbeke and Audenaert 2018),  this 

influence can reach up to 40% to 50% change in the 

annual energy use. Other more practically oriented studies 

state that the influence of thermal mass on the final 

demand can’t exceed 5% change in annual energy use. 

Another example of a regular building in Latvia 

experimentally demonstrated that the increase of building 

thermal mass by 20 % led to the drop of building cooling 

load only by 1.2 % (Jaunzems and Veidenbergs 2009).  

It can be seen that the impact of building thermal inertia 

is highly case-dependent, yielding changes of energy 

demand in a wide range of 1.2 % to 50 %. In general, 

buildings with high thermal mass should exhibit delayed 

reaction to excitation such as a sudden change of desired 

temperatures. 

The properties of thermal mass associated with building 

constructions and with building energy systems may be 

utilized to support demand response strategies. A number 

of researches have demonstrated that the structural 

thermal mass can be easily activated and used for 

flexibility purposes (Arteconi, Hewitt, and Polonara 

2013), (Le Dréau and Heiselberg 2016b), (Reynders, 

Diriken, and Saelens 2015). Reynders et al. (Reynders, 

Diriken, and Saelens 2015) in their work used the 

available storage capacity, efficiency of the storage 

process and power shifting capability as the key 

performance indicators for the active demand response  

potential of structural storage. Additionally, they found 

out that the median capacities available for storage over a 

2 h period differ from 13 kWh to 18 kWh for a single 

family house in Belgium.  

From another perspective, Le Dréau and Heiselberg (Le 

Dréau and Heiselberg 2016a) analyse the building thermal 

mass potential by increasing or decreasing room setpoints 

by about 2 K from reference settings based on external 

activation signal requesting flexible adaptation. In this 

paper a poorly insulated single-family house from 1980’s 

was compared to a modern passive house. For the former 

one, a large amount of heat can be modulated (e.g. 25 

kWh/m2 per year) for short periods of time (2 to 5 h), 

whereas for well-insulated buildings the amount of heat 

modulated is relatively small. However, the study also 

shows that the periods of modulation can be quite long. 

The estimates show that the maximum available time to 

postpone the heating system operation could be up to 

24 hours.  

Concerning the costs, different scenarios of modulation 

can result into savings ranged from 3 to 10 %. The same 

methodology was used by Foteinaki et al. (Foteinaki et al. 

2018) to analyse energy that can be added to or curtailed 

from a building as a flexibility indicator. The core of the 

research was the fact that during the study a clear 

asymmetry between these two upward and downward 

events was noticed: the heating energy added over 8 h to 

a single-family house was 87 Wh/m2 and the energy 

curtailed was 36 Wh/m2. Additionally, as it could be seen 

from simulations, the amount of added/curtailed energy 

during the event is proportional to the event duration. This 

mainly indicates a large thermal capacity of buildings. 

Simulation experiment specification 

To reiterate, the goal of this study is to quantify the 

thermal inertia of the entire family house including its 

heating system using BES tools as modelling method. The 

procedure consists of the following steps 

• Case-study definition 

• Simulation experiment design  

• Performance indicator selection 

• Numerical modelling  

• Simulation experiment assessment  

Case study definition  

The current case-study is conducted for a single-family 

house. The real house is located in Kladno, Czech 

Republic. It was built in 1950s and was completely 

refurbished in 2003. The walls were originally made from 

cement blocks and later, during the refurbishment, an 

insulation layer was added. The heating system is 

assumed to consist of a heat pump, a hot water storage 

tank, radiators and piping. The drawings and technical 

reports were available to set up the numerical model. 

 

Figure 1: Studied single-family house  

(source: Google Maps) 

Simulation experiment design 

The analysis consists in simulating theoretical conditions 

which reveal the step response of the representative room 

air temperature for discharging and charging process set 

by the control of heat source. The experiment starts in a 

steady-state situation, which is referred to as charged 

state, when the representative room temperature and hot 

water in the tank are steady at constant values of 25 °C 

and 55 °C, respectively. After the heat source is suddenly 

switched off, the step response characterizing the 

dynamic behaviour of the system is observed. Similarly, 

the charging phase begins from steady state conditions at 

room temperature 21°C and the step response is triggered 

by change of desired room temperature to 25°C.  

To see the step response without the disturbances from 

ambient conditions, the presented experiments were done 

for constant exterior dry-bulb temperature and without 

solar radiation during the whole period of the experiment.  

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
359

 
 

https://doi.org/10.26868/25222708.2021.30614



This experiment procedure is repeated for various settings 

of the wall structure (inner wall and insulation), storage 

tank volume, infiltration and nominal heating rate as the 

system parameters variation and for different outdoor air 

temperatures as the boundary conditions variation. The 

parameters and boundary conditions were varied to 

elaborate the OAT sensitivity analysis. The minimum, 

reference, and maximum variation of inputs changed one 

at the time is reported in Table 1 

Table 1 minimum, reference and maximum variation of 

inputs for OAT sensitivity analysis 

  min ref max 

inner wall 

thickness 
(m) 0.15 0.3 0.45 

insulation 

thickness 
(m) 0.08 0.14 0.2 

tank 

volume 
(m3) 0.17 0.5 1 

max. 

heating 

rate 

(kW) 5 6 7.5 

infiltration (ACH) 0.05 0.2 0.4 

ambient 

temp. 
(°C) -10 0 10 

 

Performance indicators selection 

Even though a definition of the building energy flexibility 

was mentioned above, there is no unified or standardized 

performance indicator to characterize the level of 

flexibility. In the frame of IEA EBC project Annex 67 

(Johra et al. 2019) a list of numerous metrics was 

collected, which were used in various studies. To 

summarize, these metrics are focused on four 

fundamental aspects:  

i. the time over which energy can be shifted 

ii. the amount of energy that can be shifted  

iii. the cost associated with flexible operation 

iv. the building efficiency loss associated with 

flexible operation 

The first aspect – “the time over which energy can be 

shifted” was selected as the performance indicator for 

discharging phase in the current research. Specifically, the 

cooling down time when room air temperature drops by 

2 K or 5 K from the initial conditions, is used as indicator 

of discharging process. These two indicators are intended 

to demonstrate the typical and the maximum time 

available to postpone the operation of heat source given 

by the typical comfort limits in standards e.g. EN 16798-

1:2019. The temperature level of the charged state was 

selected to comply with the comfort standard. The 

resulted operative temperature of the discharged state will 

be subject of discussion. 

In terms of the recovery effect, the time required to reach 

the original state (temperature rise by 5 K) and the heat 

needed for related charging process were used as 

performance indicators for the charging phase.   

Numerical model  

The numerical model was created in TRNSYS (TRNSYS 

2013), which enables to create the model in a modular 

fashion. The tool allows to outline the problem in a 

number of smaller components (“Types”), ranging from 

simple models as pumps to complicated multi-zone 

buildings. All the component parameters were adjusted 

based on available documentation or assumed with 

respect to relevant standards.  

Building model 

The complexity of the building model is limited to 9 

thermal zones. On the first floor, a kitchen, bathroom, 

living room, staircase with corridor and a small entrance 

space are located. Three bedrooms (two of them form one 

thermal zone), a bathroom and corridor are located on the 

second floor. Interior doors are considered to be 

permanently closed, consequently there will be no air 

exchange between the thermal zones. Taking into account 

that there is no need for heating in the entrance space, the 

heated floor area of the building is 174 m2 and the 

windows surface comprises 11.5 % from the entire 

external wall area. The windows construction is assumed 

to be a standard double-glazed window (the default 

setting is U = 1.6 W/m2-K; SHGC = 0.66). The opaque 

construction was configured from inner wall made from 

cement blocks and outer shell from EPS insulation (the 

default setting is U = 0.231 W/m2-K). Roof was 

configured from ceramic roof tiles, wooden truss and 

insulation layer (the default setting is U = 0.273 W/m2-K). 

Inner wall and floors are assumed to be from cement 

blocks (the default setting is U = 0.32 W/m2-K). The 

ground effect is neglected in this study, therefore 

adiabatic boundary conditions were selected for the 

ground connected surfaces. The 3-D model of the house 

for the following simulation was made in TRNSYS 

OpenStudio plugin for Google SketchUp and then loaded 

to TRNSYS via the “Type 56” for a detailed building 

physics representation. The geometrical model is shown 

in  

Figure 2.  

 

Figure 2: Model geometry 
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Heating system model 

In the next step, a numerical model of the heating system 

was built. The heating system model consists of 

components representing wall-mounted radiators as a heat 

distribution unit (Type 1231), hydraulic pumps (Type 

110), flow diverters and tee piece (Type 11), heat source 

(Type 138) and hot water storage tank (Type 158). The 

mathematical reference for each component called 

“Type” is available in (Solar Energy Laboratory 2012). 

The model of heat source (heat pump) is represented by a 

generic heat source model. The key component for this 

study is the storage tank model which can serve for short-

term energy accumulation. This thermal capacity can be 

used to postpone the switching of the heat source, if it is  

charged in advance. In this study a standard vertical 

cylindrical storage tank is used. In addition, the system 

must be precisely controlled in the pre-evaluation period 

to reach the desired steady conditions at the beginning of 

the following step-response experiment. Therefore, the 

entire system is equipped with a PI controller (Type 23). 

The visualization of the entire model in the TRNSYS 

environment is shown in Figure 3. 

Step-response and OAT sensitivity results 

The results of the step-response experiments are presented 

in the following graphs. These graphs show the changes 

in temperature and heat rate courses given by the variation 

of system parameters and boundary conditions settings 

described above. The main subject of the following step-

response evaluation is the reference case (indicated by the 

red bold line). The other cases are further discussed in the 

OAT sensitivity part below. 

Figure 4 is focused on the room air temperature course 

during the discharging sequence. In this figure, the 

assessed indicators are depicted for the reference case. 

The cooling down time for the temperature step of 2 K 

and 5 K was found to be 6.2 and 20.8 hours, respectively. 

The variation of the ‘2 K’ indicators across all the cases 

was found between 2.9 and 11.9 hours, while ‘5 K’ 

indicators were from 11.8 to 44.1 hours. The operative 

temperatures related to the assessed room air temperature 

points (23 and 20°C) are 23.2 °C and 20.2°C. 

 

  
Figure 4: Step-response of room air temperature for 

discharging phase 

A similar graph is plotted also for the charging phase in 

Figure 5. In the charging phase, the charging time about 5 

K was observed at 15.41 hours for reference. The 

Figure 3: Visualization of the numerical model in TRNSYS 18 environment 
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variations across all simulated cases were found between 

3.6 to 47.1 hours. The operative temperatures related to 

room air temperature of the starting point (discharge state) 

and charged state (20 and 25°C) are 19.7 °C and 24.5°C. 

The required charging energy was calculated over the 

heating up time related to each individual simulated case. 

Figure 6 depicts the reference period (identified in 

previous Figure 5) over which the estimated reference 

charging energy was at 89.5 kWh with variations between 

57.2 to 276.1 kWh.  

 

 
Figure 5: Step-response of room air temperature for 

charging phase 

 

Figure 6: Step-response of heat rate for charging phase 

The variation in simulated cases shown in step-response 

graphs above is addressed by sensitivity analysis. The 

OAT sensitivity analysis approach was selected to 

indicate the deviation of flexibility performance 

indicators from the commented reference case. 

Specifically, the sensitivity of the cooling down time, 

heating up time and the charging energy required to reach 

the original state at parameters variation is revealed in the 

Figure 7 to Figure 9 on the next page.  

Figure 7 is dedicated to evaluate the discharging sequence 

and shows the OAT deviations from the reference case 

given by variation of depicted parameters in terms of 

‘2 K’ and ‘5 K’ cooling-down time indicators. The red 

borders in these bar charts indicate the negative change of 

parameters from the reference case.  

Figure 8 is dedicated to illustrate the charging sequence 

and shows the OAT deviations from the reference case 

given by variation of depicted parameters in terms of 

required charging energy and ‘5 K’ heating-up time 

indicator. 

The last figure compares the charging and discharging 

phases. Figure 9 shows OAT deviations from the 

reference case given by variation of depicted parameters 

in terms of ‘5 K’ time indicator comparing the dynamic 

behavior during discharging and charging process. 

Discussion 

The step-response experiment shows the dynamic 

properties of the building including its heating system. 

Regarding thermal comfort, the resulted level of operative 

temperatures at the discharge state is at the edge of the 

acceptance level given by standard EN-16798:2019. The 

observed operative temperature between 19.7 to 20.2 °C 

may not comply with the comfort standard. The 

acceptance level may depend on occupant activity and 

clothing level. The flexibility potential must be limited 

during the occupied hours at a tighter range.  

Regarding the step-response, the three key aspects 

shaping the step-response profiles are discussed here 

under. 

Thermal mass related aspects 

The thermal mass category is represented by the cases, 

where tank volume size and inner wall thickness are 

varied. The influence of the tank size in the discharging 

phase is noticeable especially in the first part of the step 

response (up to 8 hours). The accumulated energy 

associated with the tank size may prolong the heat supply 

for tens of minutes or even hours without any 

consequences on the room air temperature. After the 

accumulated energy is withdrawn from the tank, the step-

response profile gets in line with the shape of the 

reference case preponed or postponed due to the previous 

effect of tank thermal capacity. The OAT sensitivity 

analysis in Figure 7 also indicates that the main effects 

take place in the ‘2 K’ cooling down time period after that 

it remains similar as depicted in deviations for 5 K cooling 

down time period. The negative and positive change from 

the reference seems to have a symmetrical impact within 

the range of tested sizes. Thus, by the choice of the tank 

size, the thermal inertia may be gradually increased within 

the studied range. 

Due to the model arrangement (source inlet port at the 

same tank high as demand outlet port) and the experiment 

design (ensuring steady state conditions at 21 °C before 

the step event), the thermal mass of tank is not noticeable 

in the charging phase. In the current experiment design, 

the temperature course remains identical with the 

reference and it has a very small impact on the charging 

time.  

In the contrary to the tank size, the building envelope 

thermal mass (represented by inner wall thickness) can be 

assessed for both phases and the effects were observed 

mainly in the later stage of the experiment while in the 

first stage the system behaves almost identically with the 

reference case. The main difference in the temperature 

course starts to be apparent approximately after the first 

10 hours. Especially significant difference is caused by 

thicker inner wall (than in the reference case) in both 

discharging and charging phases. 
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Figure 7: OAT sensitivity analysis - discharging phase 

 
 

Figure 8: OAT sensitivity analysis - charging phase 

 

Figure 9: OAT sensitivity analysis - comparison of 

charging and discharging phases. 

The OAT sensitivity analysis in Figure 7 also indicates, 

that the major difference is noticeable mainly in the ‘5 K’ 

response time indicator. It can be also observed that the 

negative and positive change has asymmetrical impact 

within the range of tested thickness. It can be explained, 

that not only thermal mass is changed by these settings, 

but also thermal resistance and related heat loss are 

affected, which additionally slows down the discharging 

and also charging process for a thicker wall. 

The discharging and charging time are compared using 

the ‘5 K’ indicator.  

In the reference case, the charging procedure is faster than 

discharging procedure about 5 hours. Figure 9 reveals that 

a thicker wall can affect considerably the charging time. 

It may imply the inefficiency in energy storage. Even 

though a thicker wall prolongs the discharging period, the 

related recovery process takes considerably longer 

(approximately about 13 hours for this case). The storage 

efficiency apparently varies in nonlinear manner within 

the studied cases of inner wall thickness. The wall 

thickness is one of the most influential aspects and will be 

further elaborated in future research.  

Heat loss related aspects 

The category related to heat loss is represented by the 

cases, where insulation thickness, infiltration and outside 

temperature are varied. 

The room air temperature profiles during the discharging 

and charging phases show the major effects of so-called 

disturbances such as level of infiltration and outside 

temperature. The OAT analysis confirms the significance 

of these parameters. It also shows that the positive and 

negative change from the reference has relatively 

symmetrical impact. Also, it has a similar impact 

regardless the charging and discharging time as shown in 

Figure 9. Specifically, the variation of the ambient air 

temperature can change the ‘5 K’ time indicator in the 

range of -7 to +23 hours compared to the reference, while 

the variation of infiltration changes the ‘5 K’ indicator in 

the range -6 to +15 hours. It implies the important role of 

disturbance prediction in the real control process, 

especially the reliable weather forecast is a mandatory 

input to enable the control of the discharging or charging 

procedure.  

The insulation thickness as design parameter has minor 

effect in these dynamic processes and the variation is 

observed mainly in later stage of the step-response profile 

in Figure 7. The OAT analysis in Figure 9 shows higher 

impact of the thickness reduction than of the thickness 

increase. The thinner insulation leads to higher thermal 

losses that accelerates the ‘5 K’ cooling down period 

(discharging) and reversely slows down the charging 

period. The thicker insulation has a very small effect on 

presented indicators.   

Heat source related aspects 

This third category is represented by the case, where the 

maximum heating capacity is varied. These variations 

represent situations, when a heat source is slightly 

underestimated or overestimated. The choice of the low 

heating capacity was limited (especially the lower 

margin) by the requirement on initial conditions of the 

experiment. Heating capacity lower than 5 kW could not 

reach the required charged state (room temperature at 25 

°C) and the results would not be comparable. 
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Since the heat source is switched off during the whole 

discharge phase, it cannot have any impact on this phase 

as it is indicated in the OAT analysis in Figure 7. The 

underestimated heat source may prolong the charging 

period by15 hours depicted in Figure 8. The 

overestimated heat source has no impact compared to the 

reference case. It should be noted that the OAT sensitivity 

analysis by definition cannot account for the simultaneous 

variations; this may limit the conclusion regarding the 

effect of the heat source variance. The so-called 

overestimated heat source may have a significant 

influence in combined variation of heat source and 

thermal mass variation (especially inner wall thickness). 

This combination will be further investigated in future 

research 

Conclusion  

In this paper, the thermal inertia of a family house with 

heating system was evaluated using building energy 

simulation tools. The simulation study assessed interior 

temperature response for discharging and charging 

sequence while considering constant ambient conditions. 

This experiment was aimed to assess the energy flexibility 

potential of both building and its heating system using the 

response time of the room air temperature and energy 

required for recovery process as performance indicators. 

In addition, the simulation analysis elaborated the OAT 

sensitivity analysis as initial screening of input variations. 

The results of this study help to understand the properties 

of thermal capacity in the building including its heating 

system. It also serves as the background for further 

development of smart building control system enabling 

building-to-grid interaction. 

In general, we can conclude that thermal inertia of the 

building construction and the heating system has good 

potential for a flexible operation of the heat source based 

on the grid requirements and the demand may be reduced 

for a typical length of high tariff periods (4 to 8 hours) on 

daily basis. As the presented study demonstrated, the 

thermal capacity of a storage tank can be used for a shorter 

intraday energy storage, while the activation of thermal 

mass of the building construction can postpone the 

operation of the heat source at inter-day level.  

Although the tank discharging may offer only short-term 

possibilities for load shift, the charging and discharging 

process can be reasonably controlled with minor effect to 

indoor environment. The utilization of inner wall thermal 

mass is relatively complicated with non-linear variation 

with the input change. The presented analysis indicated in 

some cases, that the storage process can be inefficient, 

requiring longer time and high amount of energy to be 

recovered to the original state.  

In addition, the knowledge of disturbances such as 

outdoor temperature and level of infiltration will be 

crucial for efficient control considering its high impact on 

the charging and discharging process given by the studied 

indicators. 

As it can be seen also from the literature review, the 

thermal inertia of buildings applied here in the context of 

energy flexibility is highly case depended. The current 

research contributes by the results of another case-study 

representing a typical family house and its heating system. 

Since a standardized method for flexibility evaluation has 

not been established yet, this study also represents an 

important methodological step to support implementation 

of smart building control by building energy simulations.  

The next step will be to use the presented model as a 

development and commissioning support tool for smart 

building control system maximizing the demand-side 

flexibility. The detailed model will be used to train and 

test the demand-response algorithm prior to its 

implementation in the real family house. 
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