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Abstract 
Residential and public buildings account for about 40% of the annual energy 
use in Europe. Many buildings are in urgent need of renovation, and reductions 
in energy demand in the built environment are of high importance in both Eu-
rope and Sweden. Building energy simulation (BES) tools are often used to 
predict building performance. However, it can be a challenge to create a relia-
ble BES model that predicts the real building performance accurately. BES 
modelling is always associated with uncertainties, and modelling occupancy 
behaviour is a challenging task. 

This research presents a case study of a BES model of a school building 
from the 1960s in Gävle, Sweden, comprising an example of a validation strat-
egy and a study of energy use and potential energy-efficiency measures 
(EEMs). The results show that collection of input data based on evidence, step-
wise validation (for unoccupied and occupied cases), and the use of a back-
casting method (which predicts varying occupancy behaviour and airing) is an 
appropriate strategy to create a reliable BES model of the studied school build-
ing. Several field measurements and data logging in the building management 
system were executed, in order to collect input data and for validation of the 
predicted results. Through the stepwise validation, the building’s technical and 
thermal performance was validated during an unoccupied period. The back-
casting method demonstrates a strategy on how to predict the effect of the var-
ying occupancy behaviour and airing activities in the school building, based 
on comparisons of BES model predictions and field measurement data. After 
applying the backcasting method to the model, it was validated during an oc-
cupied period. The annual predicted specific energy use was 73 kWh/m2 for 
heating of the studied building. The distribution of heat losses indicates that 
the best potential EEMs are changing to efficient windows, additional insula-
tion of the external walls, improved envelope airtightness and new controls of 
the mechanical ventilation system. 

 
 

Keywords: building energy simulation, school building, field measurements, 
energy use, heat power demand, validation, occupancy behaviour, airing, en-
ergy-efficiency measures  



 

Sammanfattning 
Byggnadssektorn står för ungefär 40 % av den årliga energianvändningen i 
Europa. Många byggnader är i stort behov av renovering och en minskning av 
energibehovet inom den byggda miljön är av stor vikt i både Europa och Sve-
rige. För att undersöka byggnaders energianvändning används ofta simule-
ringsverktyg, men det kan vara utmanande att skapa pålitliga simuleringsmo-
deller som tillräckligt noggrant predikterar den verkliga byggnadens energian-
vändning. Simulering av byggnaders energianvändning är alltid förknippat 
med osäkerheter och att simulera människors beteendemönster är en stor ut-
maning.  

Den här forskningen innefattar en fallstudie med en simuleringsmodell av 
en skolbyggnad, byggd under 1960 talet och belägen i Gävle, inkluderat ett 
exempel på en valideringsstrategi och en studie av energianvändning och po-
tentiella energieffektiviseringsåtgärder i byggnaden. Resultaten visar att in-
samling av indata baserade på evidens, stegvis validering (obemannad och be-
mannad) och användande av en backcasting-metod (vilket predikterar varie-
rande brukarbeteende och vädring) är en lämplig strategi för att skapa en pålit-
lig energisimuleringsmodell för den studerade skolbyggnaden. Flertalet 
fältmätningar genomfördes och data loggades i systemet för fastighetsautomat-
ion, för att samla indata och för validering av de predikterade resultaten. Ge-
nom den stegvisa valideringen kunde byggnadens tekniska och termiska pre-
standa valideras för en obemannad period. Backcasting-metoden visar en stra-
tegi för hur man kan prediktera varierande brukarbeteende och vädringsaktivi-
teter i skolbyggnaden, baserat på jämförelser av modellens prediktioner och 
data från fältmätningar. När backcasting-metoden tillämpats i energisimule-
ringsmodellen, kunde modellen valideras för en bemannad period. Den årliga 
predikterade specifika energianvändningen för uppvärmningen är 73 kWh/m2. 
Fördelningen av värmeförluster i byggnaden indikerar att de bästa potentiella 
energieffektiviseringsåtgärderna är byte till fönster med bättre U-värde, till-
läggsisolering av ytterväggarna, bättre lufttäthet i byggnadsskalet och ny styr-
ning av det mekaniska ventilationssystemet. 
 
 
Nyckelord: byggnadssimulering, skolbyggnad, fältmätningar, energianvänd-
ning, värmeeffektbehov, validering, brukarbeteende, vädring, energieffektivi-
seringsåtgärder   
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1. Introduction 

1.1. Background 
The technical purpose of a building is to provide shelter from the outdoor cli-
mate, create a satisfying indoor environment in terms of balance of temperature 
(T), humidity, draft and light, and enable the activities for which the building 
is intended. Buildings can be divided into many subcategories. Housing is in 
the majority, and other categories of buildings can have social, industrial, busi-
ness, agricultural, or complementary functions. Public buildings are a category 
of buildings designed for a specific use and purpose: offices, schools, sports 
facilities and nursing homes are examples of buildings adapted to fit their spe-
cific purpose.  

Regardless of purpose, buildings have an extensive energy use and account 
for approximately 40% of the annual energy use and about 36% of the green-
house gas emissions in Europe and are an important sector for improvements 
to reach European Union (EU) goals [1]. In order to reduce energy use, EU-
wide targets have been set. The EU 2030 climate and energy framework for 
the period from 2021 to 2030 has key targets for 2030, which are at least 40% 
reduction in greenhouse gas emissions from 1990 levels, at least 32% share for 
renewable energy and at least 32.5% improvement in energy efficiency [2]. 
The national Swedish goals are to achieve zero net emissions of greenhouse 
gases by 2045, reach 100% renewable electricity production in 2040 and re-
duce energy use by 50% by 2045 compared to 2005 (expressed in terms of 
energy supplied relative to gross domestic product (GDP)) [3]. The European 
Parliament and Council have established legislative frameworks to reduce en-
ergy use and environmental impact in the European building sector, the Energy 
Efficiency Directive [4] and the Energy Performance of Buildings Directives 
[5,6]. To address these directives the EU member states must establish 
measures to improve their national building stock. 

Today, about 35% of the buildings in the EU are more than 50 years old 
and nearly 75% of the building stock is energy inefficient. However, only 1% 
of the building stock is renovated each year [1]. In Sweden, approximately 1.4 
million dwellings were erected 1961-1975, during the so-called ‘record years’, 
in which under the Million Homes Program (1965–1975) one million dwell-
ings were built [7]. Substantial parts of this building stock are now facing ma-
jor renovation requirements [3,7-9]. Moreover, the Swedish government, 
county councils and municipalities together own and manage about 90 million 
m2 of public buildings in Sweden and a large share of these buildings were 
erected before 1980 and are in need of renovation [9]. 

Within the public building category, schools, nursing homes and offices are 
the largest subcategories in Sweden [9]. According to the Swedish National 
Strategy [3], school buildings erected during the period 1950–1989 have a high 
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energy use and the majority are in urgent need of renovation. A Swedish na-
tional study from 2007 showed a high average specific energy use of 216 
kWh/m2 per year in Swedish school buildings and an estimated heated area for 
preschools, secondary schools and upper secondary schools of 22.3 million m2 
[10]. Hence, Swedish schools are an important category of public buildings in 
which reducing energy use is crucial. An investigation assigned by the Swedish 
Ministry of Infrastructure indicates a potential of up to 37% reduction of total 
specific energy use in schools, if improvements in energy efficiency measures 
resulting in at least 50% energy reduction are performed in renovations be-
tween 2016 to 2050 [3].  

When it is time to renovate a building, it is convenient to perform energy-
efficiency measures (EEMs), for example adding insulation to the external 
constructions (wall and roof), reducing air leakage, replacing lights and equip-
ment to ones using lower power, and exchanging ventilation system and win-
dows. In order to investigate the potential of EEMs in buildings, building en-
ergy simulation (BES) or building performance simulation software tools often 
have a vital role [11,12]. In BES tools, models of a designed or existing build-
ing can be created and the model can be used for both accurate performance 
predictions and to investigate likely scenarios of interventions, often aimed at 
reducing energy use and improving the indoor environment.  

Nevertheless, the BES model is only a model of the real building, and to 
predict a building’s real performance is a challenging task. There is often a 
substantial gap between the simulated values from the model and the real con-
ditions, which is known as the performance gap [12-15]. The performance gap 
is related to uncertainties connected to BES modelling, as discussed in the fol-
lowing papers [16-19]. Uncertainties can, for example, be connected to the 
modelling tool, to input data and assumptions made in the model or, if com-
pared to measured data, the uncertainties of measurement equipment or data 
resolution. Addressing these uncertainties is important to create a reliable BES 
model for building performance predictions.  

Among the uncertainties, occupant behaviour is identified as one of the 
main reasons for the gap between real and predicted values and a highlighted 
challenge in BES modelling [14,15,18,20-26]. The uncertainties connected to 
occupancy can concern, for example, the occupancy density and presence in a 
building, and to the occupancy behaviour-related loads, such as use of equip-
ment, light and presence-controlled ventilation. One aspect, which is difficult 
to predict in buildings, is airing activities (here defined as the air exchange 
between indoor and outdoor air, which occurs when occupants open windows 
or pass through entrance doors) and there is a growing interest in methods on 
how to model occupancy behaviour and window-opening behaviour [22-
24,27-29]. Airing activities can vary due to the building type, such as residen-
tial, offices and schools [30,31]. In Sweden, it is common to use the Swedish 
standard value of 4 kWh/m² per year to approximate the energy loss due to 
airing in residential and educational buildings [32]. However, the real energy 
loss due to airing is often unknown.  

It is important to validate the BES model to achieve predictions that are as 
reliable as possible. BES models can be validated according to ASHRAE 
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Guideline 14 [33], in which measured and predicted energy use are compared 
according to statistical acceptance criteria. Coakley et al. [17] point out that 
the process of creating an accurate BES model can many times be calibration 
through a non-transparent and ad hoc procedure, in which the modeller can 
tune and adjust the numerous input parameters in order to decrease the discrep-
ancies of predicted and measured values until the acceptance criteria is met 
[17]. Moreover, there is criticism that the ASHRAE Guideline 14 criteria only 
concern predicted energy use, and do not account for uncertainty or inaccura-
cies of input data or the simulated indoor environment of microclimate param-
eters, such as indoor temperatures [17,34]. One way to reduce uncertainties 
regarding input and validation data is by collecting evidence-based data. One 
example of evidence-based methodology is suggested by Raftery et al. [35], 
meaning that data with the highest possible source hierarchy should be col-
lected and used, where logged data from the building management system 
(BMS) and field measurements have higher source hierarchy compared to de-
fault values suggested by standards, guidelines, and design information.  

1.2. Motivation of the performed research 
There is an urgent need to renovate ageing inefficient public buildings in Swe-
den and Europe today. Prediction of energy use by BES can be helpful when 
mapping out which EEMs will have most impact and their consequences on 
indoor environment. However, earlier research highlights the problem of the 
performance gap, in which BES models often underestimate the predicted en-
ergy use compared to the real building energy use. Therefore, in order to main-
tain reliable BES model predictions it is essential to diminish uncertainties and 
systematize collection of input data to the model. One important uncertainty to 
address in BES modelling is associated to occupancy behaviour. The research 
presented in this thesis can provide an example of a validation strategy for a 
BES model of a secondary school building with complex occupancy behaviour 
and a case study for energy use and identification of potential EEMs. 

1.3. Aim and research questions 
The overall aim is to investigate the energy use and potential EEMs in a sec-
ondary school building located in Gävle, Sweden, by using a BES modelling 
tool. However, how to validate and how to model occupancy in this complex 
school building are identified challenges, and airing activities in particular 
were recognised as difficult to predict. The identified research questions (RQs) 
to explore these challenges are: 

  
1. How can a BES model be validated for a school building?  
2. How can a BES model be used to predict airing and varying occupancy 

behaviour for a school building?  
3. How can energy use and potential energy-efficiency measures for a school 

building be identified using a BES model? 
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1.4. Research methods 
The main research methods presented in this thesis are experimental field 
measurements on-site and numerical modelling investigation through BES in 
a case study (the secondary school). Several field measurement methods have 
been used: passive tracer gas to measure air leakage; energy loggers for meas-
uring heat power through hydronic radiators as well as electricity; ultrasonic 
flowmeter to measure domestic hot water circulation (DHWC) flow rate; data 
loggers to measure air temperature, relative humidity (RH) and CO2; IR-Ther-
mography to detect thermal bridges and air leakage; weather station to measure 
air temperature, solar radiation, wind speed and wind direction. Moreover, data 
were logged in the BMS. A model was created in the BES tool IDA ICE 4.8. 
and the field measurements and logged data were used as input and for valida-
tion of the predicted results.   

1.5. Research process 
Research results from two papers are included in this thesis. Both Paper I 

and Paper II are part of the same case study. Figure 1 shows an overview of 
the research process, and displays the connection to the RQs.  

 

 
Figure 1. An overview of the research process and the connection to the RQs. Blue 
boxes are derived from data collection and input data analysis whereas green boxes 
represent model development, result analysis and evaluation.  

The main steps connected to RQ1 were detailed data collection, creation of the 
BES model of the school building, and validation. Results from field measure-
ments in both Paper I and Paper II and logged data in Paper II were used when 
the BES model was created and validated. From Paper I, field measurements 
connected to the building’s air leakage was used as input data to the BES model 
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created as described in Paper II. In Paper II a detailed data collection was per-
formed, including a comprehensive collection and processing of a number of 
input and validation data. The data were collected by means of logging in the 
BMS, field measurements, observations and audits on-site, staff interviews and 
use of operation and construction documents, benchmark studies and best prac-
tice guides, standards, guidelines and design information. The BES model was 
created and validation of the model was performed during two separate vali-
dation steps, unoccupied and occupied validation respectively, within the 
scope of RQ1.  

RQ2 was a methodical part embraced in the scope of RQ1 and concerned 
how to model uncertainties pertaining to airing and varying occupancy behav-
iour by using BES model predictions and field measurement data. This resulted 
in the development of the backcasting method, which was included in the BES 
model, before validation of the model with occupants. Finally, the validated 
BES model was used to investigate energy use and to map potential EEMs by 
simulating the annual heating season and investigate the building’s heat bal-
ance, according to the scope of RQ3.  

1.6. Scope and limitations  
This research deals with a methodology that has been developed and tested in 
a case study. Though the methodology could be applied in a more general sense 
to other buildings in differing climates, the results from the case study are more 
limited to Swedish secondary schools. 

In this thesis an attempt has been made not only to identify but also to di-
minish uncertainties connected to input data through gathering and monitoring 
of field measurements and logged data. However, even though monitoring pro-
cedures have been extensive, there are still elements left with uncertainties. 
Field measurements in occupied buildings always have more uncertainties and 
limitations in terms of a lack of control of possible influencing aspects, com-
pared to measurements in a laboratory environment. For example, the exact 
number and presence of the occupants is not measured, but instead estimated 
based on interviews and logged information on ventilation damper positions. 
For measurements of tracer gas, temperature, CO2 and relative humidity the 
number of measurement points was limited to specific rooms and not every 
room in the whole building was measured. The measurements were also lim-
ited in terms of sampling interval, length of measurement periods and the ac-
curacy of the measurement equipment. The measurement periods presented in 
this case study are limited to one winter week for the unoccupied validation 
period and three winter months for the occupied validation period. Moreover, 
in the results of simulated energy, the analysis of energy use is limited to the 
building’s heat balance. 
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1.7. Summary of the appended papers  
Paper I 
The focus of this study was to assess the air flows in a secondary school build-
ing built in 1963 in Gävle, Sweden. The homogeneous tracer gas emission 
method with passive sampling was used to measure the average local mean age 
of air (τ) during different operation modes. Temperature, relative humidity and 
CO2 concentration were simultaneously measured. The low operation mode 
consisted of a holiday period, when the school was unoccupied and the me-
chanical ventilation units were shut off. The results during low operation mode 
show an average value of τ of approx. 8.51 h (corresponding to 0.12 air changes 
per hour, ACH), which was related to the air leakage in the school. Corridors, 
basement, attic spaces and entrances had lower τ compared to classrooms, of-
fices and other rooms. During mixed operation, consisting of regular school 
weeks that included both high and low operation modes, it was found that 
mainly the low operation modes were shown in the results. The dynamics of 
the highly varying air flows in the building during high operation could not be 
identified with the passive sampling technique. 
 
Paper II 
In this case study, the same secondary school building as in Paper I was inves-
tigated. The objectives of the study were to create a BES model, to validate it 
using field measurements, to investigate how to model airing and varying oc-
cupancy behaviour, and to assess the energy use to identify potential EEMs. 
The building performance was modelled in the BES tool IDA ICE version 4.8. 
Logging in the BMS and field measurements of energy, weather data and tem-
peratures were executed. The BES model was validated during both occupied 
and unoccupied periods by using field measurements, logged data and other 
evidence-based input. A backcasting method was developed to model heat 
losses due to airing and other varying occupancy behaviour, through regression 
analysis between daily heat power and outdoor temperature. By performing 
annual energy predictions potential EEMs were investigated.  
 

1.8. Co-authors’ statement  
 
Paper I 
The study was organised and planned by the author, Jessika Steen Englund, 
together with the supervisors Jan Akander and Bahram Moshfegh, based on an 
initial idea of Jan Akander. Mikael Björling prepared the tracer gas equipment 
and analysed the tracer gas sources content. The author, Jan Akander and Mi-
kael Björling performed the field measurements on-site. The author did most 
of the writing and all the figures and tables. The results in figures and tables 
were analysed and interpreted by the author, Jan Akander, Bahram Moshfegh 
and Mikael Björling. The text was reviewed and edited by the author, Jan 
Akander, Bahram Moshfegh and Mikael Björling.  
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Paper II 
The study was organised and planned by the author, Jessika Steen Englund, 
together with the supervisors Mathias Cehlin, Jan Akander and Bahram 
Moshfegh. The author performed the majority of the field measurements under 
supervision of Jan Akander. The author did all the BES modelling and most of 
the other calculations. The author did all the writing, figures and tables. The 
results in figures and tables were analysed and interpreted by the author, Ma-
thias Cehlin, Jan Akander, Bahram Moshfegh. The text was reviewed and ed-
ited by the author, Mathias Cehlin, Jan Akander, Bahram Moshfegh.  
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2. Case study description  

The investigated building is a secondary school building located in Gävle, 
Sweden. Figure 2 shows the school building. The entire school facility consists 
of six buildings, erected during 1961–63. The main building consists of about 
100 rooms, mainly classrooms, some offices, toilets, smaller storage areas and 
a cafeteria. The school building has four stories, including a basement and an 
attic, with a heated floor area of 4577 m². There were about 20 staff and 140 
pupils (ages 13–16) occupying the building during 2014–2015, when the field 
measurements presented in Paper I and II were executed.  

 

 
Figure 2. The school building; 97 m length, 18 m width and 9 m height above the 
ground.  

The building’s space and domestic hot water (DHW) heating supply is pro-
vided by the local district heating system. The space heating system consists 
of three hydronic radiator circuits. The ventilation system encompasses four 
air-handling units (AHUs) with constant air flowrate supply through mechan-
ical exhaust and supply system with rotary heat exchangers. Presence sensors 
and schemes control the largest AHU and the three smaller AHUs have sepa-
rate control schemes. Physical movement in the rooms with presence sensors 
will activate on/off constant air volume (CAV) ventilation system and lighting 
for half an hour based on on/off control. The school has no cooling devices or 
air conditioning systems.  

Construction drawings were available for external building segments such 
as walls, roof and floor. Material properties for front doors and windows were 
not available but could be inspected on-site. All the external wall construction 
types were implemented layer by layer in the construction component models 
within the BES model. The calculated areas and average U-values can be seen 
in Table 1. Additional information about the school building which is used as 
input data to the BES model can be found in Table 5, in Paper II.  
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Table 1. School building construction description. 

Building segment Area [m²] U-value [W/(m2·°C)] 

Roof 
 

1700 
 

0.15 
 

Walls above ground 
 

1579 
 

0.32(1) 
 

Walls below ground 
 

471 
 

0.50(1) 
 

Floor towards ground 
 

1700 
 

0.22(2) 
 

Windows 
 

465 
 

2.7 
 

Total 
 

5956 0.51 

(1) Average U-value of wall, consisting of different wall construction types. 
(2) Average U-value of floor construction towards ground and ground properties.  
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3. Methods 

The basic methods used in this study are field measurements, logged data in 
BMS and BES modelling.  

3.1. Field measurements and logged data  
In this section, an overview of the field measurements and logged data is pre-
sented. The logged data have been collected from the real estate BMS. In the 
school, one district heating substation supplies all six buildings with heat and 
there was no separate measuring of data for specific buildings. Measurement 
data could not be provided either regarding the allocation of the supplied heat 
to mechanical ventilation, the hydronic radiators or DHW. Therefore, field 
measurements were performed. The measurements were mainly performed in 
2014 and 2015.  

3.1.1. Overview of measurements  
In Table 2 an overview of the measurements is presented, including infor-
mation if the measurement was performed at the room or at the building level 
and if the data are used as input data, validation data, for calculations or other 
purposes, and including information on how the data is used. In Table 3 the 
same categories are presented for logged data in the BMS. 

Table 2. Overview of measurements. 

Measured 
Quantities 

Measured at level Use of data 

 Used in 
Paper I and II 

Used in 
Paper II 

Used in 
Paper I & II 

Room Building Model 
Input 

Model 
Validation 

Calculations 
or others 

Tracer gas  
concentration1 

X  X  X 

Room air T 
 

X  X X X 

Room CO2
2 & RH2 

 
X    X 

Heat power to  
hydronic radiators 

 X  X  

Electricity 
 

 X X   

Weather data3  
 

 X X   

DHWC flow rate  
 

 X X   

Surface  
temperatures4  

 X   X 

1 Data used to calculate the mean age of air and average mean air change rates for the 
entire building in Paper I, which is used as input data in BES model in Paper II. 2 Data 
used only in Paper I. 3 Measured data was outdoor air temperature, wind speed, wind 
direction, and global solar radiation onto a horizontal surface. 4 To identify thermal 
bridges and air leakage.  
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Table 3. Overview of building management system (BMS) logging. 
BMS Logging Logging at level Use of data 

 Used in 
Paper I and II 

Used in 
Paper II 

Used in 
Paper 
I & II 

Room Building Model 
Input 

Model 
Validation 

Calcula-
tions or 
other 

Damper positions1  
 

X  X  X 

Air T in AHU2  
 

 X X   

AHU efficiency3  
 

 X    

1 Data used to create schedules. 2 Data used as set point for supply temperatures in air-
handling units (AHU). 3 Data used to create a function of AHU efficiency through linear 
regression, see section 3.2.1 and Figure 3 in Paper II for more information. 

In Table 4, an overview of the measurement equipment and measurement ac-
curacy is presented. Input and validation data compiled from measurements 
and BMS logging can be seen in Table 5 in Paper II. 

Table 4. Overview of measurement equipment and accuracy. 
Measured  
Quantities 

Equipment Accuracy 

Tracer gas  
Concentration 

Passive sources 
and samplers  

Total uncertainty of ±20. See Paper I 
for more details. 
 

T and RH Mitec SatelLite-TH 
data logger 

±0.4°C of T  
±3% of RH [36] 
 

CO2, T and RH Rotronic CL11  
data logger 

±30 ppm or ±5% of CO2  
˂ 2.5% of RH (btw 10-90% RH)  
±0.3°C of T [37] 
 

Heat power to  
hydronic radiators 

TA Scope Premium 
energy logger 

Approx. ±5% of reading for flow (dif-
ferential pressure + valve deviation) 
˂ ±0.2°C of T [38] 
 

Electricity  Tinytag  
energy logger 

±2% of reading [39]. 
 
 

Weather station 
data 

Vantage Pro2 
D6152EU  
D6450 

±0.3°C of T  
±5% or 0.5 m/s of wind speed  
±3° of wind direction  
±5% of solar radiation [40] 
 

DHWC flow rate Ultrasonic flowmeter 
(Portaflow X)  

±1.5% of flow rate (btw 2 to 32 m/s)  
±0.03 m/s (btw 0 to 2 m/s) [41,42] 
 

Surface  
Temperatures 

FLIR ThermaCAM 
S60 

±2°C or ±2% of reading [43]. 
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3.1.2. Room level measurements   
Measurements at the room level are presented in this subchapter. Figure 3 
shows the location of the passive tracer gas sources and samplers, the temper-
ature, relative humidity, and CO2 loggers in first floor. Sampler numbers PM1 
to PM5 indicate different measurement periods. More information about the 
measurement procedure and set up can be found in Paper I and some infor-
mation is summarised below. Tracer gas measurements were performed both 
at the room level and in the building as a whole, while temperature, relative 
humidity and CO2 measurements were done in rooms categorised on basis of 
room function. 

 

 
Figure 3. Distribution of tracer sources, samplers and T, RH and CO2 devices in first 
floor.  

Air leakage 
In Paper I passive tracer gas measurements were executed in order to measure 
the air leakage through the building envelope and ventilation ducts, through 
infiltration and exfiltration. Within the homogenous emission technique, a 
tracer gas is emitted passively and homogenously at a constant rate from the 
sources, which are spread out within the entire building. The tracer gas is sim-
ultaneously sampled through diffusive passive sampling within small glass 
tubes during the measurement period. From the measured concentration of 
tracer gas in each sampler the local mean age of air was calculated.  

The local mean age of air is a measure of how old the air within a room is 
and thereby gives information about the air exchange in the room. Older age 
of air implies that there is less air exchange between room air and outdoor air. 
The inverse value of mean age of air is ACH. The homogenous emission tech-
nique works properly when the air exchange is rather constant in time. The 
technique does not work properly in buildings with high variations of air flows. 
This was discovered when this technique was used to measure the age of air in 
the school building during full operation and occupants present [44]. However, 
when the school was unoccupied and the AHUs shut off this measurement 
technique captures the air leakage in an appropriate way. Figure 4 shows a 
tracer gas sampler and a source.  
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Figure 4. Passive tracer gas sampler (to the left) and source (to the right). 

Results of local mean age of air and ACH for six categories of rooms (A – F), 
are presented in Table 5.  

Table 5. Measured age of air and ACH during low operation 

Measurement re-
sults during low  
operation 

Percentage 
of total 
building  
volume 
[%] 

No. of 
sam-
ples 

Min-Max 
average 

ACH 
[1/h] 

Mean 
average 

ACH 
[1/h] 

Min-Max 
average 

τ [h] 

Average 
τ [h] 

A Classrooms 41 16 0.17-
0.06 

0.08 6.09-
16.37 

 

12.58 

B Administration 
and teachers’  
offices, con- 
ference rooms 

10 3 0.11-
0.08 

0.09 8.96-
12.15 

10.77 

C Other rooms:  
Lunch room;  
library;  
cafeteria 

8 3 0.19-
0.08 

0.18 5.14-
5.85 

5.56 

D Corridors 17 7 0.42-
0.18 

0.24 2.55-
5.66 

 

4.16 

E Basement or at-
tic spaces 

18 3 0.29-
0.15 

0.21 3.41-
6.65 

 

4.87 

F Entrances 6 6 0.27-
0.23 

0.25 3.65-
4.44 

 

4.07 

 Whole building 100 38 0.06-
0.42 

0.12 2.55-
16.37 

 

8.51 

The measurements in Table 5 were performed during low operation mode. The 
low operation mode represents a two-week winter holiday period, when the 
school was unoccupied and the AHU systems shut off. The rooms are catego-
rised according to occupant use and ventilation strategy. The results show that 
the local mean age of air varies in different categories of rooms in the school 
building. Classrooms represent the largest volume share, about 41% of the total 
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building volume, and have the oldest mean age of air with the highest τ, ranging 
from 6.09 – 16.37 h. Classrooms, administrative and teachers’ offices, and 
other common rooms such as staff canteen, library and cafeteria, have up to 
three times higher τ values compared to the other room categories corridors, 
basement, attic spaces, and entrances. High air leakage in entrances, corridors 
and the basement during low operation can be connected to apertures in exter-
nal walls of the basement, leakage in the building envelope (especially leaky 
entrance doors), and leakage in ventilation dampers and ducts and through ro-
tary heat exchangers. The average value of air leakage ranged from 0.06 – 0.42 
ACH (corresponding τ are 2.55 –16.37 h) in the various zones. The average 
value of air leakage for the whole building was 0.12 ACH (τ is 8.51 h) and this 
value was used as input data for building infiltration within the BES model in 
Paper II. For more information about the passive tracer gas measurements, see 
Paper I. 

Room air temperature, relative humidity and CO2  
Temperature and relative humidity were measured with two types of data log-
gers, Mitec and Rotronic, see Figure 5 for picture of the data loggers and see 
Figure 3 for the distribution of devices in first floor. See Table 4 for more in-
formation about the data loggers. The indoor temperature was measured in 22 
rooms in the building consisting of over 100 rooms, aimed at measuring in all 
categories of rooms such as classrooms, offices, attic space, basement, etc. 
Temperature measurements were used both in Paper I and Paper II, in Paper I 
to calculate the local mean age of air and in Paper II as input data, as tempera-
ture set point, and as validation data at room level in the BES model. 
 

    
Figure 5. Mitec SatelLite-TH data logger (to the left) and Rotronic CL11 (to the right). 

3.1.3. Building level measurements  
Measurements at the building level are presented in this subchapter. 

Heat power to hydronic radiators 
TA Scope premium balancing instruments were used to measure heat power to 
the three hydronic radiator systems in the school building. The energy loggers 
measure differential pressure, flow and temperature, and heat power and en-
ergy is calculated. The measurements of heat power to the hydronic radiators 
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are used in the validation strategy in Paper II, both when validating the unoc-
cupied and occupied building and for the elaboration of the method of how to 
handle airing and varying occupancy behaviour. Measurements with the TA 
Scope instrument in one of the hydronic circuits can be seen in Figure 6. See 
Table 4 for more information about the energy logger.  

 

       
Figure 6. TA Scope premium balancing instrument measuring heat power in one of the 
hydronic circuits in the school.  

Electricity 
The electricity was measured in order to separate the studied building’s elec-
tricity use from the rest of the other school buildings. The electrical baseload, 
running pumps and other non-occupancy dependent loads were measured dur-
ing the unoccupied winter week period, when no occupants were present and 
all the AHUs were shut off. Figure 7 shows one of the Tinytag Energy loggers 
used. The electrical baseload, together with lighting information, was used as 
input data in the BES model. By studying the electricity measurements for oc-
cupied periods, the utilisation patterns during different school weeks could be 
recognised. Three school weeks with an average utilisation pattern, with no 
obvious divergent pattern, were identified. During these three weeks logged 
data of damper positions in room ventilation inlets were used to compile utili-
sation schedules for the present sensor controlled zones, see Figure 14. 

 

 
Figure 7. Tinytag Energy logger 
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Weather data 
A weather data station was located on the school building roof. Temperature, 
wind direction, wind speed and solar radiation from this unit were used to gen-
erate a weather file to the model for annual simulation, 2014–2015. The 
weather station only measured global radiation onto a horizontal surface, while 
IDA ICE needs diffuse and direct normal radiation onto a normal plane. Thus, 
complementary data to the weather file was generated by using national mete-
orological weather station data, which were obtained from a station located 
about 7 km from the studied building and utilised solar radiation data through 
STRÅNG and the mesoscale analysis system called MESAN [45]. 

Domestic hot water circulation losses 
Energy loss due to DHWC is often unknown in many buildings. Within this 
research, the DHWC losses was calculated based on ultrasonic flowmeters 
(Portaflow X) measurements and temperature measurements. The calculated 
DHWC losses was used as input data to the BES model. A sensitivity analysis 
was performed in order to investigate how the variations in the amount of lost 
heat from the DHWC, which contributes to heat up the school building, affects 
validation of the unoccupied building. Measurements of the DHWC flow rate 
with the ultrasonic flowmeter can be seen in Figure 8. See Table 4 for more 
information about the device.  

 

    
Figure 8. Ultrasonic flowmeter (Portaflow X) which was used to measure the DHWC 
flow rate in the school building.   

Detection of thermal bridges and air leakage 
By measuring surface temperatures through infrared (IR)-Thermography, ther-
mal bridges and air leakage can be detected and visualised. IR-Thermography  
was performed on-site in March 2015 at an outdoor temperature of 2 ºC. The 
IR-Thermographic photos confirmed extensive heat losses by transmission and 
air leakage through partly uninsulated hot water pipes and through the building 
envelope construction, especially through the basement walls. A picture of the 
IR-camera used can be seen in Figure 9.  

The partly uninsulated hot water pipes were detected in one of the basement 
rooms. A large open air outlet was also detected in the external basement wall 
close to the partly uninsulated hot water pipes. Figure 10 shows an IR-Ther-
mographic image of the hot water pipes and the air outlet from inside the school 
building. High heat losses through radiation from the pipes could be identified 
by the light yellow colour and close to the roof heat losses through air leakage 
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through the air outlet can be seen as a dark purple rectangle. These findings 
resulted in the decision to include extra heating units, ideal heaters, in the base-
ment of the BES model to simulate the heat supplied by these pipes, which was 
not captured by the measurements of heat power to the hydronic radiator sys-
tem. The hot water pipes supplied hot water to heat hydronic radiators and heat 
exchangers of DHW in the other five buildings. The average measured indoor 
temperature in this basement room was 24.4 ºC during the winter holiday pe-
riod. This was just a few meters away from the uninsulated pipes and was the 
highest measured indoor temperature in the whole building.  

 
Figure 9. FLIR ThermaCAM S60 [46]. 

Figure 11 shows an IR-Thermographic image of the outside basement wall. 
The light yellow rectangular indicates heat losses by air leakage through the 
air outlet. The total air leakage through the whole school building was captured 
in the tracer gas measurements. Transmission losses through the whole base-
ment wall above ground are also identified by the yellow colour. In Figure 12 
an IR-Thermographic image of a larger part of the building envelope can be 
seen. Some heat loss could be detected in the intersection between the wall and 
roof segment and connected to the windows. Extensive heat loss through the 
basement walls above ground can be seen as yellow colour. It is not possible 
to quantify the heat losses through IR-Thermography but it can help to detect 
thermal bridges and air leakage through the building construction.  
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Figure 10. IR-Thermographic image inside a basement room.  

   
Figure 11. IR-Thermographic image of the basement wall taken outside.  

   
Figure 12. IR-Thermographic image of the school building.  

3.1.4. Logged data in the building management system   
In Table 3 an overview of the logged data is displayed. From the logged tem-
peratures in AHU the mean values have been used as set points for supply 
temperatures in the AHU component models, see Paper II, Table 5 for input 
values. The logged efficiency for the rotary heat exchanger in the AHU was 
used to compile a linear correlation through regression, used as efficiency input 
data in the AHU component models, see section 3.2.1. and Figure 3 in Paper 
II for more information. 

For the classrooms equipped with presence sensors, lighting started and 
ventilation damper automatically opened when the sensors were triggered. The 
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ventilation damper positions were logged and the data was used to generate 
schedules for the occupancy, occupancy behaviour-dependent loads and the 
damper-controlled ventilation. After analysing one year of measured electric-
ity three weeks were selected, which showed an average and typical pattern of 
electricity use. These weeks were assumed to represent a mean value of a nor-
mal school week operation. A generalised schedule for each weekday was 
compiled and included for the utilisation of these classrooms. In Figure 13, the 
compiled schedule for utilisation of classrooms during Wednesdays can be 
seen. 

 

 
Figure 13. Classroom schedules for Wednesdays, based on damper positions. The 
value 1 means that all the dampers are fully open and 0 fully closed.  

3.2 BES model description 
BES tools are widely used to predict energy and indoor climate in buildings 
[11,12]. One commonly used simulation tool is IDA Indoor Climate and En-
ergy (IDA ICE) which has been validated and certified through empirical, ide-
alised, analytical and peer model validation in recent decades [47-51]. Within 
the research presented in this thesis IDA ICE 4.8 is used for simulations and 
mapping of the energy use in the school building. In Figure 14 the school build-
ing and the BES model can be seen. 
 

 
Figure 14. The school building (right), 97 m length, 18 m width and 9 m height above 
the ground and the BES model (left), including shading objects.  

A BES model of the current school building was created based on information 
from construction documents. The school has approximately 100 rooms which 
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were modelled as 35 zones. The zoning strategy was done similar to the zone-
typing approach by Raftery et al. [35], which includes four major criteria: func-
tion of the space, spatial location to the exterior, available measurements (in-
cluding information about internal loads) and conditioning methods (e.g. ven-
tilation strategy and set points). When rooms were merged into zones addi-
tional internal mass was included in the zones to compensate for internal walls.  

Input data about the construction, heating and mechanical ventilation sys-
tems and internal loads (occupancy, lighting and equipment) was collected in 
various ways: field measurements, logging in BMS, observations and audits 
on-site, staff interviews, operation documents (e.g. BMS documentation, man-
datory ventilation inspection protocols and operation and maintenance manu-
als), standards and guidelines, and design information. Input data regarding air 
leakage through construction was measured, as described in ‘Air leakage’, sec-
tion 3.1.2. Four AHUs were included in the model. Information about the siz-
ing and control of the three hydronic radiator systems in the school building 
was mapped and included in the BES model.  

The zone schedules were created depending on zone type, functional use 
and data from BMS. The intention was to generate general but realistic utilisa-
tion schemes of a regular school week operation. For classrooms with presence 
sensors, schedules for the occupancy, occupancy behaviour-dependent loads 
and mechanical ventilation were created based on ventilation damper positions 
in order to reflect the real occupancy behaviour, as described in 3.1.4. In total, 
eight schedules were created. 

It was shown that the temperature set points in some of the basement zones 
could not be reached by the installed power of hydronic radiators alone. 
Through the IR-Thermographic images and temperature measurements, de-
scribed in ‘Room air temperature, relative humidity and CO2’, section  3.1.2, 
and in ‘Detection of thermal bridges and air leakage’, section 3.1.3, extensive 
heat losses through uninsulated hot water pipes in some basement rooms of the 
building were detected. The strategy was to capture these heat losses in the 
model by including heating units, ideal heaters, with a maximum power of 10 
kW in the two basement zones where the majority of the partly uninsulated 
pipes were located. In this way, the basement room temperatures in the model 
matched the measured temperatures, and the heat losses could be sized in an 
appropriate way.  

During the unoccupied operation, no occupants were present in the school 
building and the AHUs were shut off. No lights were on except for corridors. 
A baseload of electric equipment was included, based on electricity field meas-
urements during this period. Additional information about the input data and 
validation data to the BES model can be found in Table 5, in Paper II.  

Uncertainties regarding BES modelling have in this research been ad-
dressed in several ways. The BES tool used, IDA ICE, is a validated tool [47-
51]. In order to reduce uncertainties regarding input and validation data to the 
model, the aim was to collect data with the highest possible source hierarchy, 
similar to the evidence-based strategy described by Raftery et al. [35]. The data 
is categorised in the following source hierarchy, where (1) and (2) have the 
highest evidence base and can be considered to be the most reliable data: (1) 
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logged data from BMS; (2) field measurements; (3) direct observations and 
audits; (4) staff interviews; (5) operation documents; (6) construction docu-
ments; (7) benchmark studies and best practice guides; (8) standards, specifi-
cations and guidelines, and design information. Effort has been made to collect 
field measurement data and logged data in BMS and the categorisation of input 
data is specified in Table 5, Paper II. Moreover, through the stepwise validation 
the uncertainties regarding the model’s technical input data was further re-
duced. However, even if schedules for internal loads were created based on 
logged data, there are still uncertainties connected to the complex utilisation of 
the school building. Therefore, uncertainties regarding varying occupancy be-
haviour, especially airing, have been revealed through the development of the 
backcasting method, see section 4.2. 
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4. Results and discussions 

Section 4.1 describes an overview of the validation strategy and results con-
nected to RQ1 are presented. Section 4.2 presents results connected to RQ2 
and section 4.3 describes results associated to RQ3.  

4.1. RQ1 - How can a BES model be validated for a school 
building? 
In section 4.1.1 the overall validation strategy and methodology is described. 
In section 4.1.2 the methodology of the stepwise validation is described and in 
4.1.3 and 4.1.4 the stepwise validation is applied to the case study.  

4.1.1. Overall validation strategy and methodology 
The overall validation strategy and the methodology can be seen in Figure 15. 
 

 
Figure 15. Overview of the validation strategy and the elaborated methodology. Purple 
boxes are method steps, result analysis and evaluation. Blue boxes are derived from 
data collection and input data analysis and yellow boxes represent model development. 

The five main steps in the overall methodology were: steps (1), (2) and (4) 
which are connected to RQ1; step (3) which is connected to RQ2; and step (5) 
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which is connected to RQ3. A stepwise validation was applied, where the val-
idation was divided into two steps, occupied and unoccupied periods. 

The first step (1), displayed in Figure 15, was to collect evidence-based 
input and validation data and to construct the initial BES model. See section 
3.1. for more information about field measurements and logged data. See sec-
tion 3.2 for more information about the BES model, input data and the evi-
dence-based methodology. Altogether the collected data provided a good basis 
of information about the building construction, heating and mechanical venti-
lation control strategies and utilisation of the school building. The field meas-
urements and logged data reduce the uncertainties and facilitate the creation of 
a reliable BES model. This is essential because of the complex utilisation of 
the school building, concerning presence-controlled lighting and mechanical 
ventilation. One strength of the study was that air leakage was measured, see 
Paper I, which is often unknown in buildings and can represent a large share 
of the heat loss.  

The second step (2), displayed in Figure 15, was to validate the unoccupied 
model, in order to ensure that thermal performance, heating control and tech-
nical characteristics were correctly modelled. This validation was made at the 
room level and at the building level.  

The third step (3), displayed in Figure 15, was to predict airing and varying 
occupancy behaviour by using the BES model and measured data. The fourth 
step (4) was to validate the occupied model at the building level. In the fifth 
(5) and final step a heating season simulation was performed, using typical 
weather data for the city of Gävle, in order to investigate energy use and po-
tential EEMs. A weather file with typical weather data for the city of Gävle, 
compiled between 1981 to 2010 by the Sveby organisation [52], was applied 
during the heating season simulations. 

The use of evidence-based input and validation data, stepwise validation, 
and the elaborated backcasting method of airing and varying occupancy be-
haviour together demonstrate how a BES model can be validated for a school 
building. 

4.1.2. Stepwise validation - unoccupied and occupied BES model 
The validation strategy adopted in this research was stepwise validation, di-
vided into two steps: validation of the unoccupied building and validation of 
the occupied building. ASHRAE Guideline 14 has set acceptance criteria for 
discrepancies between measured and simulated data[33]. The normalised mean 
bias error (NMBE) should not be higher than ±10% and coefficient of variation 
of root mean square error (CVRMSE) should not be higher than 30%, using 
hourly data. The NMBE and CVRMSE criteria was used in the validation of 
unoccupied and occupied BES model. A local weather file was created from 
combined measurement data, from the local weather station on the school 
building’s roof, and data from a national meteorological weather station in 
Gävle, see ‘Weather data’ in section 3.1.3. This weather file was used in vali-
dation simulations and when predicting airing and varying occupancy behav-
iour.  
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Validation of the unoccupied BES model 
The aim with this validation step was to validate the building’s thermal perfor-
mance, without interference by the occupants and occupant behaviour-depend-
ent loads. This meant that the school building needed to be empty from occu-
pants during the validation period. By reducing the occupants’ influence, e.g. 
the body heat from occupants, and their utilisation of lighting, equipment, air-
ing and activating the mechanical ventilation flow, it was possible to study and 
validate the building’s technical characteristics, thermal properties and heating 
control.  

In this validation, measured data were compared to numerical predictions. 
Two sets of measurement data and simulated data were compiled for the unoc-
cupied validation: (1) indoor temperature data for room level validation; and 
(2) heat power to the hydronic radiators for building level validation. The 
rooms selected for the room level validation were selected in order to validate 
three different types of rooms, which were situated at different cardinal direc-
tions, had different functional use and were located on different floors. At the 
room level validation, standard deviation of measured and simulated indoor 
temperature was calculated.  

At the building level, validation of the unoccupied model, measurements 
and simulations of the heat to the hydronic radiator system were compared by 
15-minute mean value resolution, which displayed the control of the heating 
system in a detailed way. Moreover, at the building level validation, hourly 
NMBE and CVRMSE of measured and simulated heat was calculated. This 
validation method captures the thermal performance of the building in a more 
reliable way compared to validation with monthly purchased merged heat to 
hydronic radiators, mechanical ventilation and DHW. Sensitivity analysis was 
performed on a parameter that was identified as unreliable. 

Validation of the occupied BES model 
The aim with this validation step was to validate the occupied BES model. 
During this validation, the school building was occupied and in normal opera-
tion, which includes both regular working days, weekends and holiday periods. 
The occupied validation was performed at the building level, by comparing 
measured and simulated heat supplied to the hydronic radiator system. Hourly 
mean energy to the hydronic radiators was compared and NMBE and 
CVRMSE were calculated over the period.  

4.1.3. Validation of the unoccupied school building BES model 
The validation period for the unoccupied validation was one winter holiday 
week from midnight on 29 December 2014 to midnight on 5 January 2015. 
During this time period, the school building was fully heated but no occupants 
were present, since it was a holiday and all AHUs were intentionally shut off. 
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Building level 
Figure 16 illustrates measured and simulated heating power demand from the 
school building’s hydronic radiators. The two-minute measurements and sim-
ulation results are presented with a 15-minute resolution and displays an over-
view of the heating system control. The overall trend of the simulated vs. meas-
ured heat power to the hydronic radiators was well captured. Since there were 
no occupants present, the AHUs were shut off, and it was heating season, the 
correlation between measured and simulated power indicates that the input 
data related to the building construction and heating control system is correctly 
modelled. A parallel shift in modelled heat power might, for example, indicate 
wrong U-values, too high internal load settings or an incorrect modelling of 
heat from hot water pipes. 

 
Figure 16. Measured (blue line) and simulated (red line) energy to the hydronic radiators 
and outdoor temperature (green line) during the unoccupied validation period. 

In Figure 16 it can be seen that the modelled heat shows a less fluctuating 
pattern compared to the measured heat load. This is probably due to a combi-
nation of the non-smooth control of the hydronic valves in the district heating 
substation, the inertia in the operation of the radiator thermostats and the inertia 
in the hydronic radiator system caused by the length of the piping. The IDA 
ICE component models do not capture rapid fluctuations in the heating system 
since dynamics in the distribution system are not readily available in the com-
ponent model library. For further analysis of the measured and simulated heat 
power curves and their differences, see section 4.1.1 in Paper II.  

A sensitivity analysis was performed on the share of the DHWC losses as-
sumed to heat the school building, which varied between 50%, 75% and 100%. 
The analysis showed that none of the assumed share of DHWC losses had a 
critical effect on the validation result, see section 4.1.1 in Paper II for more 
information.  

The hourly NMBE was calculated to 3.3% and hourly CVRMSE to 14.2% 
over the unoccupied validation period. Thereby, the ASHRAE Guideline 14 
criteria, of ±10% and 30% respectively, are achieved with a large margin. In 
the statistical analysis, the outliers, seen as peaks in measured values during 
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nights in Figure 16, have been excluded. The real school building heating sys-
tem is causing these peaks, an overshoot of heat that occurs every night when 
the supply temperature increases by 5°C. For more information about the heat-
ing system control curve, see section 3.2.1 and Figure 4 in Paper II. This over-
shoot of heat is not modelled in the IDA ICE heating component model. In the 
statistical calculations, one hour of data is removed every occasion when this 
temperature increase takes place. In total 5 of 168 hourly values were removed.  

Room level 
The second step in the process of validating the unoccupied BES model was to 
investigate if the measured and simulated results at room level show good 
agreement.  

 
Figure 17. The actual rooms in the first floor plan 

 

 

Figure 18. Top picture shows the zoning in the first floor in the BES model, including the 
validation zone staff lunchroom (a). Bottom picture shows the zoning in the second 
floor, including the validation zones teachers’ office (b) and classroom (c). 

Three rooms were chosen for room level validation: a classroom; a teachers’ 
office, where several teachers share an office; and the staff lunchroom. Figure 
17 illustrates the room division in the first floor plan in the real school building. 
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Figure 18 shows the model zoning of the first and second floor and visual-
ises the location of the validation zones: (a) staff lunchroom; (b) teachers’ of-
fice; and (c) classroom. Figure 19 shows indoor temperatures in the three se-
lected validation rooms during the unoccupied validation period. Correlation 
(mean value and standard deviation) between simulated and measured temper-
atures at room level, together with the validation on building level, indicate 
that the input data of building construction properties, such as U-values and air 
leakage, are correctly estimated and that control curve of the heating system is 
fairly modelled.  

 
(a)                                                             (b) 

 
  (c)                                          (d) 

Figure 19. Measured (blue line) and simulated (red line) indoor temperatures in the 
three validation rooms, staff lunchroom (a), teachers’ office (b) and classroom (c) during 
the unoccupied validation period and location of the validation zones at school building 
floor plans (d)  

In the real school building, three different radiator circuits supply the radiators 
with heat. These three radiator circuits have supply temperatures varying a 
couple of degrees. In the BES model there is only one radiator circuit modelled 
and the supply temperature is weighted based on the real school building’s 
temperatures. This might be one explanation for the larger difference in meas-
ured and simulated temperature in the classroom. In reality, the classroom ra-
diators might be supplied with heat from a radiator circuit with a higher supply 
temperature than the weighted supply temperature in the BES model, which 
might cause a somewhat larger disparity between measured and simulated 
room temperatures, see section 4.1.2 in Paper II for more discussion.  

4.1.4. Validation of the occupied school building BES model 
In this validation period, the measured and simulated energy supplied to the 
hydronic radiators was compared during a three-month period (77 days), 24 
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hours each day, in the period from midnight on 12 January to midnight on 5 
April 2015. Before the validation of the occupied school building BES model, 
a separate study of airing and varying occupancy behaviour was performed and 
a backcasting method was developed and integrated in the model, see section 
4.2.  

Hourly mean values of energy were derived from two-minute and ten-mi-
nute measurement data. When comparing the monthly differences between 
measured and simulated energy to the radiators 5.5% difference for January 
month is shown, 10.6% for February and 9.7% for March/April. For the entire 
validation period the hourly NMBE was calculated to 9.0% and the hourly 
CVRMSE to 28.8%. The outliers in the measurements, caused by the over-
shoot of heat during night control, were excluded in the statistical calculations 
in the same way as for the unoccupied validation period. In total, 54 values 
were removed from the total values of 1,847. The larger differences between 
measured and simulated values during occupied validation, compared to the 
unoccupied validation, can partly be explained by the use of generalised sched-
ules for the internal loads and ventilation flow rate and the nature of the back-
casting method, as discussed more in detail in section 4.2.   

4.2. RQ2 - How can a BES model be used to predict airing and 
varying occupancy behaviour for a school building? 
The real airing activities, and the energy-related losses, can vary considerably 
from building to building. Moreover, occupancy and occupancy behaviour-de-
pendent loads are often difficult to predict and measure and constitute as a large 
uncertainty in BES modelling.  

4.2.1. Modelling airing and varying occupancy behaviour 
To use the BES model to predict airing and varying occupancy behaviour, the 
baseline was to compile a BES model consistent with evidence-based input 
and validation data, with mainly high source hierarchy, and which was vali-
dated during unoccupied operation. Data were compiled during the time frame 
of office hours during working days, when the occupants are assumed to be 
present in the school building, and the airing activities are expected to occur. 
The differences between the occupant’s scheduled behaviour in the model and 
the occupant’s real behaviour in the school building are also mostly assumed 
to occur during this time frame. 

The difference between simulated and measured mean heat power to the 
hydronic radiators was calculated and presented as daily mean power and plot-
ted against daily mean outdoor temperature. Linear regression was applied, and 
the resulting linear correlation of the difference between measured and simu-
lated heat can be assumed to predict mainly airing activities, and other varying 
occupancy behaviour. This linear correlation is referred to as the backcasting 
method. The linear correlation was added as a heat loss in the BES model, as 
an additional component model in supervisory control. This heat loss was used 
in both validation of the occupied school building model and when performing 
an annual simulation with typical weather data [52].  
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4.2.2. Modelling airing and varying occupancy behaviour in the 
school building case 
This section describes how the BES model was used to predict airing and var-
ying occupancy behaviour in the school building. Figure 20 consists of data 
from 46 working days, daily mean values from 8 a.m. to 5 p.m., in the period 
from 12 January to 27 March 2015. In Figure 20, daily mean heat power to the 
radiators, measured (Pmeasured) and simulated (Psimulated) power, and the differ-
ence between these (Pdifference), were plotted against daily mean outdoor tem-
peratures, and linear regression was applied.  

 
Figure 20. Mean power difference between measured and modelled heat power to hy-
dronic radiators as a function of outdoor temperature, daily mean values. 

The linear correlation, which refers to the linear regression of the power dif-
ference (Pdifference) in Figure 20, shows a mean power heat loss of 11.46 kW and 
an additional outdoor temperature correlation of -0.41 kW/°C for the school 
building. The linear correlation was added as an extra heat loss in the BES 
model, and was activated between 8 a.m. to 5 p.m. all working days over the 
year. This correlation curve indicates higher losses during colder outdoor tem-
peratures, compared to warmer outdoor temperatures. The outdoor tempera-
tures between January and March can be assumed to vary in roughly the same 
way as outdoor temperatures during autumn. This motivates why the linear 
correlation can be used to describe the mean power differences due to airing 
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during the entire heating season in Sweden, generalised to be from 15 Septem-
ber to 15 May.  

The backcasting method can be seen as a type of model calibration, in which 
heat losses due to airing and other varying occupancy behaviour are predicted 
and reintroduced to the model as the linear correlation. After the model was 
validated during occupied operation, the linear correlation predicts the annual 
heat loss due to airing and varying occupancy behaviour. This backcasting 
method might be valuable to apply when it is not possible to predict the airing 
and the occupancy behaviour in detail. This prediction has a stronger evidence 
base than the Swedish standard value of heat losses due to airing, which other-
wise should have been used describing energy loss due to airing in this case 
study.  

4.3 RQ3 - How can energy use and potential energy-
efficient measures for a school building be identified using 
a BES model?  

The final goal with the BES model was to map the current energy use and 
investigate potential EEMs. After the BES model was validated, the identifi-
cation of EEMs was carried out. This was done by simulating the heating sea-
son, which in central Sweden typically ranges from the middle of September 
to the middle of May, and study the building’s heat balance. In the heat balance 
the largest heat losses were identified and separated into different posts. The 
existing U-values were compared to the Swedish Building Code U-values. 
Large heat losses and high U-values indicate where there is potential to reduce 
the building’s energy use by implementing EEMs. A weather file with typical 
weather data for the city of Gävle, compiled from 1981 to 2010 by the Sveby 
organisation [52], was applied during the heating season simulations.  

4.3.1. Simulated heat to the hydronic radiators 
Figure 21 shows the simulated heat to the hydronic radiators and to the ideal 
heaters. The sizing of hydronic radiators and ideal heaters (which represents 
hot water pipe losses), is described in section 3.2. The hydronic radiators de-
livered about 230 MWh of heat and the hot water pipe losses supplied about 
27 MWh of heat during the heating season from 1 September to 31 May.  
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Figure 21. Monthly simulated heat through hydronic radiators and hot water pipe losses.  

4.3.2. Predicted building heat balance  
The predicted annual supplied heat in the school building was 545 MWh. The 
supplied heat represents district heating, insolation and internal gains. Figure 
22 shows the predicted heat balance per month for the school building. The 
district heating includes heat to the hydronic radiators, the mechanical ventila-
tion system and the DHW system, including DHWC. The internal gains in-
clude heat from occupants, equipment and lighting. The simulation results 
show that 332 MWh per year, and 73 kWh/m2 per year, of purchased district 
heating is supplied to the building. The heat supplied to the radiator system 
was 50 kWh/m2 per year, the hot water pipe losses 6 kWh/m2 per year, the 
heating of DHW and DHWC 8 kWh/m2 per year, and the heating of the air to 
the mechanical ventilation system requires 8 kWh/m2 per year. 
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Figure 22. Monthly heat balance of the school building, predicted during heating sea-
son, from 1 September to 31 May, using typical year weather data. 

‘Heat losses from DHWC’ in Figure 22 and Figure 23 represents the percent-
age of heat losses from the DHWC, which does not contribute to heating the 
building. This heat loss is assumed to be 25% of the simulated DHWC heat 
losses, which is based on a sensitivity analysis, see last text section in ‘Building 
level’ in section 4.1.3. ‘Heat losses from DHWC’ should not be mixed with 
the hot water pipe losses, which are simulated as ideal heaters, and described 
in section 4.3.1. 

Heat losses through airing and varying utilisation are simulated by the linear 
correlation, as described in section 3.4 and 4.2. The heat losses due to airing 
and other varying utilisation patterns were simulated to a value of 3.1 kWh/m2 
per year. The standard value, commonly used in Sweden for airing losses in 
residential and educational buildings, is 4 kWh/m2 per year [32]. The simulated 
heat losses due to airing in the studied school is thereby somewhat lower than 
the standard Swedish value.   
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The annual simulated heat losses are presented more in detail in Figure 23. 
These losses indicate potential EEMs. The envelope transmissions, represent-
ing 62% of the lost heat from the building in Figure 22, are divided into the 
following building segments: windows, walls, thermal bridges, floor, and roof 
in Figure 23. The largest annual heat losses are window transmission losses, 
representing 27% of the total heat loss from the building. The losses through 
air leakage are 16%, the mechanical ventilation system losses are 16%, and the 
wall transmission losses (excluding thermal bridges) are 15%. Heat losses 
through thermal bridges are 9%. A reason for the relatively low value for ther-
mal bridges (normally about 20%) is that several wall partitions have addi-
tional external thermal insulation. The floor and roof transmissions are 5–6%. 
Airing and varying utilisation are about 3%, heat losses from the DHWC is 
about 2% and DHW about 1% of the total amount of lost heat.  

 
Figure 23. Annual distribution of the predicted heat losses.   

4.3.3. Potential energy-efficiency measures  
There is potential for several EEMs, such as insulating walls or replacing win-
dows with lower U-values, in order to reduce heat loss. Furthermore, a more 
airtight building construction can be achieved when the building exterior is 
renovated, which will decrease the heat loss due to air leakage. The Swedish 
passive house certification, established by the Swedish Forum of Energy Effi-
cient Building (FEBY), sets a criterion of a maximal air leakage of 0.3 l/(s∙m2) 
through the enclosing building envelope area, where a pressure difference of 
50 Pa is acceptable [53]. An annual simulation showed that if this criterion, 
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i.e., an airtightness of 0.3 l/(s∙m2) at 50 Pa, is applied on the model, this results 
in a reduction of about 72% of the air leakage losses, compared to the simulated 
air leakage losses due to the current input data, infiltration of 0.12 ACH.  

Another large heat loss is through the mechanical ventilation system, which 
corresponds to almost 16% of the total amount of supplied heat, see Figure 23. 
Possible EEMs might be to regulate the air flows and minimise the specific fan 
power. The present mechanical ventilation system ventilating the classrooms 
is an on/off CAV system controlled by presence sensors. The design air flow 
in the classrooms varies between 3.3 and 4.6 l/s and m2, however, the number 
of occupants in the classrooms can vary significantly. With only a few occu-
pants in a room, the high air flow of 19 °C supply air can cause a cooling effect 
in the room, which can create an unpleasant thermal comfort for the occupants 
and lead to unnecessary high heat loss. A more appropriate ventilation control 
strategy in this school can therefore be a variable air volume system, controlled 
by CO2 and temperature levels. This will reduce the risk of unnecessary air 
flows and thereby reduce the heat losses and possible dissatisfaction among 
occupants.  
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5. Conclusion

The methodologies used in this case study were developed in the preconditions 
of a complex school building in Sweden. However, the methods can entirely 
or partly be generalised and applied in other BES model case studies.  

The first RQ was: How can a BES model be validated for a school building? 
It can be concluded that the use of evidence-based input data, the majority 

with high source hierarchy, detailed field measurements and logging in BMS, 
and stepwise validation (unoccupied and occupied, including unoccupied val-
idation at the building level and at the room level) is a suitable strategy for 
validation of the studied school building. The ASHRAE Guideline 14 ac-
ceptance criteria for validation of maximum hourly discrepancy (not higher 
than ±10% NMBE and not higher than 30% CVRMSE) were met for both the 
unoccupied and the occupied model. The choice of including a separate vali-
dation of the unoccupied building reduces the risk of including inaccurate oc-
cupancy behaviour input data in the BES model at an early stage. The valida-
tion of the unoccupied building, the BES model’s input data connected to tech-
nical characteristics, thermal properties and heating control could be validated. 
To include temperature comparisons at room level gave a more complete val-
idation of the model than to only validate based on energy comparisons.  

The second RQ was: How can a BES model be used to predict airing and 
varying occupancy behaviour for a school building? 

The validation of the unoccupied BES model, the access to evidence-based 
data, especially the energy field measurements and logged data of ventilation 
damper were found to be well-suited preconditions to predict airing and vary-
ing occupancy behaviour. This was done by analysis of measured and simu-
lated heat power to the hydronic radiators during office hours, when the school 
was occupied, referred to as the backcasting method in this thesis. The differ-
ence between simulated and measured daily mean heat power was plotted 
against the outdoor temperature, and regression analysis was applied to create 
a linear correlation. The linear correlation was included in the BES model, and 
activated during both the occupied validation and during annual simulations of 
the heating season. After including the linear correlation, the occupied model 
could be successfully validated. The linear correlation describes the average 
heat loss due to varying occupancy behaviour, most likely airing activities. The 
predicted annual specific heat loss due to airing and varying occupancy behav-
iour was 3.2 kWh/m2 per year for the studied school building.  

As highlighted in previous research, occupancy behaviour is an important 
source of uncertainty in BES modelling and one important reason for the so-
called performance gap. This compiled backcasting method is an example of 
how uncertainties connected to varying occupancy behaviour and airing can be 
addressed for a public building with a complex utilisation.  

The third RQ was: How can energy use and potential energy-efficiency 
measures for a school building be identified using a BES model? 

The developed BES model was used to simulate the Swedish heating sea-
son, middle of September to middle of May, and the building’s heat balance 
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was analysed. The identified specific energy use was simulated to 73 kWh/m2 
per year of purchased district heating, for a heating season with typical weather 
data. The largest annual heat losses are window transmission losses represent-
ing 27% of the total amount of lost heat from the building. Air leakage and 
mechanical ventilation heat losses represent about 16% each and external wall 
transmission losses about 24% (including thermal bridges). These losses indi-
cate the major potential for EEMs. Thereby potential EEMs are changing win-
dows with better U-value, additional insulation of the external walls, improv-
ing the airtightness of the building construction and changing the control strat-
egy of the ventilation system.  
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6. Future work

In future research, potential renovation measures can be further analysed by 
life cycle cost optimisation of the EEMs, which will introduce the importance 
of economic aspects to the renovation strategy. The indoor environment before 
and after the renovation is another important aspect, which is intended to be 
investigated. Moreover, the research can be extended to include renovation of 
several school buildings and the renovation strategies’ effect at local energy 
system level might be investigated.  

Regarding the backcasting method, this method can be developed and in-
vestigated further by, for example: nonlinear regression; clustering analysis 
(see example in Li et al. [54]); sensitivity analysis on the number of measure-
ment points; and application in additional BES model cases.  
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