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A B S T R A C T   

The study addressed the improvement of building energy performance along with a good thermal 
comfort and indoor air quality (IAQ) in newly built Finnish daycare and school buildings. Indoor 
Environmental Quality (IEQ), calculated and actual energy performance, investment and life 
cycle cost (LCC) were monitored. Ventilation airflow rates, temperature, and CO2 were measured 
onsite in five daycare and school buildings during summer and winter, and an occupant ques-
tionnaire survey was conducted in parallel with onsite measurements. Energy performance was 
evaluated based on an energy performance certificate (EPC) and actual metered consumption to 
figure out possible performance gaps. Simulations were conducted to calibrate models and 
analyse improvements in ventilation system operation, which showed energy-saving potential 
while ensuring good thermal comfort and IAQ. The thermal comfort and IEQ of all buildings were 
excellent and were in line with the results of the questionaries survey except in ‘School 3’, which 
had specific odour and noise problems. The measured energy use of all buildings except ‘School 3’ 
was increased by a factor of 2.1–2.6 compared to the EPC value, caused by poor control of a 
ventilation system and the presence of some non-regulated uses such as hot kitchens, washing 
machines, and dryers. LCC considerably depended on actual energy use stressing the importance 
of accurate energy prediction. It was shown that the reduction of energy use by a factor of 1.9–3.1 
is possible without compromising indoor climate by adjustment of correct operation hours, 
improving ventilation system control, and limiting excessive outdoor airflows in some cases.   

1. Introduction 

Educational buildings account for a large share of energy consumption, ranking fourth in the United States [1] and the third most 
energy-consuming building sector in the United Kingdom [2]. High energy consumption leads to high life-cycle costs and high CO2 
gases emission. However, energy costs and CO2 emissions in UK schools can be reduced by about 44 million pounds and 625000 tonnes 
annually, respectively [3]. In some European studies, the energy consumption of buildings located in harsh climates was found to be 
higher than buildings located in pleasant climates. The average energy consumption was 95 kWh/m2a for 320 Greek school buildings 
[4], 93 kWh/m2a for 68 Luxembourgian school buildings [5], 192 kWh/m2a for 24 Slovenian school buildings [6], and 214 kWh/m2a 
for 74 Finnish school buildings [7]. Many studies have discussed the energy consumption trend in recent decades, especially for 
educational buildings [7–11]. Heating and electricity consumption of six Finnish school buildings from different decades were 
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compared [9]. The study found that electricity consumption was similar in the buildings studied, while significant variations were 
found in district heating demand, reflecting the state of energy efficiency and automation systems [9]. In a similar context, the energy 
consumption of 167 daycare centres, schools and universities buildings in the municipality of Espoo in southern Finland was studied 
and a decreasing trend in heating demand was found depending on the age of the buildings [7]. However, an increasing trend in 
electricity consumption was found, which encouraged a closer look at the planning and operation phases [7]. Similarly, Sekki et al. 
recorded the energy consumption, occupancy rate, and building occupancy hours of 80 daycare centres and 74 school buildings in the 
Espoo municipality built between 1950 and 2010 [11]. The study examined the significant impact of building occupancy hours and 
occupancy density on total heating and electricity consumption [11]. However, the actual energy consumption of NZEB in the edu-
cation sector has not yet been studied. 

In addition to high energy consumption, indoor thermal comfort and air quality must also be considered in educational buildings, 
as people of different age groups spend long periods of time there and engage in various activities. Many scientific studies have found 
an increasing trend in energy consumption and improved indoor environmental quality [12–15]. Thermal sensation and its associated 
effects on energy consumption were analyzed in a two-story French school building [14]. The results showed that indoor thermal 
comfort was improved by increasing the indoor temperature by 1 ◦C, which resulted in a 12% increase in energy consumption [14]. 
Wang et al. studied the thermal comfort of a classroom and the energy consumption of a passive school building. The indoor tem-
perature setpoint, pre-ventilation, optimal HVAC control, solar shading, and heat recovery efficiency had a remarkable impact on 
indoor thermal conditions and energy savings [15]. The energy efficiency and IEQ of new and renovated Romanian school buildings 
were studied using on-site measurements and survey reports [12]. While these buildings were highly energy-efficient, those had poor 
indoor air quality and did not provide adequate thermal comfort in winter [12]. Due to such drawbacks, the impact of indoor climate 
parameters on student health and learning performance was assessed based on indoor temperature, CO2, relative humidity, and in-
dividual performance, attendance, and health data from 70 school buildings [13]. Results showed correlations between thermal 
comfort and IAQ with individual productivity and health and emphasized the importance of not compromising indoor climate while 
improving energy efficiency [13]. 

Another growing problem is the difference between energy demand predicted in the planning phase and energy use measured on- 
site. Occupant density, occupancy profiles, and behaviour have been cited as major factors that significantly affect building energy 
consumption [16]. De Wilde and Menezes et al. therefore proposed the introduction of Post Occupancy Evaluation (POE) to improve 
building operations, which could minimise the gap [17,18]. These POE from users could help create a more realistic design and 
minimise the energy gap [19]. However, the lack of realistic predictability of occupant behaviour could lead to erroneous estimation of 
internal heat gains from occupancy, lighting, and appliances [20]. Regarding the impact of occupant density, Niu et al. developed a 
virtual reality (VR) approach to pre-occupancy assessment that integrates occupants’ practical information into energy use [21]. This 
VR approach provides many design alternatives and guides occupants to behave in the most energy-efficient way [21]. In a similar 
context, energy efficiency measures for occupied and unoccupied periods were evaluated prior to a major renovation of a secondary 
school building [22]. The results, simulated with on-site measured data and calibrated models, showed good agreement with space 
heating measurements [22]. In addition, Fedrouk et al. and Salehi et al. pointed out the discrepancies in the operational fit of an on-site 
HVAC system compared to the design documents, which caused a large gap between the estimated and on-site measured consumption 
[23,24]. HVAC systems were documented as the most energy-efficient measures along with air leakage improvements and exterior 
wall insulation, window replacement, and potential controls [22]. 

The energy performance gap is usually studied at the annual resolution since monthly, weekly, or daily resolutions are often not 
available. For annual building energy simulation, ASHRAE recommends an improved calibration model based on monthly utility data 
[25]. Good agreement was found between measured and simulated thermal energy demand on an annual basis. However, a large 
discrepancy in energy use was proclaimed based on hourly and half-day analyzes [25]. In a similar context, Samuelson et al. discussed 
the effective parameters of model calibration to minimise the gaps between predicted and measured energy consumption [26]. For 
example, accounting for realistic HVAC schedules, lighting and plug loads, unregulated loads, infiltration, occupant profiles, and 
actual weather profiles could quickly reduce these gaps [26]. Figueiredo et al. proposed a hybrid evolutionary algorithm for dynamic 
building simulation to reduce the gap between monitored and simulated data [27]. The integration of a proposed algorithm into 
dynamic building simulation increased the accuracy and reliability of the calibration process [27]. 

These previous studies have highlighted the importance of the energy efficiency potential of educational buildings without 
compromising IAQ. More realistic predictions of energy performance at the design stage could help to achieve energy-saving goals for 
newly built buildings as well as present building stock during the renovation phase. The existing buildings not older than 10–15 years 
have limited opportunities to improve the building envelope insulation. Therefore, improving HVAC controls, replacing some system 
components, and introducing new energy sources can be considered more feasible solutions. 

As the growing concern of availability of energy sources and price, NZEB is currently applied both in major renovation and new 
buildings. The actual energy use of NZEB and energy performance gaps compared to the predicted ones are not sufficiently addressed 
in the previous studies. In highly energy-efficient NZEBs thermal comfort and IAQ may easily deteriorate if not properly designed, 
constructed, and commissioned, which requires additional attention. This study aimed to evaluate the IEQ in six daycare centres and 
school buildings based on questionaries’ survey and onsite measured indoor and ventilation parameters. Another important objective 
was to evaluate possible energy performance gaps between predicted consumption according to the EPC and metered energy data. 
Energy simulations were performed to identify and diagnose the causes of these gaps. In the analyses, considerable additional im-
provements were found and demonstrated with simulations of the operation principles and controls of an energy-efficient ventilation 
system. Finally, the impact of epidemic situations on energy consumption was simulated so that the ventilation systems were operated 
at full speed and for extended periods of operation. 
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2. Method 

This study evaluated the indoor environment and energy performance of newly constructed NZEB schools and daycare centres. The 
analyses were based on field-measured data, actual building design documents, questionnaire surveys and simulation tasks. The 
method trails the following framework. 

Monitored energy consumption was recorded for energy performance evaluation, for which detailed building and system design 
documents were collected in cooperation with local municipalities. A questionnaire survey of occupants was conducted to assess 
potential indoor climate issues. Indoor and outdoor temperatures, CO2 concentrations, and indoor/outdoor pressure differences were 
measured on-site during summer and winter periods. Afterward, the building model was calibrated in line with onsite measured energy 
data and the possibilities of improvement of building energy efficiency and the effect of an epidemic situation on energy demand were 
analyzed. Energy improvement measures analyzed with energy simulations were selected so that these could be reasonably imple-
mented in newly built buildings. 

All buildings complied with the Finnish national building code [28], but also met the new building code [29], which introduces 
NZEB requirements. In addition to NZEB limits for primary energy, the Building Code includes requirements for building thermal 
transmittance, airtightness, and standard usage values for lighting and appliances, load and usage profiles, ventilation rates, etc. for 
building types including educational institutions. 

2.1. Studied building details 

The measured educational buildings are newly built, comprising three schools and three daycare centres. The oldest building was 
built in 2014 and the most recent in 2018. All buildings were owned by the local municipals, so their usages and operational strategies 
were nearly close to identical. These six buildings represent well new NZEB educational buildings in Finland. All buildings except 
‘School Building 3′ are wooden buildings and are made of wooden frames and elements. These five educational buildings have similar 
exterior walls of wood frame construction, exterior floors of wood frame construction, and roofs of wood trusses. The heat transfer 
coefficient (U-value) of the exterior walls is 0.15–0.17 W/(m2K). In addition, the value of the roofs and external floors corresponds to 
0.08–0.09 W/(m2K) and 0.10–0.16 W/(m2K), respectively. All buildings have triple-glazed windows and the ‘U-values’ range from 
0.84 to 1.0 W/(m2K). 

School building 3′ had different construction materials and was built from prefabricated concrete frames and elements. The heat 
transfer coefficients of exterior walls, roofs, and exterior floors correspond to 0.10, 0.06, and 0.12 W/(m2K), respectively, well beyond 
the minimum requirements of the Finnish national building code [30]. The general views of educational buildings are shown in Fig. 1. 

Of the six existing buildings, three daycare centres are located in the city of Kouvola, while the other three school buildings are 
located in Espoo, Finland. All buildings are located in Finnish climate zones I and II, where the annual average temperature is 5.3 and 
4.6 ◦C, respectively. The estimated heating degree days (HDD) for zones I and II are 3878 and 4392 ◦Cd, respectively. The annual 
operating hours are 3120 and 2080 for daycare centres and school buildings, respectively. 

Primary energy is calculated from delivered energy and primary energy factors (PEF), as shown in Equation (1). All buildings had 
an energy performance certificate (EPC) based on simulated primary energy consumption calculated from delivered energy and na-
tional primary energy factors (PEF). Specific energy consumption is defined based on the net heated floor area, excluding exterior 
walls. The PEFs for district heat, fossil fuels, and electricity are 0.5, 1.0, and 1.2, respectively [31]. 

PE = Del.heat  *  PEFHeat + Del.elec.  *  PEFelec. (1) 

Fig. 1. General views of educational buildings (DC – Daycare, Sch. - School).  
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Where, PE is a primary energy (kWh/m2a), Del.heat is a delivered heat (kWh/m2a), Del.elec. is a delivered electricity (kWh/m2a), PEFHeat 
is a primary energy factor for delivered heat (dimensionless) and PEFelec. Is a primary energy factor for delivered electricity 
(dimensionless). 

The energy efficiency class for educational buildings follows the Finnish Building Code (NBCF 1048/2017a, 2017). A detailed 
description of educational buildings can be found in Table 1. The energy class of each building is based on the primary energy 
consumption. 

2.2. Technical solutions 

All buildings had a mechanical supply and exhaust air ventilation system with heat recovery with multiple air handling units. Three 
daycare centres and one school building had CO2 and temperature-controlled Demand-Controlled Ventilation (DCV), and the other 
two school buildings were equipped with a Constant Air Volume (CAV) system. This DCV system operates at two frequencies, i.e. full 
speed and partial speed. Nominal airflow rates vary from 1.8 to 3.6 L/(s.m2), and efficient heat recovery units are available. Supply air 
heating, floor heating and room units (radiators with thermostatic valves, ceiling panels) were used for space heating, as exemplified in 
Fig. 2. The available heat sources for space heating and Domestic Hot Water (DHW) are Gas Boiler (GB), Ground Source Heat Pump 
(GSHP), and District Heating (DH). Supply air cooling and room unit (ceiling panel) remove heat from the space in late spring and 
summer. Air Source Heat Pump (ASHP), GSHP, and chiller are common cooling energy sources. The details of the technical solution of 
studied buildings are given in Table 2. 

2.3. Onsite measurements and questionnaire for residents 

A questionnaire survey evaluated the perceived thermal comfort, IAQ, occupant satisfaction level over illuminance, and acoustic 
condition. According to the standard EN 16798-1, subjective questionnaires should include occupants’ assessment of thermal 
sensation, perceived temperature, perceived air quality, and perceived odour intensity. Fixed time intervals can be used to evaluate the 
indoor environment, and the results of the subjective questionnaires can be presented as averages and/or distributions (EN 16798-1, 
2019). Following EN 16798-1, six questions were asked about perceived thermal comfort, indoor air quality, odour intensity, illu-
minance, acoustics, and general indoor conditions. Perceived thermal comfort was categorised as warm, slightly warm, neutral, 
slightly cool, cool, and cold. Similarly, odour intensity was divided into six categories: no odour, weak odour, moderate odour, pungent 
odour, powerful odour, and overpowering odour. The illuminance and acoustics were scaled: acceptable, just acceptable, just unac-
ceptable, clearly unacceptable. The survey was conducted separately in winter and summer. The staff members (mainly teachers) of 
studied buildings were requested to participate in the survey. Responses from 10 to 20 (on average of 14 people) staff members were 
received from all buildings. The most critical spaces, where participants frequently found poor indoor conditions, were identified 
through additional comments from participants. 

Onsite measurements of indoor temperature, CO2 concentration, relative humidity, airflow rate and corresponding supply tem-
perature had taken in at least three rooms of each building. These measurements were taken in the southern room to account for 
overheating problems during the summer months. The measurement period was at least four weeks, both in winter and summer. The 
ThermaData logger was also used to measure temperature and relative humidity. The logger has a high accuracy of ±0.5 ○C (−10 … 85 
○C). The Rotronic CL100 measures CO2 concentration, temperature and relative humidity. Rotronic CL100 can measure with an ac-
curacy of ±0.3 ◦C of temperature, +3% (10 … 95%) of RH, +30 ppm of CO2. The measurement data are stored in 10-min intervals 
during the measurement periods. The pressure differences on the external walls, ventilation air flows and supply temperatures were 
measured by SWEMA 3000md with an accuracy of +0.3% of the pressure (Pa) and +0.5 ◦C of the temperature. SWEMA 3000md stored 
the data based on an average of 60s measured value. 

All buildings were relatively new, and construction costs were collected from local municipalities. Heating and electricity con-
sumptions were recorded for a full year to categorise energy class and life cycle costs. 

2.4. Model calibration 

In this study, simulation models were created in IDA Indoor Climate and Energy that followed the same building data and had 
similar energy consumption (on-site energy bills were available). The goal was to explain the excessive energy consumption and to 
show the additional improvement at the system level and possible energy saving margins, if possible. To this end, energy consumption 
data from a daycare centre and a school building were analyzed and simulation models were created. Data was collected from monthly 

Table 1 
Detailed information of educational buildings.  

Building code DC 1 DC 2 DC 3 Sch. 1 Sch. 2 Sch. 3 

Building type Daycare Daycare Daycare Elementary school Elementary school Elementary school 
Net floor area, m2 1170 1192 1265 2830 2912 6908 
Gross floor area, m2 1262 1271 – 3078 3050 7395 
Construction year 2015 2014 – 2017 2017 2016 
EPC C B A B B A 
Design outdoor temperature, ○C −26 −26 −26 −26 −26 −26 
HDD, ○Cd 4392 4392 4392 3878 3878 3878 
Operation hours, hour 7:00–19:00 7:00–19:00 7:00–19:00 8:00–16:00 8:00–16:00 8:00–16:00 
Hours/year, hour 3120 3120 3120 2080 2080 2080  
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and annual energy bills. Basic information such as floor plan, AHU details, room layout to AHUs, flow rate and supply temperature, 
possible AHU control, indoor setpoints, and operating schedules were also collected from the design documents and building auto-
mation system. Two building models were developed in a dynamic simulation programme, and input data were collected from the 
architectural, HVAC, and electrical documents. The values for the thermal transmittance of the exterior walls, roof, ground floor, 
doors, and windows met the minimum values of 0.17, 0.09, 0.16, 1.0, and 1.0 W/m2K, respectively. The energy bills were available for 
2018 and local weather data were collected from local weather stations for 2018 (Finnish meteorological institute). The detailed input 
data for model calibration are shown in Annex 1 and the operational input data is the same as the real situation. Other input data were 
kept as same as those collected from building documentation such as structural drawings, ventilation drawings, and building auto-
mation systems. 

The IDA Indoor Climate and Energy (IDA ICE) 4.8.2 was used for conducting a whole year energy simulation for both building 
models. IDA ICE was jointly developed by the Royal Institute of Technology and the Swedish Institute of Applied Mathematics [32] and 
validated [33]. IDA ICE enables energy and indoor climate simulation for the whole building and is suitable for simulating complex 
buildings with multiple zones and variable time steps [33]. IDA ICE simulation tool is widely used in Scandinavian countries and 
Europe for comparing of energy performance estimates [34,35], comparison of energy performance in different climates [36], 

Fig. 2. General diagram of a typical HVAC system (TC-temperature controller, TE-temperature sensor, ME-humidity sensor, VE-occupancy sensor, XE-CO2 sensor, Pd- 
pressure control sensor, UFH-underfloor heating). 

Table 2 
Detailed information of HVAC systems.  

Building code DC 1 DC 2 DC 3 Sch. 1 Sch. 2 Sch. 3 

Heat source Gas Boiler GSHP GSHP GSHP District 
heating 

District heating 

Heating system Radiator UFH UFH Ceiling 
panel 

UFH UFH 

Heating set point, ○C 21 21 21 21 21 21 
Cooling source – – GSHP GSHP Chiller – 
Cooling system – – Central AHU Ceiling 

panel 
Central AHU – 

Cooling set point, ○C – – 25 25 25 – 
Ventilation system DCV 

Two steps (40 or 
100%) 

DCV 
Two steps (25–40 or 
100%) 

DCV (40 or 
100%) 

CAV CAV DCV 
Two steps (50 or 
100%) 

Airflow rate (nominal), l/(s. 
m2) 

2.5 3.1 1.8 3.2 3.6 3.2 

Ventilation heat recovery, 
% 

67 75.6 80 73 77 71 

SFP, kW/(m3/s) 1.85 1.9 1.8 1.8 1.8 1.8 
Onsite energy generation – – PV panel – PV panel PV panel  
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performance evaluation of HVAC systems [37–39], indoor thermal modelling [40]. 
The energy analyses suggested some additional improvements to the ventilation unit that could help to achieve the NZEB 

benchmark. Also, the operation principle of a ventilation system during the pandemic using additional required actions at a system 
level and corresponding energy consumption are discussed. 

3. Results 

3.1. Assessment of indoor thermal condition and indoor air quality 

The assessment of indoor thermal conditions and indoor air quality was performed in accordance with the standard EN 16798-1 
(EN 16798-1, 2019). Category I refers to the best category and is suitable for unique spaces occupied mainly by young children 
and sensitive people. Category II is considered a normal condition for indoor environment quality and is recommended for new and 
renovated buildings. Category III is considered a minimum requirement for existing buildings. On the other hand, Category IV is 
considered the worst indoor environment quality and is acceptable only for a short period of time. The category values for indoor 
climate quality can be found in Annex 2. In the following figure (Fig. 3a), only the hours that are above the upper limit of each category 
during the cooling season are shown. In addition, Fig. 3a shows the hours below the lower limit of each category during the heating 
season. For example, the temperature range in the Category III during the cooling season is 24.5 + 2.5 ◦C, which means that if the 
temperature is less than 22 ◦C or more than 27 ◦C, it is in the Category IV. In this study, only the upper limit of each category during a 
cooling season was considered, so if the temperature is above 27 ◦C, it is counted in Category IV. 

Based on the measured data during the heating and cooling season, all buildings except Sch. 2 were in Category I and II for at least 
95% of the occupancy hours (Fig. 3a). School Building 2 (Sch. 2) had 13% of occupancy hours in the III category during the heating 
season. A detailed investigation revealed that the rooms were overheated during the heating period, with temperatures ranging from 
24 to 25 ◦C. In addition, all buildings had excellent CO2 levels, indicating a well-functioning ventilation system in the buildings 
(Fig. 3b). AHUs in these buildings were not equipped with a mixing box and operated with 100% of fresh air that together with a high 
airflow rate and well-functioning ventilation unit contributes to good indoor air quality. In DC 3 there was no assessment of indoor 
thermal condition, indoor air quality and questionnaire survey as it was not intended at the beginning of the project objectives. The 
objectives were expanded in the next phase where the mentioned tasks were not accomplished due to some limitations of a study time 
frame. 

All buildings are equipped with either radiator, underfloor, or ceiling panel space heating system. Supply air heating in AHU was 
used as a secondary heat source. Thus, additional fan control according to indoor CO2 as well as introducing the mixing box could limit 
the fresh air, which could decrease the heating energy in an AHU unit. The additional heat demand could compensate by the primary 
heat source. All buildings are located in Finnish climate zones I and II, where the annual average temperature is 5.3 and 4.6 ◦C, 
respectively. So, limiting fresh air flow (minimum airflow to keep acceptable IAQ) could improve energy efficiency without negative 
effects on thermal comfort and indoor air quality. 

3.2. Occupant questionnaire survey 

A questionnaire survey was conducted about the indoor environment quality (IEQ), and responses were collected from staff of two 
daycare centres and three school buildings, as shown in Fig. 4. A satisfaction rate of over 80% was considered a good satisfaction level 
about IEQ, referring to the common percentage of dissatisfied value of 20% used for indoor air quality and draft rate default criteria in 
European and international standards [41]. Overall satisfaction with the indoor environment was at least 80%, except in School 
Building 3 (Sch. 3). Acoustics (Sch. 1 and 3) and illuminance (Sch. 1) were rated poor due to a noisy environment and glare issues, 
which ultimately affected the overall indoor climate. 

The satisfaction rate of the thermal environment was found only 50% during the cooling season (Sch. 2). This perception was 
compared to one month of on-site measured data during the cooling season. This showed that 62% of occupied hours were below 22 ◦C, 
19% of hours were between 22 and 23 ◦C, and 6% of hours when indoor temperatures were greater than 23 ◦C but less than 23.5 ◦C. 
Only 13% of the measured occupied hours were between 23.5 and 25.5 ◦C. The possible reasons could be poor control of a ventilation 
system, supply temperatures not controlled according to return temperatures, i.e., the cooling coil could follow a specific schedule or 

Fig. 3. (a) Thermal condition and (b) indoor air quality reports during the heating and cooling seasons. (H - Heating season, C - Cooling season, DC - Daycare, 
Sch.- School). 
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the default temperature after the cooling coil. 
The worst satisfaction scores were for School Building 3 (Sch. 3) due to noise problems, specific odours from the carpets, inadequate 

lighting even though it is adjustable, glare problems, and overcrowded small classrooms, and odours from the ventilation systems. As 
the cooling period is very short in these buildings being closed in the summer, it was not conducted a questionnaire in DC1, DC2, and 
Sch.3 during the cooling season. 

3.3. Energy use 

Energy Performance Certificate (EPC) were collected for all buildings, which showed delivered heat, electricity, primary energy, 
and EPC energy class. Actual energy consumption data from the energy bills were analyzed for all buildings and showed significant 
differences compared to the energy consumption reported in the EPC. In Finland, the EPC also includes energy consumption of ap-
pliances and lighting. Measured energy consumption was higher by a factor of 2.1–2.6 for all buildings except School Building 3 (Sch. 
3). Two daycare centres had remarkably high energy consumption, which was mainly due to 24/7 operation of a ventilation system, 
hot kitchens, and no heat recovery units in the kitchens’ AHU according to the design documents. Studies have shown that ventilation 
heat losses of 80–90% in the cold climate could be recovered by a heat recovery system [42,43]. In addition, School Buildings 1 and 2 
were constructed in 2017 and ventilation systems were operating 24/7 to remove material emissions from the new buildings. In these 
buildings, the balancing of the ventilation ducts was not done well, which was found in the building automation system. Only School 
Building 3 (Sch. 3) had nearly similar measured and calculated energy consumption. The delivered heat and electricity of Cal. (final 
energy of heat and electricity according to EPC) and Mes. (final energy of heat and electricity according to the energy calculations) are 
compared in Fig. 5a. In addition, the primary energy of Cal. (according to EPC) and Mes. (estimated from energy calculations and PEF) 
are shown in Fig. 5b. 

The minimum primary energy requirement (PE) for an educational building and a daycare centre was 170 kWh/m2a under the old 
building regulation [28], which was reduced to 100 kWh/m2a in the NZEB (NBCF 1048/2017a, 2017). According to the Finnish 
regulation (NBCF 1048/2017a, 2017), the PEF for district heating, gas boilers, and electricity is 0.5, 1.0, and 1.2, respectively. There 
are six energy classes for educational buildings and daycare centres (Annex 3). According to Finnish building codes, all buildings 
except DC1 (Class B) were classified as Class A (NBCF 1048/2017a, 2017). Due to significant performance gaps in five buildings, 
energy simulations were performed in Section 3.5 to analyse possible reasons for the high energy consumption. 

3.4. Investment and life cycle cost 

Cost data were collected to analyse energy-related construction costs and LCC costs. The average construction cost was 2634 €/GTA 
(gross total area) VAT excluded, which was 13% higher than the average construction cost for Finnish daycare centres. The cost of 
HVAC systems and heat sources ranged from 205 to 291 €/GTA, which is about 10% of the construction cost. The high cost of DC3 is 
mainly due to irregular floor plans, expensive finishing materials, large covered terraces, aluminium windows, and glazed interior 
walls. The capital cost of a geothermal heat pump also increased the overall cost, although only the cost of the HVAC system was visible 

Fig. 4. Survey results of occupant satisfaction rate about different indoor parameters of educational buildings. The numbers of surveyed people are mentioned in the 
parentheses of an x-axis. 

Fig. 5. Energy use of educational buildings a) delivered energy (DE) and b) primary energy (PE).  
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in the cost calculations. DC2 had a longer construction period, a steel pile foundation, better insulation, and additional costs for a 
geothermal heat pump, which increased the total cost compared to DC1. Sch. 1 and Sch. 2 were wood frame buildings. Sch. 3 had 
higher construction costs due to the highly insulated building envelopes made of concrete elements. However, the construction costs of 
Sch. 1 were higher due to the longer construction time and installation of GSHP. The investment costs and operating costs of all 
buildings are shown in Fig. 6. 

Life cycle costs (LCC) were calculated using the net present value method for 20 and 30 years; NPV inputs were given in Ref. [44] 
LCC were estimated based on delivered energy according to EPC and energy bill data. Annual maintenance costs were assumed to be 
the same for both 20 and 30 years to have an equal basis for comparison. DC2 had the lowest LCC because it had a GSHP and 
better-insulated elements. Sch. 3 had the lowest LCC of all the schools because the building envelope was highly insulated and had a 
demand-controlled ventilation system. These features significantly reduced energy consumption, which was ultimately reflected in the 
LCC. It can be seen that the LCC based on calculated energy consumption results in a different order than the LCC based on operational 
energy consumption, which shows the importance of proper energy forecasting for decision making. 

3.5. Energy performance improvement possibilities 

All necessary information was collected from the design documents to create well-calibrated models in IDA ICE. The goal was to 
show possible improvements in energy efficiency by adapting ventilation systems and, in some cases, by replacing a heat source. The 
operation of a ventilation system in accordance with REHVA recommendations [45] during a pandemic is also discussed in this section. 

3.5.1. Improvement of energy performance of daycare 1 
The Daycare 1 (DC1) model was calibrated and the resulting monthly energy comparison is shown in Fig. 7a. ‘H’ and ‘E’ refer to 

heating and electricity use, respectively. In Finland, educational buildings are usually closed during the summer months. However, 
some daycare centres are giving limited service; that was the case in DC1 where energy use remained considerable during the summer 
months, and hot water consumption was the reason for heating demand during the summer months. Heating demand increased during 
the winter months with the exception of December because operating days were limited. Electricity use was relatively consistent 
during the summer months and gradually increased during the other months. This was contributed to by DCV ventilation, which was 
controlled in the rooms based on temperature and CO2 concentration. This building was equipped with a hot kitchen and had two 
electric stoves, two ovens, two dishwashers, and a freezer. There were also washers and dryers that consumed significant amounts of 
electricity. The general operating hours and performance of the kitchen appliances, washers, and dryers were considered based on 
information from janitors and best practice experience. This data was used as input data in the simulation models and outcomes of 
energy use were in line with energy bills. 

The comparisons of annual delivered heat, delivered electricity, and primary energy consumption are shown in Fig. 7b. Primary 
energy was calculated from delivered energy and primary energy factor (PEF) (Eq. (1)). For instance, delivered heat and delivered 
electricity for a calendar year were 230 and 112 kWh/m2a, respectively, according to the energy bills (Fig. 7a), which is expressed as 
PE by using the PEF for fossil fuels, and electricity as shown in Fig. 7b. The PEFs for fossil fuels and electricity are 1.0 and 1.2, 
respectively (NBCF 1048/2017a, 2017). 

The following changes in an AHU were analyzed as improvement actions: fan operating schedules during unoccupied hours, 
proportional DCV control of fan speeds based on indoor CO2 concentration instead of a two-step speed (40% or 100%), and installation 
of a mixing box for recirculating air in the air handling unit. The original heat source was a gas boiler (GB), which replacement with an 
air source heat pump (ASHP) or a ground source heat pump (GSHP) was simulated. The studied improvements of AHU and the possible 
heat sources are listed in Table 3. 

Fig. 8a shows how the original fan speed control switches from one mode to another depending on the CO2 concentration in the 
room. For example, if the CO2 concentration was above 600 ppm, the fan ran at rated speed or AHU supplied the rooms at a rated flow 
rate. However, the upper limits for CO2 concentrations are 750 and 900 ppm for Category I and II, respectively [46]. Therefore, the 
airflow rate or fan power could be limited to improve the energy efficiency of a DC1 without negotiating an acceptable indoor con-
dition. In an improvement, the fan speed increases proportionally from 40% to 100% based on the maximum indoor air CO2 con-
centration, as shown in Fig. 8b. Since we used the uniform occupancy profile according to the [47] standard for all classrooms, the 
maximum room-level CO2 concentration is the same as return air CO2 concentration (average of all rooms) of AHU. However, the 

Fig. 6. Construction and operational unit cost per gross floor area of educational building a) 20 years, and b) 30 years [44]. Operational cost (Mea.) refers to a cost of 
heat and electricity according to the energy bills and Operational cost (Cal.) refers to an estimated cost of given units of heat and electricity according to the EPC. 
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control system would allow the supply air rates to be changed in a realistic case based on the maximum CO2 concentration in each 
classroom. Thus, an individual damper is available at the room level to control the airflow rate based on the CO2 content in the room. 
For the successive improvements, the introduction of a mixing box allows a minimum outdoor airflow rate of 30% when the return air 
CO2 concentration at AHU is 500 ppm or less, and proportionally increases the outdoor air from 30% to 100% based on the return air 
CO2 concentration, as shown in Fig. 8c. Since the same occupancy profile was considered for all classrooms in a school, the effects of a 
sudden increase in occupancy in one of many classrooms did not become apparent. However, this results in changing the fan power and 
mixing box control based on the maximum CO2 concentration of any one classroom instead of the average CO2 concentration of all 

Fig. 7. Comparison of a) measured and calibrated heating (H) and electricity (E) use, and b) delivered heat, delivered electricity and primary energy of measured and 
calibrated model. 

Table 3 
Improvement measures of air handling units and possible heat sources.  

Cases Fan operational hours Fan control Additional elements Heat source 

Calibrated model 7-19 (100%), other hours 40% Two fan speed (100% or 40%) – GB 
Imp. 1 (GB) 7-19 (100%), other hours 10% Two fan speed (100% or 40%) – GB 
Imp. 2 (GB) 7-19 (100%), other hours 10% Fan speed is varied from 40–100% (CO2 controlled) – GB 
Imp. 3 (GB) 7-19 (100%), other hours 10% Fan speed is varied from 40 to 100% (CO2 controlled) Mixing box GB 
Imp. 2 (ASHP) 7-19 (100%), other hours 10% Fan speed is varied from 40 to 100% (CO2 controlled) – ASHP 
Imp. 3 (ASHP) 7-19 (100%), other hours 10% Fan speed is varied from 40 to 100% (CO2 controlled) Mixing box ASHP 
Imp. 2 (GSHP) 7-19 (100%), other hours 10% Fan speed is varied from 40 to 100% (CO2 controlled) – GSHP 
Imp. 3 (GSHP) 7-19 (100%), other hours 10% Fan speed is varied from 40 to 100% (CO2 controlled) Mixing box GSHP  

Fig. 8. a) Fan operation in two power modes (40 or 100% power) based on the room CO2 concentration, b) DCV implementation with gradually increasing the fan 
power, and c) mixing box operation based on return air CO2 concentration. 
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classrooms and reduces the potential savings of the mixing box. 
The flow rate variations and outdoor air fractions for different improvements (Imp. 1 to Imp. 3) are shown in Fig. 9. The reduction 

of fan speed during unoccupied hours could save significant heating, fan and pump energy, as shown in Fig. 11. A considerable flow 
rate reduction was found if fan speed could be proportionally controlled based on CO2 concentration (Imp. 2). Though the airflow rate 
was reduced, the amount of outdoor air was 100% in Imp. 2. In Imp. 3, a mixing box was added in addition to Imp. 2 properties. Adding 
the mixing box in AHU allowed to reduce the outdoor air up to 30% in Imp. 2 and increased indoor CO2 concentration. As a result, 
recirculation with fan speed proportional control according to CO2 concentration increased the overall flow rate but still slightly 
increased the energy saving by minimizing outdoor, resulting in higher CO2 concentration than Imp. 1 and Imp. 2. The outdoor air 
fraction was calculated as the ratio of outdoor air to the total supply. Maximum outdoor air fraction was approximately 60–95% and 
30% during occupied and unoccupied hours in Imp. 3 (Fig. 9c) that reduced the outdoor mass flow, as shown in Fig. 9d. 

Airflow rates, indoor temperature and CO2 concentration in one classroom and one meeting room were compared in the case of 
proposed improvements in AHU level, as shown in Fig. 10. As the classroom area was higher than the meeting room, the total airflow 
rate was higher in a classroom. Airflow rate at a room level was found different because of separate control systems of fan operation. 
The indoor temperature was not below 21 ◦C in any case. However, a significant percentage of hours were over 25.5 ◦C (Category limit 
I). Imp. 3 gave higher indoor temperature because of less outdoor air (compared to Imp. 1 & 2) and increased the overall flow rate 
compared to Imp. 2 (fan induced the air temperature by 0.6–0.8 ◦C). Therefore, additional control of a mixing box and fan speed could 
be needed to reduce these high indoor temperatures. For instance, increasing the minimum outdoor airflow rate and controlling the fan 
speed according to indoor temperature and CO2 level could improve indoor thermal conditions. Furthermore, indoor CO2 concen-
tration in rooms was slightly higher for Imp. 3 compared to Imp.1 and 2 because of a lower outdoor airflow rate, but the CO2 con-
centration stayed within acceptable limits. 

The energy flows accounted for Finnish PE calculation include HVAC, DHW, lighting, and appliances according to the standard use, 
thus hot kitchens and other non-standard uses do not belong to regulated uses and are not taken into account. For illustrating the 
impact of energy sources Imp. 2 and Imp. 3 were elaborated with different heating systems as the gas boiler was the onsite system. The 
heating systems for Imp. 2 (GB), Imp. 2 (ASHP) and Imp. 2 (GSHP) were gas boiler, ASHP and GSHP, respectively. The Coefficient Of 
Performance (COP) for ASHP and GSHP was calculated using the performance map corresponding to the partial load ratio, outdoor and 
ground temperature. This calculation resulted in SCOP for ASHP and GSHP of 2.1 and 3.5, respectively. The left Fig. 11a shows the PE 
consumption of HVAC. Imp. 2 (ASHP or GSHP) and Imp. 3 (ASHP or GSHP) converted heating energy to electricity, and energy use is 
shown in terms of electricity, i.e., Elec. (Heating & HVAC). Furthermore, electricity for a hot kitchen (20.3 kWh/m2a), washing 
machines and dryers (43.0 kWh/m2a) were excluded while estimating the PE consumption as this is not included in regulated energy 
uses. The PE for lighting and appliances were constant for all cases, i.e., 32.4 kWh/m2a. The PE consumption of HVAC, DHW, lighting, 
and appliances is shown in Fig. 11b. 

The results show the improvement possibilities of building energy performances for different proposed solutions. Additional 
ventilation unit adjustments could achieve approximately 25–37% of energy savings compared to the present consumption level. Imp. 
2 (GB) shows 33% savings compared to the present consumption, which could easily achieve by introducing CO2 measuring sensors in 
AHU’s return air, fan operation according to an intelligent control system, and some adjustments in a building automation system. On 

Fig. 9. Effects of improvement measure a) duration curve of supply airflow rate, b) weekly variation of supply flow rates, c) weekly variations of outdoor air fraction, 
and d) weekly variation of outdoor mass flow rate. 
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top of Imp. 2 (GB), Imp. 3 (GB) could require sufficient space for a mixing box in AHU. However, the savings were only 12 units 
compared to Imp. 2 (GB), while there is also a possibility of compromising indoor air quality by recirculating air. Best savings of 
65–76% were found compared to the present consumption level by changing the heat source to heat pumps. 

According to the Finnish building regulation, the best EPC class A (PE ≤ 90 kWh/m2a) was challenging to achieve with existing 
HVAC systems. Even class B (PE ~ 91-130 kWh/m2a) and class C (PE ~ 130-170 kWh/m2a) could not be achieved with a gas boiler. 
Indeed, lighting electricity was 26.5 kWh/m2a and could be reduced with energy-efficient lights and controls. 

REHVA gives 15 recommendations for existing buildings to reduce the spread of respiratory infections in an epidemic situation. 
Among these recommendations, ventilation rate and operation time, overruling of demand control settings, toilet ventilation, avoiding 
recirculation, heat recovery inspection, air filter classes and replacement and IAQ monitoring are associated with the AHU [45]. For 

Fig. 10. Comparison of indoor conditions a) indoor temperature of a classroom, b) indoor temperature of a meeting room, c) CO2 concentration of a classroom, d) CO2 

concentration of a meeting room, e) airflow rate of a classroom, f) airflow rate of a meeting room. 

Fig. 11. Primary energy comparison of improvements measures a) primary energy excluding DHW, lighting and appliances, b) primary energy of all regulated uses 
(HVAC, DHW, lighting and appliances). 
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analysing the effect of prolonged and increased ventilation in the pandemic situation, the fan operation was set to 100%, 50% and 15% 
during 6:00–18:00, 18:00–20:00 and 20:00–6:00, respectively, to match with daycare centre usage. Recirculation was not used in 
Covid cases. Covid (GB), Covid (ASHP) and Covid (GSHP) demonstrate the energy performance of building for heating sources of a gas 
boiler, ASHP and GSHP, respectively (Fig. 12) under Covid operation with increased ventilation rate, extended operation time and 
overruled demand control settings. The left Fig. 12a shows the PE consumption of HVAC only, whereas the right Fig. 12b includes all 
regulated uses. Approximately 10% of saving (26 units of HVAC electricity and heating) was achieved with Covid ventilation oper-
ation, demonstrating that the existing operation of AHUs was far beyond the optimal one and would require additional attention. With 
Covid operation, it could not be possible to achieve energy class A (PE ≤ 90 kWh/m2a) and B (PE 91–130 kWh/m2a) excluding Covid 
(GSHP) case that considerable saving of 36 units on the top of Covid (ASHP) case was enough for class B. 

3.5.2. Improvement of energy performance of school 2 
The ‘School building 2’ (Sch. 2) model was another model calibrated in IDA ICE. The energy consumption of calibrated model and 

onsite available energy bills are shown in Fig. 13. The onsite energy bills were found only for a whole year, and monthly data was not 
available. This building has eight AHUs, and among those, one serves for a hot kitchen, one for a dining space, two for toilets, and the 
rest of the four AHUs serve in classrooms, meeting rooms, offices, corridors, storage area, technical room and stair rooms. These four 
AHUs have a unique control system with a heating coil, cooling coil, heat exchanger (efficiency 71%) and fans. The combined airflow 
rate of AHU 1–4, AHU 5 (dining space), AHU 7 (kitchen), AHU 6, 8 (WC) were 7.8, 1.1, 1.1 and 0.6 m3/s, respectively. The building has 
a CAV ventilation system with full and partial powers during working and non-working hours to ensure sufficient fresh air for students 
and remove emitted pollutants from building materials. It also has a hot kitchen equipped with stoves, dishwasher, freezer, and woven, 
which accounted for the additional electricity. The general operating hours and powers of kitchen equipment, washing machines and 
dryers were considered based on information from building caretakers and best practices experiences. These data were used in the 
simulation models as input data and outcomes of energy use were in line with energy bills. The comparison of delivered heat and 
electricity energy revealed that the calibrated model is in line with actual building energy performance. 

According to the Finnish building classification, the energy class of Sch.2 was Class D (171 ≤ PE ≤ 230). Thus, relatively small 
changes in an AHU: change of fan operation hours, installing a heat exchanger in AHU 7 (kitchen), and a mixing box, could improve the 
energy class. Also, the replacement of a district heating (DH) system with GSHP was simulated. The improvements studied in Sch.2 are 
shown in Table 4. 

Few adjustments were sufficient to improve the energy performance to nearly zero energy building level Class B, 91 ≤ PE ≤ 130). As 
Sch.2 was equipped with a CAV system, the airflow rate during occupied hours was kept the same, but it was possible to reduce it from 
50% to 10% during non-occupied hours with a periodic operation (Imp. 1). This saved space heating and electricity for fans and pumps. 
Introducing a heat exchanger in AHU7 (serves a hot kitchen) reduced the heating coil power and energy consumption (Imp. 2), as 
shown in Fig. 14a. Imp. 1 and 2 did not have the mixing box and operated 100% of outdoor air (Fig. 14b), and the CO2 level was below 
600 ppm (Fig. 14d). Mixing box units were added in AHU 1–5 (serves in classrooms, dining, and other space) in Imp. 3. These units 
allowed a minimum of 30%–100% of outdoor air based on return air CO2 level; however, CO2 levels were in Category I (Annex 2). The 
reductions of outdoor air mass flow, as evidence of energy savings, are shown in Fig. 14c. 

The following figures demonstrate the primary energy use for proposed improvements with different heating sources: DH and 
GSHP. Fig. 15a illustrated the PE demand for HVAC and heating only. Approximately 44–57% of energy savings could be achieved 
compared to the calibrated case. However, the maximum saving was found in Imp. 1 due to the reduction of fan partial load in non- 
occupied hours. Imp. 2 had limited heating energy savings compared to Imp. 1 because this improvement was only made in AHU7 
(serving a hot kitchen). 

Adding a mixing box (Imp. 3) could save 14–18 units compared to Imp. 1 and Imp. 2; however, with a potential risk to compromise 
the indoor air quality. A mixing box allowed air recirculation and limited the fresh air, which increased the indoor CO2. In PE con-
sumption, a heating solution with GSHP was found an efficient solution compared to DH. Additional energy-saving potential remained 
by DCV ventilation decreasing the supply airflow rate based on CO2 level because the indoor CO2 level was well below the upper limit 
of 850 ppm. However, the installation of DCV equipment to an existing system is complicated. 

The PE demand for HVAC, DHW, auxiliary, lighting, and appliances is illustrated in Fig. 15b. The PE for lighting and appliances was 
constant for all cases, i.e., 28.9 kWh/m2a. The electricity for a hot kitchen (4.7 kWh/m2a) was excluded as it is not included in energy 
flows (Fig. 15a). According to the Finnish building regulation (NBCF 1048/2017a, 2017), the energy performance class was D (171 ≤
PE ≤ 230), which could be improved to Class B (91 ≤ PE ≤ 130) with DH. 

The effect of Covid ventilation operation on energy performance is shown in Fig. 16. In Covid operation, the fan speed (AHU serving 
all areas except the kitchen area) was set at 100%, 50%, and 15% during 6:00–18:00, 16:00–18:00, and 18:00–6:00, respectively, to 
match with school usage. AHU serving the kitchen followed operations of 100%, 50%, and 15% during 7:00–14:00, 14:00–16:00, and 
16:00–7:00, respectively, and had a heat recovery unit with an efficiency of 55%. Recirculation was not used in Covid cases. The left 
Fig. 16a shows the PE use of HVAC only, whereas the right-side Fig. 16b includes HVAC, DHW, lighting, and appliances. Approxi-
mately 40% of savings (56 units of HVAC electricity and heating) achieved in Covid (DH) demonstrates that the existing operation of 
AHUs was far from optimal and would require additional attention. Covid (GSHP) case allowed to save 15 units on top of a Covid (DH) 
case. According to the Finnish building regulation (NBCF 1048/2017a, 2017), energy performance for both cases: Covid (GSHP) and 
Covid (DH), were Class B (91 ≤ PE ≤ 130). 
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4. Conclusion 

The study addressed the improvement of building energy efficiency along with a good thermal comfort and indoor air quality (IAQ) 
in newly built Finnish daycare and school buildings. This research work was accomplished by gathering the design documentation of 
building, questionnaire survey, onsite measurements, and simulation tasks. Building design documentation, questionnaire survey, and 

Fig. 12. Improvement measures performance in Covid ventilation operation a) primary energy without DHW, lighting and appliances), b) primary energy of all 
regulated uses (HVAC, DHW, lighting and appliances). 

Fig. 13. Comparison of measured and calibrated energy use.  

Table 4 
Improvement measures of air handling units and possible heating sources.  

Cases  Fan operational hours Additional elements Heating source 

Calibrated model 1AHU 1-4 6-18 (100%) & others 50% – DH 
2AHU 5 6-18 (100%) & others 50% 
3AHU 7 6-18 (100%) & others 50% 
4AHU 6,8 0-24 (100%) 

Imp. 1 (DH) 1AHU 1-4 7–17 (100%) & others 10% – DH 
2AHU 5 7–17 (100%) & others 10% 
3AHU 7 8–15 (100%) & others 10% 
4AHU 6,8 7–17 (100%) & others 10% 

Imp. 2 (DH) 1AHU 1-4 Same as Imp. 1 – DH 
2AHU 5 – 
3AHU 7 HEX 
4AHU 6,8 – 

Imp. 3 (DH) 1AHU 1-4 Same as Imp. 1 Mixing box DH 
2AHU 5 Mixing box 
3AHU 7 HEX 
4AHU 6,8 – 

Imp. 1 (GSHP) Same as Imp. 1 GSHP 
Imp. 2 (GSHP) Same as Imp. 2 GSHP 
Imp. 3 (GSHP) Same as Imp. 3 GSHP 

1serves in classrooms, meeting, office, corridors, storage area, technical room, stair rooms, 2serves in a dining room, 3serves in a hot kitchen, 4serves in a WC. 
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onsite measurements particularized the IEQ, occupant satisfaction, and existing energy level of buildings. On the other hand, the 
simulation task showed the possibilities of energy savings by introducing CO2-based fan power control and air recirculation process 
while ensuring sufficient indoor conditions. The CO2-based fan power control solution was finally recommended as air recirculation is 

Fig. 14. Effects of improvement measure a) energy saving in an additional heat recovery unit in kitchen AHU b) duration curve of fresh air fraction c) duration curve 
of outdoor air mass flow, and d) duration curve of CO2 concentration. 

Fig. 15. Improvements measures in the school building a) primary energy comparison for HVAC only, b) primary energy comparison for all regulated uses.  

Fig. 16. Improvements measures in Covid ventilation operation a) primary energy comparison for HVAC only, b) primary energy comparison for all regulated uses.  
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not recommended while acknowledging the pandemic situation. Additionally, this study showed the impact of ASHP and GSHP 
heating systems instead of existing heating systems (gas boiler and district heating) on building energy levels. This analysis is 
important for newly build buildings or buildings which require renovation of a heating system. The following conclusion can be drawn.  

• The measured indoor temperature in 5 out of 6 buildings were within Category I and II limits at least 95% of occupied hours. School 
building Sch. 2 had excessively high indoor temperatures of 24–25 ◦C during the heating season.  

• The measured CO2 levels in all buildings were well below the Category I limit, revealing the presence of a well-functioning 
ventilation system.  

• According to the questionaries survey, the overall indoor environment satisfaction rate was at least 80% in all buildings except 
school building Sch. 3, which had specific odours, noise, and glare problems. Glare and noise problems were also reported from 
some other buildings. The questionaries survey’s results were in line with the measured indoor temperature and CO2 results.  

• The measured energy uses were higher by a factor of 2.1–2.6 than calculated energy uses in five out of six buildings. Instead of 100 
kWh/m2a NZEB primary energy limit value, the actual primary energy was slightly below or above 200 kWh/m2a. Only Sch. 3 had 
practically equal measured and calculated primary energy use of about 60 kWh/m2a. The presence of hot kitchens, no heat re-
covery in kitchen AHU, and 24/7 operation of ventilation systems were major causes of high energy use.  

• The average construction cost was 2634 €/GTA (total gross area) VAT excluded, which varied by −15 to 12% and included 
205–291 €/GTA HVAC cost including a heat source. The most common factors increasing the cost were extended construction 
period, structure type, insulation, and finishing materials, while the ground source heat pump was the only HVAC-related cost- 
increasing factor.  

• Operational energy cost had a considerable share in LCC being within 7–27% for 30 years calculation period, and altering the order 
of buildings with the lowest LCC if measured instead of calculated energy use was applied in the calculation, stressing the 
importance of accurate energy predictions for LCC calculations.  

• The overall energy performance could improve by 29–36% by setting a correct operation hours of ventilation systems in studied 
daycare and school buildings. The maximum savings for HVAC electricity and heating of 54–75% were achieved by replacing the 
heat source from a gas boiler or district heating with heat pumps that reduced primary energy from about 300 kWh/m2a to 100 
kWh/m2a in DC1 daycare centre and from about 180 to 100 kWh/m2a in Sch. 2 school building.  

• Adding mixing boxes for air recirculation could reduce the minimum outdoor airflow rate to a lower level than that of 40% in 
demand-controlled ventilation, which showed slight energy saving for both DC1 and Sch. 2; but compromised indoor air quality by 
air recirculation. In principle, the same saving would be possible with more dedicated demand-controlled ventilation imple-
mentation showing that recirculation is not a feasible solution in case of heat recovery and room-based control of ventilation.  

• An epidemic situation ventilation operation at full speed with extended operation time increased primary energy use in Sch. 2 with 
CAV system by about 10 kWh/m2a and in DC1 with DCV system and heat pumps by about 30–40 kWh/m2a, but still resulted in 
energy saving of 10–40% compared to the calibrated models showing that the existing ventilation operation practice was far from 
optimal. 

The findings of this study could be useful for municipalities to improve the energy efficiency of school buildings and daycare 
centres. Of six educational buildings studied, five required additional adjustments of AHU controls to achieve designed energy per-
formance. This shows the importance of proper building automation and HVAC system controls, which need to be solved already 
during the design and commissioning phases. As the findings of this study are based on a limited number of Finnish schools and daycare 
centres it could be worth validating the results in a larger sample of buildings in future studies. In future studies, it is also worth paying 
attention that higher participant numbers can be achieved in the occupant questionnaire surveys for reliable assessment of indoor 
climate conditions. 
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Abbreviation  

ASHP Air Source Heat Pump 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 
CAV Constant Air Volume 
COP Coefficient of Performance 
DCV Demand-Controlled Ventilation 
DH District Heating 
DHW Domestic Hot Water 
EPC Energy Performance Certificate 
GB Gas Boiler 
GSHP Ground Source Heat Pump 
HDD Heating Degree Day 
HVAC Heating Ventilation and Air Conditioning 
IAQ Indoor Air Quality 
IEQ Indoor Environment Quality 
LCC Life Cycle Cost 
NZEB Nearly Zero Energy Building 
PE Primary Energy 
PEF Primary Energy Factors 
POE Post Occupancy Evaluation 
RH Relative Humidity 
UFH Under Floor Heating 
VR Virtual Reality 

Annex 1. List of input data for model calibrations  

Input parameters DC1 Sch.1 

Ventilation system 
VAV 
CAV 

Classroom, meeting room, office, hall room, relaxing room; 
Temp & CO2 control; minimum supply flow rate is 40% of nominal flow 
0:00–24:00 

Classrooms, office, corridors, HVAC meeting, 
visitor, rest rooms, changing room, entrance, 
kitchen, 
6:00–18:00 (100%) & other 50% 
WC, wet rooms 
0:00–24:00 (100%) 

WC, wet & changing room, corridor, entrance, kitchen, HVAC room; 
6:00–19:00 (100%) & other 40% 

Air flow rate, m3/s 3.9 4.3 
Heat exchanger 

Efficiency, % 
Leaving temperature, ◦C 

55% 
3 

1AHU1-5: 70.6%), 
AHU6, 8: 50%, 
AHU7: 0% 
1AHU1-5: 13, 
AHU6,8: 3, 
AHU7: 3 

Fan power, kW/m3s 2.5 2.2 
Air circulation N/A N/A 
Heating set point, ◦C 21 (Classroom, meeting room, office, hall room, relaxing room) 

18 (WC, wet & changing room, corridor, entrance, kitchen, HVAC room) 
21 (Classrooms, office, corridors, meeting, visitor, 
rest rooms) 
18 (WC, wet & changing rooms, entrance, kitchen, 
HVAC) 

Cooling set point, ◦C N/A 25 
Supply air temperature, ◦C According to automation system 
Radiator heated area, m2 900 N/A 
Floor heated area, m2 270 2912 
DHW energy, kWh/m2a 17 11 
Heating system Gas boiler District heat 
2Occupancy rate, no/m2 0.263 0.185 
2Lighting, W/m2 18 14 
2Appliances, W/m2 8 (Classroom, office, meeting) 

3 (Storage, corridors, HVAC) 
0 (WC) 

14 (Classroom, library) 
8 (Office, meeting room) 
3 (Dining, corridors) 
1 (TEKN room, stair) 
0 (WC) 

1fn1 AHU1-5 serves to classrooms, office, corridors, meeting, visitor, rest rooms, changing room, entrance, dinning. AHU6,8 serve to WC and wet rooms. AHU7 serves to 
kitchen. 
2fn2 Occupancy rate, lighting and appliance unit load are according to Ref. [48] and corresponding usages profiles follows EN 16798–1:2019 (EN 16798-1, 2019). 
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Annex 2. Temperature ranges and CO2 concentration of indoor thermal conditions for heating and cooling season (EN 
16798-1, 2019)  

Temperature ranges, ◦C 

Category Heating season (1.0 clo.) Cooling season (0.5 clo.) 
I 21–23 23.5–25.5 
II 20–24 23–26 
III 19–25 22–27 
IV <19, >25 <22, >27 
CO2 concentration, ppm 
Category Daycare centre School 
I 750 850 
II 900 1000 
III 1200 1500 
IV >1200 >1500  

Annex 3. Energy performance class for educational and daycare buildings (NBCF 1048/2017a, 2017)  

Energy performance class PE consumption, kWh/m2a 

A PE ≤ 90 
B 91 ≤ PE ≤ 130 
C 131 ≤ PE ≤ 170 
D 171 ≤ PE ≤ 230 
E 231 ≤ PE ≤ 300 
F 301 ≤ PE ≤ 360 
G 361 ≤ PE  
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[27] A. Figueiredo, J. Kämpf, R. Vicente, R. Oliveira, T. Silva, Comparison between monitored and simulated data using evolutionary algorithms: reducing the 
performance gap in dynamic building simulation, J. Build. Eng. 17 (2018) 96–106, https://doi.org/10.1016/J.JOBE.2018.02.003. 

[28] Finnish Building Code, Part D3: Rakennusten Energiatehokkuus Energy Performance of Buildings, 2012. 
[29] Finnish Building Code, Regulation 1010/2017: Uuden Rakennuksen Energiatehokkuudesta Energy Performance of New Buildings, 2017. 
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