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Abstract 

A comprehensive validation of numerous Building 

Energy Simulation (BES) tools and the validation dataset 

including experimental specifications is presented. Most 

published validation cases focus on component level, 

simple test boxes or use simplified boundary conditions. 

This study comprises different experimental periods, 

featuring different levels of detail under realistic 

boundary conditions. The dataset created was given to 

13 modelling teams (mostly IEA EBC Annex 71 

participants) in a two-step validation method intended to 

separate user from program errors. The results of the 

teams’ predictions were systematically analysed and 

compared to the measurements. Stratification was found 

to be important, but in general, the number of submodels 

required to represent the chosen experimental scenarios 

makes it hard correlate particular modelling approaches 

with predictive accuracy. It is conjectured that the 

maximum complexity for empirical validation has been 

approached. 

 

Key Innovations 

 Realistic high quality dataset including 

specification for BES validation, training and 

education. 

 Validation including synthetic users. 

 Main modelling deficiencies found to be 

stratification and inter-zonal air flow. 

 Results comparison between electrical and 

underfloor heating systems. 

 Limits for complexity in validation. 

 

Practical Implications 

The benefit of publicly available high quality datasets for 

program validation, training and education is apparent for 

every modeller and program developer. The dataset and 

modelling reported in this paper includes systems with air 

source heat pump and underfloor heating, inter-zonal air 

exchange, the impact of internal moisture sources and 

synthetic users. The benefit of the implemented synthetic 

users is the fact that all of their inputs are precisely logged 

within the measurement data. To facilitate realistic users 

these profiles were created with a Markov chain model 

based on a time use survey and include a stochastic 

element developed from these data (Flett, et al., 2016) 

(Flett, et al., 2017). The results shown from modelling 

give an indication for realistically reachable accuracies 

for subsequent validations using this dataset. 

 

 

Introduction 

The work described in this paper was conducted within 

the IEA EBC Annex 71 (KU Leuven, 2016) “Building 

Energy Performance Assessment Based on Optimized In-

Situ Measurements”. It follows the approach of a 

previous, less complex validation scenario within the IEA 

EBC Annex 58 (Strachan, et al., 2015). Both validation 

experiments were conducted at the Twin Houses, 

operated by the Fraunhofer Institute for Building Physics 

IBP in southern Germany (see Figure 1).  

 

Figure 1: Twin Houses of the Fraunhofer IBP 

 

The proven, identical performance of both houses allows 

for a side-by-side design of the experiment, facilitating 

only one single difference between both houses. This is 

used firstly for two different heating systems and 

secondly to add internal moisture sources. This paper 

contains the evaluation of the results for two different 

heating systems: electrical convectors and underfloor 

heating (UFH) systems. 

 

Method 

The method section is divided into two separate 

subsections, one for the experiment including its design 

and a second for the data evaluation. The method used for 

this study consisted of the following items: 
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1. Design and Experiment 

 Requirements and scenarios 

 Design of synthetic user profiles 

 Check expected dynamics (building simulation) 

 Sensivity analysis (building simulation) 

 Perform experiment 

2. Evaluation 

 Predictions by external modelling teams 

 Separate user from program errors by two-step 

approach 

 Calculate metrics for bias and dynamics 

 Compare modelling approaches to result quality 

 

Design and experiment 

The experimental design facilitated the side-by-side 

capability of the twin houses for two subsequent 

differences. In the Main Experiment, one house (the 

reference house N2) was heated with electrical convectors 

(identical to the Annex 58 experiment (Strachan, et al., 

2016)) and the other house (test house O5) with hydronic 

underfloor heating, supplied by an air source heat pump. 

The heat pump’s performance measurements are 

available gether with the roomwise hydronic systems’ 

thermal power. This allows either to model just the 

building without the heat pump or to disaggregate the 

uncertainties of the heat pump and the underfloor heating. 

In the Extended Experiment both houses were heated 

electrically, with internal moisture sources injected into 

the living room of one house. Both experimental parts 

were divided into multiple periods to allow focusing / 

omitting specific aspects. 

Prior to the setup of the experiment a simulation of the 

experiment was conducted to size the magnitude of the 

heat injections and to check if the chosen boundaries 

result in realistic results and provide the dynamics 

required for the validation. 

The same model was used to perform a sensitivity 

analysis to identify and counteract possible weaknesses in 

the experimental design (Mantesi, et al., 2019). 

After the final experimental design was reached, the 

6.5 month experiment was conducted, fully automated by 

a PLC, recorded with one second frequency and stored as 

one minute mean values. 

 

Evaluation 

A validation study was conducted, involving several 

experienced international modelling teams mostly, but not 

limited to, participants of the IEA EBC Annex 71. The 

choice of the software to be used was left to the modellers. 

The aim of this study was to find errors and problems in 

the simulation programs used, not user errors introduced 

by modellers. To separate program errors from user 

errors, a 2-step validation method was followed. In the 

first step, the Blind phase, modellers were provided with 

the experimental specifications, the measured outside 

weather conditions and measured boundary condition 

within the building. During this phase, the measurement 

values of the validation goals (heating energy or room air 

temperatures depending on the experimental period) were 

withheld. Any questions related to the specifications 

raised by the modelling teams were answered, included in 

the documentation and circulated to all teams. The 

modelling teams created their Blind phase predictions 

based on the provided information and sent them in to the 

experimental team together with a short modelling report. 

After all Blind phase results had been received, the Open 

phase started with the release of all measurement data. 

The modelling teams could compare their initial 

predictions with the measurements and investigate the 

reasons for discovered deviations before handing in 

updated predictions and reports. As a constraint, they 

were allowed to make physically meaningful and 

documented changes only, with generic optimizations and 

parameter tuning prohibited. This 2-steps approach was 

inspired by designs of (Lomas, et al., 1997), (Manz, et al., 

2006) and (Kalyanova, et al., 2009). 

To analyse the quality of the results, first they were 

plotted against the trend lines of the measured data. In the 

next step, mathematical metrics were selected to measure 

the results’ bias and dynamics’ shape fit. To allow a 

comparison with the results of the Annex 58 validation 

the mean deviation and the Spearman’s Ranked 

Correlation were chosen as metrics. Using these metrics, 

tables were created for all experimental periods, showing 

the results of all separate modelling teams against 

measured values (e.g. living room heating power) and 

aggregated values such as the house’s volume weighted 

mean air temperature. 

It must be mentioned that all results are anonymized since 

not all programs were validated by their developers and 

even the chosen 2-step method cannot exclude the 

possibility of remaining user errors. 

 

Results 

Experiment and dataset 

As Figure 2 shows the experiment started with a steady 

Co-heating period, in which internal temperatures were 

maintained at a constant 21°C using electrical heaters for 

both houses. This Co-heating period was carried out in 

compliance with the draft of “CEN/TC89/WG13 TG5 

(Working Draft 12/01/17)” (CEN2017). This period also 

served as an initialization to equalize both buildings and 

to verify their identical performance. Then the synthetic 

user profiles were introduced with increasing complexity 

in two steps (User-1 and User-2), with underfloor heating 

for the O5 house. The User-2 profile included room-by-

room heating profiles and occupancy, together with door 

and window opening schedules. 
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Figure 2: Experimental schedule of the IEA EBC Annex 71 BES Model Validation Experiment. 

 

Between the Main and the Extended Experiment a re-

initialization was performed. Then User-3 continued with 

the same user profiles as User-2 but with a changed side-

by-side setup. In the reference house (N2) there is no 

difference between User-2 and -3, except for the external 

weather. After these realistic user phases a high power 

probabilistic random binary signal (PRBS) was injected 

into the building without users or thermostatic control to 

allow for the disaggregation of thermal capacities and 

different heat flow paths to the outside. The experiment 

was completed with a Free-Floating period including 

synthetic user profiles. 

Details concerning the dataset were published previously 

(Kersken, et al., 2020). The dataset together with the 

detailed specifications and additional documents is  

publicly available under the DOI: 10.24406/fordatis/76: 

https://fordatis.fraunhofer.de/handle/fordatis/161 

 

Evaluation 

The simulated predictions provided by the modelling 

teams are the basis for the evaluations presented in this 

paper. Table 1 provides an overview of all modelling 

teams and programs participating. The results published 

in this paper concentrate on the Main Experiment, with 

electrical and underfloor heating as the difference 

between the Twin Houses. In the evaluation presented 

only teams sending in results for both phases, Blind and 

Open, were considered.  

 

Table 1: Participants of the BES model validation 

Organisation 
Cou

ntry 

Annex 

71 
Program 

Ghent University BE yes 
Modelica 3.2.3 

IDEAS 2.1.0 

Univ. Innsbruck 

coop. Passivhaus Inst. 

AT 

DE 

yes 

yes 

Dynbil 0.8.1 & 

DynPP 190822 

Univ. Wollongong 

Univ. Strathclyde 

(developer) 

AU 

UK 

no 

yes 
ESP-r 13.3.7 

KU Leuven BE yes 
Modelica 3.2.2 

IDEAS 2.1.0 

TalTech EE yes 
IDA ICE 4.8 

SP1 

BBRI BE yes TRNSYS 17 

SAXION NL yes IDA ICE 

Fraunhofer IBP 

coop. Transolar 

(developer) 

DE 

DE 

yes 

no 

TRNSYS 18 

18.01.0000 

& TRNFlow 

Fraunhofer IBP 

(developer) 
DE yes 

WUFI PlusTM 

3.2.0.1 

TH Rosenheim DE yes IDA ICE 

IES (developer) UK no IES 2018.2.0.0 

Univ. Vigo ES yes TRNSYS 17 

UCL Louvain 

(developer) 
BE yes 

individual 

Python code 
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Figure 3: Comparison of the measured and simulated volume weighted room air temperatures of the electrically heated 

N2 house during the Main Experiment’s User-2 period, Open phase. 

 

Figure 3 shows an example of measured and simulated 

volume weighted mean air temperatures for the N2 house 

during the User-2 period. It can be seen that most 

programs reach quite good agreement with the 

measurement. Even if their resulting trend lines are above 

or below the measured values, the shape and the 

amplitude of the curves are similar. A visual impression 

is that many teams have a reasonable dynamic shape fit 

but some bias; a few teams also have a poor dynamic 

agreement. To be able to quantify these deviations 

suitable metrics were selected and calculated. 

Typically, statistical metrics are used to quantify the 

validation results. The results can have two different 

mismatches. On one hand, a bias is possible. Here the 

simulation might follow the shape of the measurement but 

above or below it, resulting in a deviation in the mean 

value. Team 3 in Figure 3 is an example. On the other 

hand the mean or running mean of the simulation can be 

accurate but the accuracy of the dynamic response is poor, 

e.g. Team 1 in Figure 3. To allow a comparison with the 

results from the previous Annex 58 validation (Strachan, 

et al., 2015) the absolute mean deviation (Manz, et al., 

2006) is chosen as the metric for the bias and the 

Spearman’s Ranked Correlation for the dynamics 

(Kendall, et al., 1990). Other commonly used metrics 

(calculated, but not presented here) are the Normalized 

Mean Bias Error NMBE, the Root Mean Square Error 

(RMSE), its normalized version, the Coefficient of 

Variation of the Root Mean Square Error CV(RMSE) and 

the Coefficient of determination R² (U.S. Department of 

Energy, 2015), (Efficiency Valuation Organization 

(EVO), 2012) and (ASHRAE, 2014).  

For the entire Twin Houses and both floors the resulting 

metrics for the Co-heating period are shown Table 2 and 

for User-1 and -2 in Table 3. Here it becomes apparent 

that even after the re-modelling in the Open phase the 

results’ quality still varies widely between teams and 

programs. During the Co-heating period some teams can 

predict the heating consumption with a mean deviation of 

6 W, while other teams are still in error by 2000 W 

(Team 1; values excluded from Table 2). A similar 

structure can be seen in the Spearman’s Ranked 

Correlation. Especially when observing Team 11 it can be 

seen that good dynamics do not necessarily combine with 

a low bias. It can also be seen that the results’ quality for 

the entire Twin House is better than the results for single 

floors. This effect even increases when considering single 

rooms. Since the floors / most rooms are connected 

though a trapdoor / open doors the thermal exchange 

between them is strong. For example, in the Co-heating 

period, if an air temperature sensor in room A, controlling 

the heating, measures just slightly higher (e.g. 0.1 K) than 

in the neighbouring room B the heating in room B will 

start earlier and take over most of room A’s heating load. 

These effects are complicated to capture, even in the Open 

phase. Also these room-by-room physical interactions are 

not important in typical design-phase building 

simulations. The results presented here therefore focus on 

aggregate results for the entire building and the two 

floors, since the Twin Houses’ envelope provide a 

significant thermal barrier where heat flows are only 

caused by significant driving forces. 
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Table 2: Mean deviation (top) in Watts and Spearman’s ranked correlation (bottom) between measurement and 

simulation of heat input during the Coheating period (Open phase). For the mean deviation the highest value are coded 

orange, the lowest blue and no deviation is green. “Tset” indicates that the set temperatures were chosen as model 

input, “Tmeas” indicates measured temperatures. 

value* 

Team 

team_01 
(-) 

team_02 
(Tmeas) 

team_03 
(Tmeas**) 

team_04 
(Tset) 

team_05 
(Tset) 

team_08 
(Tmeas) 

team_10 
(Tmeas) 

team_11 
(Tmeas) 

team_13 
(Tset) 

n2_th_elP   -117 -20 34 423 59 308 -820 30 

o5_th_elP   -14 -54 -24 560 59 419   -211 

n2_gf_elP   -118 -59 -32 174 -53 47 -446 53 

o5_gf_elP   -14 -66 -53 308 -20 161   -185 

n2_att_elP   1 39 66 249 112 261 -374 -23 

o5_att_elP   1 12 29 252 80 258   -26 

 

value* 

Team 

1 2 3 4 5 8 10 11 13 

n2_th_elP  84% 86% 83% 87% 78% 76% 84% 73% 

o5_th_elP  82% 86% 87% 84% 87% 76%  73% 

n2_gf_elP  66% 91% 89% 91% 67% 83% 85% 86% 

o5_gf_elP  61% 92% 87% 89% 81% 84%  85% 

n2_att_elP  70% 70% 61% 61% 78% 45% 43% 42% 

o5_att_elP  66% 57% 78% 50% 73% 35%  35% 

          

 100 % - 80 % 80 % - 70 % 70 % - 60 % 60 % - 35 % < 35 % 
* “th”; entire twin House – “gf”: ground floor – “att”: attic – “elP”: electric power  
**    Average of measured room-wise air temperatures as fixed input 

 

A follow-up investigation found that Team 1 

misunderstood the intended setup of the Co-heating 

period, so these results have been omitted. The same is 

true for team 11 in the O5 house.  

As indicated in Table 2 some teams used the set value of 

21°C during the Co-heating period, while others used the 

measured air temperatures at 110 cm height that were also 

provided during the Blind phase. While no systematic 

benefit of one approach over the other can be determined 

from the chosen metrics, the trend lines reveal that using 

set temperatures can lead the cooling spikes when the 

building’s reaction to solar gains is overestimated or 

timed too early or too late. 

The data from the Co-heating period were also subject to 

a conventional co-heating analysis. Here heat loss 

coefficients (HLCs) of the Twin Houses were identified 

as 103 and 107 W/K, using hourly mean values 

(107 / 112 W/K for daily means). Theoretical calculations 

using the specified materials’ properties and infiltration 

according to German building energy code (EnEV2014) 

give a HLC of 109 W/K. The range of all HLCs available 

from the analysis indicates an uncertainty of 9 W/K 

(~10 %). During this period, the mean outside air 

temperature was 0.3°C. This leads to an estimated 

uncertainty of ±190 W for the Co-heating period with an 

inside temperature of 21°C.  

Reviewing the modelling reports, it became clear that 

during the User periods some teams, instead of using the 

provided supply temperatures and flowrates for the 

underfloor heating system, used the provided set 

temperatures to build their own control loop. In Table 3, 

these teams are indicated with “(Tset)”. The reason for this 

modelling approach deviating from the specifications still 

needs to be determined. It is likely the reason is due to 

model complexity or the difficulty of imposing measured 

data in some simulation programs. Comparing the results 

of the teams using the set temperatures against those using 

the supply parameters, no systematic difference can be 

discerned. One thing that was observed for the two User 

periods is that results for the O5 house with underfloor 

heating are better than those of the electrically heated 

N2 house. This is unexpected because electrical heaters 

can be modelled more easily than an underfloor heating 

system. However, electrical convectors create a strong 

heat plume, rising to the ceiling and forming a distinctive 

temperature stratification in the rooms. This is shown for 

a typical day in Figure 4. Teams 3 and 8, who included 

modelling of stratification, are among the teams achieving 

the best results. Stratification has a strong influence on a 

building’s energy balance, especially when the position of 

the air extracts is considered. As can be seen, the 

prediction of the extract air temperature, and from this the 

ventilation heat losses, can be in error by 4 .K. 
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Table 3: Mean deviation (top) and Spearman’s ranked correlation (bottom) between measurement and simulation 

during User-1 and User-2 periods (Open phase). “(Tset)” indicates that a team used the set temperatures and not the 

provided supply temperature and flowrate. 

value* 

  

period 

Team 

1 (Tset) 2 3 4 (Tset) 5 (Tset) 8 10 11(Tset) 13 

n2_th_AT User1 -0.1 0.8 0.9 0.2 -0.1 1.1 3.2 -0.1 0.2 

  User2 -0.4 1.9 1.5 -2.6 -0.3 1.1 4.5 -0.3 0.5 

o5_th_AT User1 -0.8 -0.5 0.6 -0.5 0.1 -0.4 1.8 -0.3 -0.1 

  User2 -1.0 0.4 0.9 -2.3 -0.5 0.1 2.6 -1.1 -0.1 

n2_gf_AT User1 -0.2 1.1 1.4 0.1 -0.2 2.0 2.5 -0.1 0.2 

  User2 -0.5 1.4 1.9 -2.2 -0.5 2.0 4.6 -0.2 0.6 

o5_gf_AT User1 -0.9 -0.5 0.6 -0.7 -0.1 -0.2 1.9 0.0 -0.6 

  User2 -1.3 0.4 1.1 -1.5 -0.7 0.8 3.1 -0.7 0.1 

n2_att_AT User1 0.1 0.4 0.0 0.2 -0.1 -0.1 4.1 0.0 0.3 

  User2 -0.2 2.7 0.9 -3.1 -0.1 -0.2 4.3 -0.4 0.4 

o5_att_AT User1 -0.7 -0.6 0.6 -0.3 0.4 -0.7 1.6 -0.7 0.5 

  User2 -0.7 0.4 0.6 -3.5 -0.1 -0.8 1.9 -1.5 -0.3 

Absolute deviation < 1 K 1 - 2 K 2 - 4 K 4 - 8 K  > 8 K      
 

value* 

  

period 

Team 

1 (Tset) 2 3 4 (Tset) 5 (Tset) 8 10 11(Tset) 13 

n2_th_AT User1 73 % 57 % 70 % 73 % 71 % 80 % 36 % 55 % 76 % 

  User2 86 % 54 % 88 % 61 % 90 % 78 % 62 % 65 % 76 % 

o5_th_AT User1 79 % 86 % 93 % 78 % 70 % 96 % 84 % 70 % 76 % 

  User2 77 % 84 % 95 % 77 % 89 % 84 % 70 % 79 % 79 % 

n2_gf_AT User1 79 % 51 % 62 % 68 % 76 % 63 % 20 % 60 % 72 % 

  User2 95 % 68 % 94 % 71 % 92 % 84 % 69 % 73 % 87 % 

o5_gf_AT User1 77 % 77 % 85 % 45 % 76 % 86 % 60 % 68 % 80 % 

  User2 97 % 91 % 97 % 83 % 90 % 76 % 69 % 84 % 92 % 

n2_att_AT User1 60 % 55 % 71 % 74 % 59 % 72 % 46 % 35 % 71 % 

  User2 73 % 31 % 53 % 55 % 88 % 49 % 36 % 57 % 68 % 

o5_att_AT User1 80 % 90 % 94 % 90 % 59 % 95 % 88 % 59 % 63 % 

  User2 28 % 41 % 73 % 63 % 79 % 75 % 49 % 71 % 47 % 

 100 % - 80 % 80 % - 70 % 70 % - 60 % 60 % - 35 % < 35 % 

* “th”; entire twin House – “gf”: ground floor – “att”: attic – “AT”: air temperature 

 

 

Figure 4: Comparison of the stratification between the 

UFH (O5 house) and the electrically heated N2 house in 

the Child-1 room (in the attic) on the 12th of January 

2019. “-10” is 10 cm under the ceiling. 

The experimental setup included a downward facing 

pyranometer about 1.5 m south of both Twin Houses 

south facades approximately 1 m above the ground, to 

measure the solar radiation reflected upwards. This was 

particularly important because of extensive snow cover 

during most of the experimental period. Together with the 

global solar radiation measured at the weather station the 

modelling teams can calculate an albedo in front of the 

south façades. The IBP’s weather station near the 

O5 house is equipped with pyranometers for total vertical 

solar irradiation for all four orientations. Figure 5 shows 

the agreement between the simulated solar irradiation on 

the south facade and the radiation intensities measured at 

the IBP’s weather station. The south facing irradiation 

was chosen because the Twin Houses have the largest 

glazed area on the south facade. Large deviations can be 

seen. It is assumed that the simulation programs’ radiation 

algorithms are not responsible for the observed 

deviations, but rather it is the treatment of solar radiation 

reflected from the ground. It can be seen in Figure 5 that 

approaches that took into account snow cover clearly give 

better results than the fixed albedo approach. 
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Figure 5: Comparison of the measured and simulated 

mean total solar irradiation on the south façade during 

Co-heating period. Team with blue bars used time-

varying albedos, cyan estimated a snow cover and 

switched the albedo accordingly and grey indicates the 

usage of a single fixed albedo. 

 

Conclusion 

The dataset created for this validation study was designed 

in a way to provide multiple interacting effects for the 

modellers. The downside of this highly realistic approach 

is that also many aspects of the modelling interact. That 

made it hard for the modelling teams and the evaluation 

team to correlate particular good or poor results to specific 

submodels.  

To gain additional information, the correlations between 

the discovered deviations in the measured data were 

calculated but the high correlations discovered were 

dominated by cross-correlations and did not allow the 

identification of specific causes of differences between 

measurements and predictions. This leads to the 

conclusion that a limit of complexity for an empirical 

validation dataset has been approached in the chosen 

experimental design. The dataset is perfectly usable to 

validate a software’s performance under complex, 

realistic boundaries. The identification of the reason of 

discovered deviations however is complicated. This was 

also mentioned by many of the modelling teams. A 

recommendation for future whole building empirical 

validation studies is that more incremental changes should 

be made between periods, to allow easier isolation of 

causes for differences between measurements and 

predictions. 

One of the main reasons for this was the high thermal 

exchange between connected zones. Since higher 

deviations were found at room level than for the entire 

building it is apparent that a lot of uncertainty is caused 

by inter-zonal effects. To be able to improve the 

modelling of such effects, important for advanced HVAC 

and control modelling, a future experimental setup should 

focus on room exchanges in a side-by-side experiment 

that minimises other heat flows. 

Another lesson learned from this validation’s setup is that 

modelling reports should as far as possible follow a 

detailed standard template to provide the information in a 

way as structured for analysis as possible. Of course, 

individual comments and remarks must also be 

encouraged. 

From the analysis conducted to date, it was determined 

that the two teams considering stratification caused by the 

heating systems are among those with the best results. 

Stratification is not commonly considered in simulation 

programs and more research on this is recommended. It 

also could be shown clearly that programs that are not 

capable of changing the albedo during the simulation have 

a significant disadvantage in whole year simulations since 

they cannot consider snow cover properly. The same is 

true for winter simulations in case an indicator for snow 

is available from the weather data. 

The measured dataset contains a significant amount of 

additional sensor data (e.g. inter-room multi-tracer gas 

measurements, surface and heat flux measurements) that 

can be used for deeper analysis by individual modelling 

teams.  
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