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1 Executive summary

Monitoring of the pilot projects were carried out with two primary objectives: 1. To identify the energy 
savings obtained and to verify that the indoor conditions were improved. The Real Life Learning Lab 
projects were not inhabitated and therefore the energy savings were not an issue. In stead focus was 
on other measurements, as for example moisture guard sensors within the construction. The 
Portuguese pilot project could not be implemented in the end, but the implementation has been well 
prepared with preliminary analysis and number of planned monitoring topics. For an overview of the 
carried out and planned monitoring see table 1.1.

Table 1.1 Overview of the monitoring conducted at the MORE-CONNECT pilots and RLLL.

Pilot Energy IAQ Misc.
Czech Republic RLLL Irradiance on roof,

PV output and energy 
production
Electrical consumption

T-indoor, RH, Abs. Humi-
dity, CO2, Pressure, VOC,  

Moisture guard in 
construction

Denmark Heating energy (incl. DHW), 
PV production
>56% reduction of PE use

T-indoor, RH, CO2, Noise and activity levels

Estonia Heating energy savings:76%
Electricity:27% and DHW: 
19%

T-indoor, T-outdoor, RH

Latvia Energy consumption for 
heating. > 55% reduction of 
heating 

T-indoor

The Netherlands Energy savings 50% 
reduction, without PV, with 
PV Zero energy

- Occupants surveys

The Netherlands RLLL Comparison predicted and 
real energy use

T-indoor CO2, RH, Thermal 
comfort

Thermal Neutral Zone

Portugal Preliminary analyses & 
planned monitoring 

Planned monitoring:
RH, CO2, Thermal comfort

Planned monitoring:
1. Surface temperatures; 
3. Air infiltration; 
4. PM10 concentration; 
5. Radon concentration
6. Interior and exterior 
illuminance (daylight factor 
of internal space); 
7. Façade acoustic 
insulation levels

The results of saved primary energy by the different pilots cover the  range from 51% in Estonia, 55% 
in Latvia to 56,4% in Denmark. The initial pilot in the Netherlands (Presikhaaf) shows an energy 
reduction of 50%, for only façade, roof and ventilation renovation. Additional use of PV can make the 
buildings zero energy (to be done in a later stage). Spin-offs of MORE-CONNECT show that zero energy 
renovation (in Dutch: NOM renovation) is possible using the MORE-CONNECT approach (including 
integrated PV roofs. In Estonia the reason that the nZEB target was not achieved  was higher indoor 
temperatures and higher use of domestic hot water than expected in the energy calculations. 
At the outset of the project the overall goal was to show a deep energy renovation towards NZEB, 
with a basic reduction of the primary energy consumption by at least 80 % compared to the original 
consumption. For each pilot in the different countries it appears that the distance towards that goal 
varies between 21 and 29%. This is coherent with the Technology Readiness Level indicated as the 
objective. “The activities of MORE-CONNECT are expected to be implemented at Technology 
Readiness Level (TRL) 7: system prototype demonstration in operational environment. It allows 
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partners to identify pathways for prototype improvement regarding the design and engineering 
processes to reach the overall goal for the energy savings, when TRL9 are reached. In the MORE-
CONNECT project important steps on this road have been made.
The indoor climate - thermal and IAQ - measurements show that in all the pilots good indoor 
conditions have been reached. This is verified by tenants answers to the questionaire about indoor 
thermal comfort and air quality presented in the report - Monitoring report of inhabitants - D.5.8. 
In the Czech RLLL a detailed monitoring plan has been carried out comprising not only the indoor 
climate, but also moisture levels in the construction. A new compact sensor was developd by the Czech 
partner: UCEEB. The sensor monitors at the same time: 

 Temperature
 Humidity
 Pressure
 CO2 concentration
 VOC index

Also in the RLLL in the Netherlands a detailed monitoring plan has been carried out, focusing on:
 The energy performance of the renovated dwelling after renovation
 How to explain the energy performance gap between real and calculated energy use, from a 

point of view of occupant behaviour. 
For the RLLL in Heerlen it was found that this human factor is composed of routine and 
thermoregulatory behaviour; i.e., when occupants do not feel comfortable due to high or low 
operative temperatures and resulting high or low skin temperatures, they are likely to exhibit 
thermoregulatory behaviour. The aim of this study is to monitor and understand this 
thermoregulatory behaviour of the occupants in renovated homes. The sensor monitors at the same 
time:

 Temperature
 Humidity
 CO2 concentration
 Skin temperature
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2 Introduction

The objective of work package 5 within the MORE-CONNECT project is the testing, pilot 
implementations and demonstration in real settings, as well as in industrial settings (demonstration 
of production), as in practice (demonstration and testing of the developed modular renovation 
elements both in real settings as in real life learning lab (RLLL) settings. The testing and demonstration 
in practice will be organised on six locations:

 Czech Republic (RLLL setting for in deep testing)
 Denmark (full real setting)
 Estonia (full real setting)
 Latvia (full real setting)
 The Netherlands (full reals setting and RLLL setting for in deep testing)
 Portugal (partial real setting)

This work package comprises 6 tasks of which this deliverable presents the monitoring results of Task 
5.6 Total evaluation of the renovation process. In this task the total renovation process as described 
in the tasks 5.1 to 5.5 is evaluated and analysed and the results presented in three deliverables 5.7 – 
Monitoring (this report), 5.8 - The inhabitants involvement and experience and 5.9 - Analyses of the 
total renovation processes in the pilots. 
The monitoring basically has the following aims: 

• to check energy consumptions/savings of the renovated buildings – this includes any solar system 
energy contribution

• verify the actual indoor climate in the building
• make it possible to compare the actual energy consumption with the predicted 

In the MORE-CONNECT project the actual monitoring conducted varies from pilot to pilot in the 
different countries.
Task leader: Cenergia. Other participants knowledge: CVUT, RTU, TUT, Huygen, Zuyd, UMinhu.
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3 Czech Republic (RLLL setting for in deep testing)

3.1 Real life learning lab
The original mock-up façade installation was changed to full experimental house real-life learning lab 
(RLLL) setting during the project. The aim of the change was to test all the possible system elements 
and also the control system of the complete system. This led to the necessity of measurement of a 
number of qualities. These can be separated into two groups, both will be presented below.

 Subjective user’s sensoring
 Objectively measured parameters

The house was finished during the year 2018 so we are in the first operational season. Therefore, the 
outcomes are rather informational and the possible results from the measurement and monitoring 
should be presented accordingly.

3.2 Subjective user’s sensoring
The RLLL building is running as a demonstration building for occasional visits or meetings. The 
permanent housing was neither planned nor technically possible under the conditions. On the other 
hand, the visitors and other users of the building can be questioned about their sense of thermal 
comfort etc. Therefore, a questionnaire was prepared and the collection of the data from the users is 
running. 

Figure 3.1: The interior climate user’s satisfaction questionnaire for the Czech experimental building

By the time of writing this deliverable, the number of the collected questionnaires was low, so 
representative outcomes are not available yet. The survey will continue running and the more 
frequent use of the building is expected so the user response will be summarized once we collect a 
larger quantity to have a representative sample. 
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3.3 Objectively measured parameters
We have measured parameters in the five groups:

 Moisture Guard parameters
 Roof irradiance
 PV electrical measurement
 More-Connect electrical measurement
 Indoor Air Quality

The monitoring is fully autonomous and continuous. The web interface provides a real-time overview 
of the measured data. In the examples below, the data between 29.10.2018 and 30.11.2018 are 
shown. The winter season and the year-round operation and measurement will be crucial for the 
presentation of the outcomes. 
Most data can be viewed remotely using mobile application (Tefora Foxtrot Client) which accesses our 
custom house´s  control system.

Figure 3.2: The view of some of the measured parameters in the custom house’s control system 
through the mobile application (Tefora Foxtrot Client)

3.3.1 Moisture Guard parameters
The Moisture Guard system is a unique monitoring system for timber structures developed by UCEEB. 
It was adjusted for the application within MORE-CONNECT modules, and especially within the 
connections. This smart system warns the building owner or facility manager about any failure of the 
system in real time. It consists of two kinds of sensors - air monitoring focused HT01485 and wood 
monitoring oriented MHT02485 sensors. The sensors are placed in the construction of façade panel 
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so it covers potentially dangerous areas for leakages. These sensors are connected to the central 
system which collects data and does further signal processing and analysis.

Figure 3.3: Moisture Guard sensors HT01485 (left) and MHT02485 (right)

The measured parameters are:
 Exterior temperature
 Exterior relative humidity
 Exterior absolute humidity

 Timber element's relative humidity
 Timber element's moisture content
 Timber element's resistance



Figure 3.4: Examples of exterior temperature (top) and relative humidity (middle) and Wood moisture 
content (bottom) plots (1 – under the balcony, 2 – above the balcony, 3 – under the window, 14 – 
ventilation exhaust, 15 – under the electric box)

3.3.2 Roof irradiance
The house was provided with building integrated photovoltaic (BIPV) installation. Irradiance and 
temperature sensors are used for the supervision of the PV systems installed on the East and West 
roofs in order to ensure a reliable power generation. There are two Ingenieurbüro Mencke & 
Tegtmeyer GmbH Si-RS485TC-2T-MB irradiance sensors with external temperature sensors glued to 
the back side of PV modules, one in East and one in West orientation. Additionally, there is Kipp & 
Zonen SMP11 pyranometer installed on West part of the roof.
The irradiance of the roof is monitored and the values are collected for:

 Irradiance integral
 Average irradiance
 Maximal irradiance

 Minimum irradiance
 External average temperature
 Average temperature



Figure 3.5: Ingenieurbüro Mencke & Tegtmeyer GmbH Si-RS485TC-2T-MB irradiance sensor (left) and 
Kipp & Zonen SMP11 pyranometer (right)

Figure 3.6: Example of measured irradiance in both East and West roofs.

3.3.3 PV electrical measurement
The PV system size in each part of the roof is 1.92 kWp, and it is composed of 24 Cadmium Telluride 
(CdTe) PV panels connected to two APsystems YC1000-3 three-phase microinverters. Each 
microinverter has four channels, and every channel (connecting one string composed of three PV 
modules) is monitored separately. The monitored data from the microinvertes are retrived in the 
APsystems web monitoring portal with a resolution of five-minute timestep. The monitored data 
consist of: 

 Voltage and current at the DC-side
 Output power
 Grid frequency 
 Grid voltage
 Energy
 Inverter temperature.
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Figure 3.7: Monitored monthly energy generation from the whole roof PV system of 3.84 kWp.

The monitored data from the East and West roofs given in Table 1, indicate that the West PV system 
is performing better than the East one. Where, the East PV system generates up to 45% less energy 
per month compared to the West PV system. The difference between the East and West energy
generation is mainly due to the orientation of the house (22° to the East).

Table 3.1. Monthly PV energy and on-plane solar irradiance for East and West systems.
East roof West roof

Months PV energy (kWh) Irradiation (kWh/m2) PV energy (kWh) Irradation (kWh/m2)
Sep-18 99.2 62 155.2 86.7
Oct-18 73.3 44.9 131.2 75.8
Nov-18 27.3 18.2 52 30.9
Dec-18 17.8 13.2 30.1 19
Jan-19 24.1 17.5 42.7 26.1
Feb-19 55.9 32.8 107.9 59.9
Mar-19 112.6 66.6 153.8 86.7
Apr-19 175.2 103.2 271.7 151.7

The electricity generated by the PV system is injected to the UCEEB’s experimental smart grid. 
Therefore, the following electrical parameters are measured and collected locally with a resolution of 
one-minute timestep:

 Average power
 Maximum power
 Minimum power
 Average voltage
 Maximum voltage
 Minimum voltage
 Total energy



Figure 3.8: Examples of electrical PV power measurement of the BIPV roof

3.3.4 More-Connect electrical measurement
The MORE-CONNECT electrical measurement is done for balancing the electrical consumption of the 
refurbishment system itself (auxiliary power). The parameters are similar to the parameters of the PV 
electrical measurement:

 Average power
 Maximum power
 Minimum power
 Average voltage
 Maximum voltage
 Minimum voltage
 Total energy

3.3.5 Indoor Air Quality
Complex indoor air quality (IAQ) sensor was developed in UCEEB to fit our needs both functionally and 
aesthetically. IAQ03 sensor is installed in the main space of the experimental house. This instrumentis 
used by the main control system for keeping the IAQ values within set borders. The sensor is 
connected to the main control system through WiFi.
The measured parameters are:

 Temperature
 Humidity
 Pressure
 CO2 concentration
 VOC index

Figure 3.9: IAQ03 sensor
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Figure 3.10: IAQ03 sensor data provided by the sensor itself

Figure 3.11: Example of IAQ sensor output for VOC index
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4 Denmark

4.1 The project, the renovation measures and the monitoring
The energy renovation of the Danish pilot project included added insulation of the roof, the gable 
walls and part of the facades, ventilation with heat recovery, new windows and a solar cell roof on 
part the south facing roof. The primary project parameters appear from table 4.1. As it appears energy 
saving amounting to 62 kWh/m²/year was predicted. The estimated electricity production was 1.9 
kWh/m²/year to be used for the buildings electricity consumption for pumps, fans and elevators.

Table 4.1 Primary project parameters

Pilot name / designation: Korsløkkeparken, dep. 34 housing block 6
Construction year: 1958
Typology Social housing apartment blocks
Total area, m² 13971
Number of apartments 170
Heating energy consumption, kWh/m²/year 109 (incl. DHW)
Design target heating energy cons., kWh/m²/year 47 (incl. DHW)
Design PV-electricity production 26000 kWh 

Figure 4.1: The façade of the Danish pilot after renovation including the solar cells on the roof.

At the Danish pilot the renovation of the building included the installation of individual heat meters in 
all departments and in four different apartments of the renovated apartment block an indoor climate 
monitoring unit - IC-Meter - http://www.ic-meter.com/dk/  was placed. Also the electricity production 
of the installed solar cell roof was monitored. In short the monitoring of the Danish pilot project 
comprised: 

 Continuous energy meters in each apartment
 Indoor air quality, temperature, noise and activity levels measurements in four apartments
 Produced electricity from the PV system

http://www.ic-meter.com/dk/
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4.2 Heating energy consumption
As mentioned above individual heat meters were installed in all apartments according to the Danish 
regulations. These meters are monitored by a private company, in order to help the building 
association with the distribution of the heating costs. The company - ISTA: https://www.ista.com/dk/ 
has provided a data draw for all the apartments in the pilot building block for the period March 31, 
2018 to March 31, 2019. These data has then been screened to sort out the apartments, for which it 
appear that they have been in use for the whole year. The Building Association of Fyen - FAB - has 
informed that it has taken quite a long time to get the apartments inhabited after the renovation and 
there is also quite often an exchange of tenants. This means that the monitored heating energy 
consumption for this year in many cases are too low to be meaningful. By studying the data it appears 
that all heating energy consumptions above a certain threshold of 2000 kWh/year seemed reliable. 
This left 33 apartments for the analysis.
The data shows quite a large deviation between the apartments with the highest and the lowest 
heating energy consumption. Minimum is around 2000 kWh/year and maximum around 7000 
kWh/year. This is a pattern, which is often seen, when conducting monitoring campaigns for dwellings 
in use. A factor of 3-4 between lowest and highest has been reported several times over the recent 
years. Part of the explanation in this case is also the apartments vary in size from 68 to 118 m²: The 
average heating energy consumption is 3822 kWh/year - corresponding to 45.4 kWh/m²/year - the 
average apartment size is 84.16 m².
The measured heating energy consumptions of the 33 apartments is presented in figure 4.2. This plot 
illustrates very well the distribution between the different apartments.

Figure 4.2 Measured yearly energy consumptions in 33 apartments.

The design target heating energy consumption was 47 kWh/m²/year (incl. DHW). As mentioned above 
there is some uncertainty as to which apartment have been inhabited for the whole. To investigate 
this uncertainty the threshold was raised to 2500 kW/year. This resulted in reducing the number of 
apartments in the analysis to 26 and the average consumption to raise to 50.4 kWh/m²/year. This is 
still within reasonable distance to the target as indoor air temperatures observed often are more than 
2K higher than the 20°C design temperature used in Denmark- see next paragraph. Thus, the 
conclusion is that the expected heating energy savings from the renovation has been reached.

https://www.ista.com/dk/
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4.3 Indoor air and temperature quality 
The four indoor climate monitoring units were placed in two apartments at the first floor (stue in 
Danish) - Korsløkkevej 25 and 27 st. th and two at the 5th floor (4. sal in Danish) Korsløkkevej 25 and 
27 4. th of the renovated apartment block. 
Continuous data for:  humidity and CO2-levels, temperature, noise and activity levels were taken from 
March 2018 to March 2019 as 5-minutes, hourly, daily, weekly and monthly values. The figures 4.3-
4.6 presents the average monthly values for selected months over the year for these four apartments. 
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Figure 4.3 Indoor climate for Korsløkkevej 27, st.th (1st floor - right) - April, July, October 2018 and 
January 2019

From figure 4.3 it can be seen that throughout all these four month - representative of spring, summer, 
autumn and winter - the temperature is in the comfort reign - in January for example 100% of the 
temperatures are within the range from 18-22°C. The summer temperatures are a high, though - 
average Is 25,8°C, but the Danish summer in 2018 was extremely hot - from May to July. The relative 
humidity (RH) and CO2-levels are very good for all months - RH average between 30-45% and CO2 
average levels around 450 ppm. So, the ventilation systems seems to be working well. The noise levels 
and activity levels are very low, This is because there is only one person living in the flat.

Figure 4.4 Indoor climate for Korsløkkevej 27, 4.th (5th floor - right) - April and August 2018
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The picture in this apartment on the 5th floor of the same staircase are quite similar. The thermal 
comfort and air quality are good and the noise and activity levels low.

Figure 4.5 Indoor climate for Korsløkkevej 25, st.th (1st floor - right) - August, November 2018 and 
February 2019 

Also for this flat at the ground floor the situation is similar. The RH is highest in August, which makes 
good sense - but it is still only 51.4% as an average. 
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Figure 4.6 Indoor climate for Korsløkkevej 25, 4.th (5th floor - right) - August, November 2018 and 
March 2019

Again for this fifth floor the same picture is found as in the other three apartments.
Other types of reports are also available. Below the average temperature, relative humidity and CO2-
levels in March 2019 for the last apartment (Korsløkkevej 25, 4.th) is shown. 
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Figure 4.7 The temperatures are for most of the time (82%) between 18 °- 22 °C, for some hours 
during midday (15%) between 22-24 °C and for 3% of the time above 24 °C in the late afternoon.

Figure 4.8 The relative humidity (RL) are ok for 92% of the time. It is quite dry for 7% of the time and 
very dry for 1% of the time.

Figure 4.9 The CO2-levels are for all the time below 800 ppm, so from this is can be concluded that 
the new ventilation system is working as planned.
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4.4 Produced PV-electricity
The PV system installed has a gross area of 395 m² and a net area of 332 m². This corresponds to an 
installed capacity of 35,68 kWp and an expected year production of 25846 kWh according to the 
newest PVGIS database (autumn 2018). This gives results which are a bit lower that the old data, which 
gave an estimated yearly production of 29000.
For different administrative reasons the monitoring of the PV-production was first started in late 
October 2018. Fig. 4.10 presemts a plot of the daily production for five months from Nov. 1, 2018 to 
March 31, 2019.

Figure 4.10 Daily PV electricity production

The monthly electricity production over the five months from November 2018 to March 2019 has 
been compared to the calculated production. The calculated for these five months was 3448 kWh and 
the actual production was 3751 kWh. Figure 4.11 shows this comparison month by month.
 

 
Figure 4.11 Calculated and measured electricity productions over 5 months.
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4.5 Conclusions
The predicted heating energy consumption after renovation is 47 kWh/m²/year – and for the situation 
before renovation it was 109 kWh/m²/year. The measured are in the range of 45.4 to 50.4  
kWh/m²/year. The heating energy saved is therefore as expected - 62 kWh/m²/year.
The indoor climate monitoring shows that all in all the indoor climate has been satisfactory in the four 
monitored apartments 
The estimated electricity consumption before renovation was 1,8 kWh/m²/year for pumps and fans 
and after 2,9 kWh/m²/year for pumps, ventilations system fans and elevators. The PV production is 
estimated to app. 26.000 kWh/year for the PV system on the building. This corresponds to 1.86 
kWh/m²/year.
In conclusion the aimed energy savings of the Danish pilot project have been reached with a 
satisfactory indoor climate and the estimated PV-electricity productions has been achieved.
In Denmark the primary factors used for district heating and electricity are 0,85 and 1,9 respectively. 
The means that the primary energy saved in the Danish pilot is: 62*0,85+(1,86-1,1)*1,9=54,1 
kWh/m²/year. Compared to the original energy consumption: 109*0,85+1,86*1,9=96,1 
kWh/m²/year=56,4 %. This is not considered deep energy renovation in Denmark, but it is a good step 
on the way. It could be added that many other apartment blocks of the same age and type as the 
renovated pilot building do have considerably larger energy consumptions, so reaching  47 
kWh/m²/year for these would correspond to a larger percentage reduction. To reach deep energy 
renovation corresponding to an 80% reduction in primary energy demand the PV contribution could 
be raised to 15,5 kWh/m²/year, which is still well below the 25 kWh/m²/year accepted in the Danish 
Building regulation. This could be achieved by covering the complete southfacing part of the roof with 
PV. Alternatively insulating the façades with additional 100 mm mineral wool would only reduce the 
primary energy by 5% and would not be cost effective.
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5 Estonia

5.1 Pilot building
The pilot building in Estonia was a 5-story concrete apartment building (series 111-121) with total area 
4318m2, constructed in 1986 (see 
Figure 5.1, left). Because of serious thermal bridges in these type of buildings, mould growth was 
present on interior surfaces, especially in the corners of exterior walls and roof.

Figure 5.1 Overview of the building in 2015 before (left), in summer 2017 during (middle) and in autumn 
2017 after (right) the nZEB renovation with prefabricated timber frame insulation elements.

The pilot building had similar problems typical to many other older buildings: high energy 
consumption, insufficient ventilation, overheating during winter, unsatisfactory thermal comfort. 
Fresh air inlet was initially designed through the slits around untightened window wooden-frames and 
natural exhaust via kitchen and sanitary rooms to central shaft. The building had a one-pipe radiator 
heating system without thermostats and the room temperature for the whole building is regulated by 
a heat substation depending on the outdoor temperature. 
The building was renovated to nZEB (see 
Figure 5.1, middle and right) in 2017 by using prefabricated timber frame insulation elements filled 
with light mineral wool. The thermal transmittance of the external envelope was U=0.9_1.1 W/(m2·K) 
before renovation and was designed to be U=0.10_0.12 W/(m2·K) after renovation. See designed wall 
type 1 in 
Figure 5.2 (left). Wall type 2 was used to close balconies and it is analogous to a modular element, 
shown in 
Figure 5.2 (left). Designed roof elements (see roof type 1 in 
Figure 5.2, right) were installed on a specially built wooden frame because the original roof had an 
inward slope and parapet. Therefore, under the formed slope roof, in a 0.6_1.2m high attic space 
between the old and new roof, technical appliances were placed (e.g. heat exchangers, duct 
dispensers, automatics etc.).
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Figure 5.2. Designed solution of nZEB with measurement points. Installed prefabricated timber frame 
insulation elements on the wall type 1 (left) and on the roof type 1 (right).

5.2 Monitoring
Building has a monitoring system, allowing to analyse measured data at any time. System is equipped 
with online access for authorized personnel, allowing download of all collected data from server for 
further analysis. See fig. 5.3 and 5.4.

Figure 5.3. Screenshot of monitoring system desktop with description of external envelope.
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Figure 5.4. Screenshot of monitoring system desktop with data loggers in apartments.

5.3 Measurements

5.3.1 Energy consumption
Total delivered energy use before the renovation was 276 kWh/(m2·a) and after the renovation 122 
kWh/(m2·a). The energy use for space heating and heating of ventilation air after the renovation 
decreased 76% (from 168 kWh/(m2·a) to 41 kWh/(m2·a)). The electricity use (appliances, lighting, 
ventilators and pumps) after the renovation decreased 27% and energy use for domestic hot water 
decreased 19% (from 59 kWh/(m2·a) to 48 kWh/(m2·a)).
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Figure 5.5. Delivered energy consumption before and after the renovation.

Energy Performance Certificate before the renovation was class G with total primary energy use 302 
kWh/(m2·a). Energy Performance Certificate after the renovation was class C with total primary energy 
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use 147 kWh/(m2·a) fulfilling minimum requirements for energy performance of new buildings but 
nZEB target was not achieved. 
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Figure 5.6. Primary energy consumption before and after the renovation.

Measured heating energy consumption is 1.6 times higher than expected in the building design mainly 
because of the higher indoor temperature and higher ventilation airflow rates. Measured energy need 
for DHW is 4.4 times higher than expected in the building design mainly because of the differences 
between the standard use profiles and building real use profiles and performance of renewable energy 
systems which did not produced the amount of energy expected in the building design.

5.3.2 Temperature and relative humidity
Temperature and relative humidity were measured in the process of the nZEB renovation: outdoor, 
indoor and between the existing and installed layers of insulation elements on the walls and roof. The 
hygrothermal performance was measured at one-hour intervals before, during and after the 
renovation at different points of the external envelope with temperature and relative humidity 
sensors (Rotronic HygroClip SC05: ∅5mm×51mm, measurement range: _40°…+100°C and 0…100%, 
accuracy ±0.3°C and ±2%). Air and surface temperatures were measured with HOBO 
temperature/relative humidity using two external channel (TMC6-HD) data loggers (U12-013, 
measurement range _20°...+70°C, accuracy ±0.35°C). See measurement points in 
Figure 5.2. 
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Figure 5.7. Indoor and outdoor relative humidity (left) and temperature (right), measured on pilot 
building. See measurement points on 
Figure 5.2.

Figure 5.8. Relative humidity (left) and temperature (right), measured on pilot building, point T3&RH3. 
See measurement points on 
Figure 5.2.

Figure 5.9. Relative humidity (left) and temperature (right), measured on pilot building, point T4&RH4. 
See measurement points on 
Figure 5.2.

Figure 5.10.  Relative humidity (left) and temperature (right), measured on pilot building, point 
T5&RH5. See measurement points on 
Figure 5.2.
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Figure 5.11. Relative humidity (left) and temperature (right), measured on pilot building, point 
T6&RH6. See measurement points on 
Figure 5.2.

Figure 5.12. Indoor and outdoor temperatures (T_i, T_e), RH (RH_i, RH_e) and water vapour volume 
(ν) measured at point 4 and point 6.  See measurement points on 
Figure 5.2.

Figure 5.13. Relative humidity (left) and temperature (right), measured on pilot building, point 
T21&RH21. See measurement points on 
Figure 5.2.
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Figure 5.14. Relative humidity (left) and temperature (right), measured on pilot building, point 
T23&RH23. See measurement points on 
Figure 5.2.

Figure 5.15. Relative humidity (left) and temperature (right), measured on pilot building, point 
T24&RH24. See measurement points on 
Figure 5.2.

Figure 5.16. Relative humidity (left) and temperature (right), measured on pilot building, point 
T25&RH25. See measurement points on 
Figure 5.2.
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5.4 Conclusions
Measurements of energy consumption showed that significant energy reduction of energy use was 
achieved but nZEB target was not achieved. nZEB target was not achieved  because of the higher 
indoor temperature and higher use of domestic hot water than expected in the energy calculations.
Results of temperature and relative humidity measurements are in good agreement with preliminary 
made design, analysis and simulations with building performance software Delphin 5.8 and WUFI 5. 
The amount and speed of water dry-out from structures has given a certainty that there is no mould 
growth risks and long-term condensation in critical points of external envelope.
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6 Latvia

6.1 General description
Latvian pilot building has a common heat meter for all apartments. Totally there are four apartments, 
and installation of individual heat meets wasn't technically possible and efficient. Building is 
connected to the city district heating system. In scope of the MORE-CONNECT project the 
prefabricated thermal insulation panels were installed. The reconstruction of heating systems was 
postponed due to limited financing.  It should be mentioned that for such relatively small building 
reconstruction of heating system would be less efficient than thermal insulation. During the 
retrofitting the distribution pipes on ceilings  were insulated, see fig. 6.1.

Fig. 6.1 Celling insulation

6.2 Indoor air and temperature quality
After the retrofitting, the questionaries’ were distributed and analysed. The results show that 
inhabitants are satisfied with the indoor air parameters, see fig. 6.2. 
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The building is occupied by retired persons. Thus, indoor air temperatures are maintained slightly 
higher than usually in multi-apartment buildings, see fig. 6.3. 
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Figure 6.3 IAQ measurements - temperature.

6.3 Energy reduction
Each apartment has it’s own individual electric boiler for hot water preparation. In scope of this project 
the energy consumption for space heating was analyzed. 
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Figure 6.4 Thermal energy consumption

Based on measured data - fig. 6.4 - it can be concluded than the energy reduction after thermal 
insulation reaches 55%. It should be noted that the analysis includes also the transition period (heating 
season 2017/2018), when construction work took place.  The inhabitants stayed in their apartments 
during the retrofitting.  The building was finished in 2017. During the retrofitting not all joint were 
sealed, which coould have lead to higher energy consumption. Some heating systems adjustments 
and tuning were done in 2018 in order to ensure proper operation. It Is expected that after full year 
the extra system tuning will be done as well inhabits will be able to change their behaviour and to 
optimize indoor air temperatures. Due to the EU directive on third data protection, RTU has a limited 
access to data on building energy consumption as well a limited  right to disseminate it. 
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7 The Netherlands

7.1 Presikhaaf Arnhem (Webo and BJW)
The demonstration project in the Netherlands is situated in the city of Arnhem in the district 
Presikhaaf. In this demonstration project four porch types residential buildings, each with 16 
apartments, from 1963 have been completely renovated, using prefabricated façade elements, 
designed and produced by WEBO. After the renovation, the houses have a very nice appearance and 
completely up-to-date. In addition, they are equipped with new heating and ventilation systems 
(mechanical ventilation with heat recovery).

Figure 7.1 Apertment buildings Presikhaaf Arnhem, during and after renovation

 Within MORE-CONNECT, this is one of the first demonstration projects that have been completed, 
spring 2016. The four apartment blocks are not ‘zero-on-the meter’ (the Dutch term for zero energy 
homes) yet but can be upgrated to that level by adding PV panels. This is planned in a later phase.
As this project was completed in an early stage of the project, no arrangements could be made with 
the building owner (housing company Volkshuisvesting Arnhem) about monitoring programs. 
However, Volkshuisvesting Arnhem conducted several surveys on satisfaction of the tenants (reported 
in D5.8) and gas and electricity consumption as well as energy energy costs. Figure 7.2 shows the total 
energy costs before and after renovation for a number of apartments. Figure 7.3 shows the historical 
gas and electricity consumption and energy costs and the results just after the renovation. 

Figure 7.2 Monthly energy costs before and after renovation
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For figure … it is noted that one apartment (8-3) was hardly in use by the tenants (so extreme low 
energy costs before renovation as well); this apartment is therefore excleded. The othe apartments 
shows that the average monthly energy bills decresed from € 128 to € 64, exactly 50%.

Figure 7.3 Gas and electricity consumption and energy costs, average for one block

Figure 7.3 shows the average results on gas and electricity consumption and energy costs. Ith shows 
that electricity use did not decrease. That is because of the extra elextricity use for the MVHR systems 
(before renovation it was natural ventilation with passive stacks). However, gas consumption 
decreased with almost 50%.

7.2 MORE-CONNECT spin-off in the Netherlands
During the duration of the MORE-CONNECT project a trend was seen in the Netherlands towards so 
called ‘NOM renovations’ (NOM = ‘zero on the meter’). This trend was mainly initiated by the national 
Energiesprong program. Several ‘NOM’ concepts have been introduced to the Dutch market, see also 
the MORE-CONNECT book, D7.5, chapter 4.8.
A number of successful concepts are based on the MORE-CONNECT approach, i.e., applying 
prefabricated renovation elements for façade and roofs and ‘house engine’ for renovation of the 
building services. One successful concept is the so called ‘Component renovation’, developed by 
Bouwhulp/Alliantie +. Their concept is demonstrated in the H2020 project P2Endure (723391, 
www.p2endure-project.eu ). In order to get more insight in the performances of the MORE-CONNECT 
concept in the Netherlands, a ‘NOM’ renovation project is monitored in Etten-Leur.

 
Figure 7.4 ‘Zero-on-the-meter’ renovation, Etten-Leur

http://www.p2endure-project.eu/


37

This dwelling is a typical Dutch row house, built in the sixties. The Alliantie+ renovation package 
included prefab façade elements and prefab integrated PV roofs, both with Rc > 5,5 m2K/W, ground-
coupled heat pump, low temerature floor heating and a full PV roof. In figure .. the energy use before 
and after renovation as well as the energy production is shown. The grapgh showd that with MORE-
CONNECT based concept, developed by Alliantie + (http://www.alliantieplus.com/ ), zero energy 
renovation is possible.
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Figure 7.5 Energy use before and after ‘NOM’ renovation, Etten-Leur (Alliantie +)

7.3 RLLL Heerlen (HIA)

7.3.1 Description of the dwelling
The RLLL house in Heerlen is a single-family house that was renovated to a near zero energy building 
in 2015 using the first generation of MORE-CONNECT prefab integrated facades, roofs and engines. 
The dwelling is equipped with multiple sensors to measure temperatures (JAGA device [± 0.5ºC]), 
ventilation (JAGA device [± 1%]), CO2 concentration (JAGA device [± 50 ppm]) and energy use (de 
Slimme Meter (Slimme Meter, 2016)). All devices have a sample rate of once per ten minutes. In 
addition, data from the weather station in Maastricht is collected in the same database. 

Figure 7.6 Pilot dwelling in Heerlen

http://www.alliantieplus.com/
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7.3.2 Experimental program
The monitoring took place during two periods, winter 2015/2106 and winter 2016/2017.
The monitoring campaign included energy monitoring aa well as a deatiled study on thermal comfort 
in deep renovated houses.
During the first period, two females were measured living in the RLLL dwelling. They were measured 
for three weeks over a time span of three months to get insight in their preferred thermal environment 
and related thermoregulatory behaviour. For the current study, two other subjects -  in a later stage 
of the project - were also measured with a similar approach, in the same dwelling. 
The expectation was that differences in energy use and utilization of the dwelling were to be observed 
between the two previous tenants and the current tenants. The goal of these measurements was to 
link the differences in energy use to the differences in thermoregulatory behaviour. 
The RLLL dwelling is equipped with an advanced monitoring system with multiple sensors per zone for 
the measurements of:
- the in- and outdoor temperatures, 
- the set-point temperatures, 
- the CO2 concentrations, 
- the ventilation flows, 
- the temperatures of the ventilation flows, 
- the heat flow of the central heating, 
- the heat flow used for hot water, 
- the total electrical power use,
- the electricity used for the heat pump, 
- the electricity used for the boilers, 
- the electricity used for the ventilation.
Furthermore, data from the weather station in Maastricht is being collected in the same database. 
In addition to these physical measurements some physiological measurements have been executed 
to identify the user and to relate individual biological characteristics to their thermal comfort and their 
thermal behaviour. Information regarding thermal comfort, thermal sensation, clothing and activities 
were collected by means of an online questionnaire. 

Table 7.1: Measuring weeks

October 2015 November 2015 December 2015

Date 5 12 19 26 2 9 16 23 30 7 14 21 28
Measurements              
   Test subject 1              
   Test subject 2              

November 2016 December 2016 January 2017

Date 7 14 21 28 5 12 19 26 2 9 16 23
Measurements             
   Test subject 3             
   Test subject 4             

7.3.3 Energy demand
During the winter of 2015-2016 two female students were living in the MORE-CONNECT RLLL dwelling 
in Heerlen. For this study the collected data of the period October 2015 through March 2016 is used. 
This was the first winter season that the dwelling was being monitored. Since the summer of 2016 
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there are two new tenants living in this dwelling. This is a young couple who both work during the day. 
For this study the collected data of the period October 2016 through February 2017 is used of 2016-
2017. The model is now restricted to application where solar radiation is limited and thermal mass 
can be neglected.
7.3.3.1 Data sets
Error! Reference source not found.7.7 and figure 7.8  show the measured energy demand for heating 
(Qmeasured) [kWhth/per day] for both periods as function of the difference between out- and indoor 
temperature (ΔT) [˚C]. As can be derived from the graphs, there appears a linear correlation between 
Qmeasured and ΔT in both cases (2015-2016: R2 = 0.68, 2016-2017: R2 = 0.79).

Figure 7.7  Measured energy consumption for heating in the winter of 2015-2016 [kWhth/per day]

Figure 7.8  Measured energy consumption for heating in the winter of 2016-2017 [kWhth/per day]
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As can be derived from figureError! Reference source not found. 7.7 and figure 7.8, the performance 
of the dwelling in the winter of 2016-2017 seems to be more energy efficient than during the winter 
of 2015-2016 (Oct 2015- Jan 2016: 5.14 kWhth/K per day, Oct 2016- Jan 2017: 4.2 kWhth/K per day). 
Figure 7.9 igures 7.9 and 7.10 show the difference in energy consumption between both winter 
seasons over time. 

Figure 7.9  Measured energy consumption for heating over time in the winter of 2015-2016

Figure 7.10  Measured energy consumption for heating over time in the winter of 2016-2017
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Figures 7.11 and 7.12 show the measured in- and outdoor temperature over time for both data sets. 
As can be derived from the four graphs, the winter of 2016-2017 started relative mild, although 
February was on average colder than the winter season of 2015-2016. 

Figure 7.11 Measured in- and outdoor temperature over time in the winter of 2015-2016

Figure 7.12 Measured in- and outdoor temperature over time in the winter of 2016-2017

Tables 7.7 and 7.8 describe the measuring data in more detail. As can be derived from the tables and 
from figures 7.11 and 7.12, the indoor temperature during the winter of 2016-2017 was on average 
slightly higher than during the winter of 2015-2016, although it was more constant. The winter of 
2016-2017 was on average colder (Oct 2015- Jan 2016: 1278 degree days, Oct 2016- Jan 2017: 1715 
degree days). However, the measured energy demand for heating did not vary a lot between both 
winters. So the occupants during the winter of 2016-2017 were more efficient. 
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Table 7.2 Description of the measured data for the winter of 2015-2016

Mean Standard deviation Minimum Maximum
Indoor temperature 19.8˚C ± 1.1 ˚C 16.9 ˚C 22.5 ˚C
Outdoor 
temperature

9.1 ˚C ± 3.8 ˚C 0.4 ˚C 17.9 ˚C

ΔT 9.8 ˚C ± 2.9 ˚C 3.3 ˚C 18.5 ˚C
Qmeasured 41.4 kWhth ± 18.0 kWhth 11.9 kWhth 105.0 kWhth

Table7.3 Description of the measured data for the winter of 2016-2017

Mean Standard deviation Minimum Maximum
Indoor temperature 20.1˚C ± 0.7 ˚C 18.7 ˚C 22.8 ˚C
Outdoor 
temperature

7.4 ˚C ± 4.0 ˚C 0.4 ˚C 16.4 ˚C

ΔT 9.2 ˚C ± 4.3 ˚C 1.1 ˚C 19.9 ˚C
Qmeasured 42.1 kWhth ± 20.3 kWhth 6.4 kWhth 82.5 kWhth

7.3.3.2 Inverse modelling
Wherein real measurements (e.g. in- and outdoor temperatures, ventilation flow, wind speed and 
energy use of appliances and installations) were used in the calculation of Qpredicted [kWh]. This 
energy demand model is described in the Dutch TKI study TRECO (Towards Real Energy performance 
and Control by predicting, monitoring, comparing and controlling). In addition, for the calculation of 
Qpredicted, information of general parameters of the dwelling were collected, such as thermal 
resistance of closed parts, thermal transmittance of transparent parts, air tightness of the dwelling 
and g-values of glass. These parameters might have a great influence on the calculated energy use 
and the actual values of these parameters might differ from the expected values. These deviations 
might have a great influence on the energy demand (Rasooli et al., 2016).  This shows a need to use 
inverse modelling to determine the building parameters in practice. The goal of inverse modelling 
was to find the parameters that minimize the error between the modelling result and the 
measurements. For the purpose of the thesis, this means finding parameters that minimize the 
difference between Qpredicted and the measured energy use for space heating (Qmeasured). The variables 
‘a, b, c, d, e, f’ used in the prediction model, were the parameters that were predicted during the 
inverse modelling stage. 

The data sets were used to validate the prediction model. The energy demand of the 
dwelling was predicted with its parameters and compared with the real energy demand. For this 
calculation, the building characteristics of the dwelling were applied. Figures 7.13 and 7.14 show a 
first calculation and the real energy demand on a daily average. For this first calculation the factors 
‘a, b, c, d, e, f’ were set to 1. 
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Figure 7.13 First calculation and the measured energy demand on a daily average before inverse 
modelling – winter 2015-2016

Figure 7.14 First calculation and the measured energy demand on a daily average before inverse 
modelling – winter 2016-2017

Figures 7.15 and 7.16 show the difference between the calculated and measured energy demand on 
a daily average over time.
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Figure 7.15 Measured and predicted energy consumption for heating over time in the winter of 2015-
2016

Figure 7.16 Measured and predicted energy consumption for heating over time in the winter of 2016-
2017

The aim of the inverse modelling stage was to increase the accuracy of the model to more than 70% 
(R2 > 0.7). When the calculation method is accurate enough the different sub parts (e.g. Qinternal, Qsun, 
Qtransmission, Qventilation, and Qinfiltration) might show differences in utilization of the dwelling. As can be seen 
in Error! Reference source not found. to 
, the calculation was not accurate enough in this initial stage (2015-2016: SSres = 28078 and R2 = 0.41, 
2016-2017: SSres= 32935 and R2 = 0.40). For the data set of 2015-2016, the error of 15% of the 
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predictions was less than 10%; the error of 39% of the predictions was less than 25%. For the data set 
of 2016-2017, the error of 15% of the predictions was less than 10%; de error of 33% of the predictions 
was less than 25%. After this calculation, inverse modelling was used to optimize the model and to 
determine building parameters in practice. 
The variables ‘a, b, c, d, e, f’ used in the energy model were the parameters that were predicted during 
the inverse modelling stage. For the inverse modelling stage boundary conditions for these 
parameters needed to be imposed. The upper boundary conditions for the parameters ‘b, c, d, e’ are 
set to 1. Because ‘b, c, and d’ indicate factors for not intended thermal bridges, those will always have 
a negative effect on the thermal resistance of a material. The upper boundary condition for parameter 
‘a’ is set to 1.2. Parameter ‘a’ indicates a factor for not intended thermal bridges for the windows, this 
will always have a negative effect on the thermal transmittance. The parameter ‘f’ indicates a factor 
that stands for the changes which were made after the infiltration (qv50) measurement, thus this factor 
is less than 1 as well. The lower limits were set slightly higher than zero, namely 0.1, since the applied 
building system was an experiment and it is not exactly known what the thermal resistances of the 
building elements are. The limits of parameter ‘e’ were broadly chosen, namely 0.1 till 5. This was 
because it is uncertain what the deviation between transformation tables and the real ventilation flow 
is. The results of the inverse modelling stage are shown in table 7.4.

Table 7.4. Results of the inverse modelling stage

Parameter Value
a 0.1
b 0.1
c 0.4876
d 1.0
e 0.1
f 0.3347

Figures 7.17 to 7.20 show the results of the model after the inverse modelling stage for both data sets. 
Although the unrealistically low outcomes, the accuracy for both data sets was increased (2015-2016: 
SSres = 1428 and R2 = 0.67, 2016-2017: SSres = 726 and R2 = 0.86), although both R2 indicate that there 
is still a parameter missing in the model or a variable is incorrectly predicted possibly by incorrect 
assumptions (wind speed near the façade, effective internal heat gain or solar radiation). Only 67% 
and 86% of the data could be explained with the prediction model. The other 33% and 14% had 
another explanation. However, the accuracy was increased greatly. For the data set of 2015-2016, the 
error of 31% of the predictions was less than 10%; the error of 71% of the predictions was less than 
25%. For the data set of 2016-2017, the error of 40% of the predictions was less than 10%; the error 
of 86% of the predictions was less than 25%. Inaccuracies of sensors or the efficiency of the heating 
system can give more residual errors as well, consequently this will influence the accuracy of the 
model too. 
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Figure 7.17  The measured and predicted energy demand on a daily average after inverse modelling – 
winter 2015-2016

Figure 7.18 The measured and predicted energy demand on a daily average after inverse modelling – 
winter 2016-2017
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Figure 7.19 Measured and predicted energy consumption for heating over time in the winter of 2015-
2016

Figure 7.20 Measured and predicted energy consumption for heating over time in the winter of 2016-
2017

7.3.3.3 Principal component analysis (PCA)
Figures 7.17 and 7.18 present the slope and the place of the trend line in the graph of energy demand 
against ΔT depends on different aspects and the utilization of the dwelling. For example the number 
of occupants, the ventilation rate, and the internal heat load, the efficiency of the energy production, 
and the amount of insulation. As can be derived from figures 7.12 and 7.13, there is a difference in 
utilization of the dwelling between the tenants. The results of the energy demand calculation can 
possibly be used to explain these differences. For a single calculation of Qpredicted of a certain day with 
its specific utilization (with an average ventilation rate, in- and outdoor temperature, wind speed, 
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sunlight etc.) the slope of the line through this point is not known, so it is not known what the energy 
demand would be when the indoor temperature set-point would be different. To understand which 
line corresponds with which calculated Qpredicted, it is necessary to analyse which variables within the 
calculations are most important in the prediction of which line corresponds with each calculated 
Qpredicted. This can be done with a principal component analysis (PCA). At the end of this analysis it is 
possible to see which principal components (PC’s) explain how much percent of the variance in the 
data. And which variables have the most influence on that variance and in which direction. This 
method can be used to show which variables have the most influence in the different directions. With 
this analysis it might be possible to form different energy demand lines based on different utilization 
patterns. In addition, this analysis might show which variables have the greatest influence on the 
prediction of the heating demand. In other words, which variable is most important to measure and 
predict for a better prediction of the total heating demand. Furthermore, PCA can be used to identify 
a variable which is most influenced by an occupant and to define which variables have the biggest 
impact on the heating demand calculation.
Figures 7.21 and 7.22 show a first overview of the influence of different measured variables on the 
measured energy demand of both data sets. To make these graphs, the different calculated variables 
(e.g. Qinternal, Qsun, Qtransmission, Qventilation, and Qinfiltration) were projected onto Qmeasured showing a possible 
distribution of the energy demand.

Figure 7.21 The influence of measured variables on the measured energy demand – winter 2015-
2016
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Figure 7.22 The influence of measured variables on the measured energy demand – winter 2016-
2017

Finally, the principal component analysis was carried out for both data sets. Figures 7.23 and 7.24 
show which principal components explain how much of the variance in the data. 

Figure 7.23 Explanation of the variance by the different principal components – winter 2015-2016
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Figure 7.24 Explanation of the variance by the different principal components – winter 2016-2017

PC1 would explain the most variance of the data. Figures 7.25 and 7.26 show that QTRwalls (transmission 
of the walls) has the most influence on PC1 (2015-2016: PC1 = 97.6%, PC2 = 1.5%, PC3 = 0.8%, 2016-
2017: PC1 = 99.3%, PC2 = 0.5%, PC3 = 0.2%). This variable is only dependent on the measured ΔT, this 
principal component is probably in line with the trend lines of figures 7.12 and 7.13, because ΔT is the 
leading parameter. Therefore, to understand which slope of a line corresponds with each calculated 
Qpredicted, it is necessary to look at PC2. As can be derived from figures 7.20 and 7.21, Qinfiltration has the 
most influence on PC2. More than 80% of the variance in PC2 of both data sets can be explained by a 
difference in Qinfiltration. In addition, the only difference between both outcomes is the influence of Qint 
on PC2 for the winter of 2015-2016, see figures 7.20 and 7.21. The electricity demand for domestic 
use was in the winter of 2015-2016 higher and the average wind speed and average ΔT were lower 
compared to the winter of 2016-2017 (2015-2016: electricity demand for  domestic use = 1174 kWh, 
wind speed = 3.59 [± 2.3], ΔT = 9.8 [± 2.9], 2016-2017: electricity demand for  domestic use = 880 kWh, 
wind speed = 4.87 [± 1.45], ΔT = 9.2 [± 4.3]).
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Figure 7.25 Influence of variables on the principal component 1 and 2 – winter 2015-2016

Figure 7.26 Influence of variables on the principal component 1 and 2 – winter 2016-2017

From previous research it is known that there is a strong linear correlation between the energy 
demand and the difference between in- and outdoor temperature (ΔT). This means that the energy 
demand will always increase when the difference between the in- and outdoor temperature increases 
(a higher ΔT) . Figure 7.27 shows this principle. The slope and the place of the line in the graph depends 
on different aspects and the utilization of the dwelling, such as the number of occupants, the 
ventilation rate, the internal heat load, the efficiency of the energy production and the amount of 
insulation.
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Figure 7.27 Energy demand against the difference in in- and outdoor temperatures

7.3.4 Thermoregulatory behaviour of the test subject
In addition to the previous results, figure 7.28 hows the comfort and sensation vote filled in by test 
subject 1 over three measuring weeks. In this graph once more a standard 7-point thermal sensation 
scale was used, were -3 is very cold or very uncomfortable, -2 cold or uncomfortable, -1 cool or slightly 
uncomfortable, 0 is neutral, 1 slightly warm or slightly comfortable, 2 warm or comfortable and 3 is 
hot or very comfortable. 

Figure 7.28 Comfort and sensation vote of test subject 1

Finally, the thermoneutral zone can be calculated for each measuring point individually. The 
calculation of the thermoneutral zone can only be done as a steady state condition. Therefore it is 
not possible to calculate the thermoneutral zone for the measuring points where the test subjects 
have a higher activity level. It is physically not possible to maintain this activity level for a longer 
period of time, therefore it is not possible to calculate a steady state condition for higher activity 
levels. So the thermoneutral zones are only calculated for the individual measuring points where the 
metabolic equivalent is below 1.2 (MET < 1.2). This means that for this analysis there are 58 
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measuring points left for test subject 1. For this section only one day, December 13th 2015, will be 
presented and discussed. The other graphs can be found in the short movies on the added USB-stick. 
In addition, there are two unknown variables for the calculation of the thermoneutral zone; the 
metabolic rate and the air velocity, these variables are not measured. Although, the test subjects 
entered their activity level in the online questionnaire. The metabolic rates used per activity entry 
can be found in table 7.5Table  (Ainsworth et al., 1995). The air velocity is partly dependent on the 
metabolic rate. No references could be found for air velocities corresponding with activities of 
metabolic rates. From practice it is known that the air velocity in dwellings is normally found 
between 0.05-0.1 m/s (ISSO, 2008). The air velocity around the body increases when the body moves 
faster. In addition, the air velocity underneath a blanket is near zero so around 0.05 m/s.

Table 7.5 Metabolic rates and air velocity used per activity entry

Activity entry questionnaire Used metabolic rate (Ainsworth et al., 1995) Used air velocity
Lying (sleeping/resting) 0.9 Met 0.05 m/s
Lying (active) 0.9 Met 0.06 m/s
Sitting (resting/reading/eating) 1.0 Met 0.07 m/s
Sitting (office work) 1.1 Met 0.09 m/s
Standing (light physical effort) Not included in analysis Not included in 

analysis
Standing (medium physical 
effort)

Not included in analysis Not included in 
analysis

Standing (heavy physical effort) Not included in analysis Not included in 
analysis

Figure 7.29 shows the first measuring point of December 13th 2015 of test subject 1, at 10:37 hour. 
She is probably still in bed, according to her schedule. As can be derived from the graph, the wireless 
sensors measured a relative humidity of 56%, an exposed temperature of 17.6˚C and a weighted 
average skin temperature of 35.2˚C. According to her entries in the questionnaire, she has a Clo-
value of 0.48 and the corresponding metabolic rate and air velocity are respectively 0.9 Met and 
0.05 m/s (Table ). She entered a sensation vote of 1.8 and a comfort vote of 1.07, so she feels warm 
and this is just comfortable. 

Figure 7.29 Thermoneutral zone (in red) and comfort zone (red dot) calculated for measuring point 
13th December 10.37h for test subject 1, including the measured weighted mean skin temperature 
(blue horizontal line) and measured exposed temperature (blue vertical line)
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The body can only regulate its temperature in the surrounding environment by regulating its heat loss 
by dilatation and contraction of blood vessels, which increases or decreases the skin temperature. 
Therefore, a higher skin temperature suggests that the test subject feels warm and a lower skin 
temperature suggests that the test subject feels cold. In figure 7.24 the skin temperature of test 
subject 1 is within the higher end of the calculated thermoneutral zone. This corresponds with her 
sensation and corresponding comfort vote. The exposed temperature is lower than the TNZ. This 
indicates that the person is not in heat balance: more heat is lost and consequently she would 
probably start feeling colder if she does not change her environment, her clothing or her activity level. 

7.3.5 Conclusions
Differences in energy consumption due to differences in utilization of the dwelling:
It is possible to explain differences in energy consumption due to differences in utilization of the 
dwelling. This has been possible in an advanced stage for a couple of years through different 
calculation software. Although, because of the boundary conditions of this study it is not possible to 
use such a program. The hypothesis that was investigated in this study is that a difference in 
comfortable indoor temperature might be the reason for variation in energy demand between similar 
dwellings. Therefore, real-life measurements were taken into account during the calculation of the 
heating demand, in order to include the actual differences in set-point temperatures and other 
variables such as ventilation flow, wind speed and energy use of appliances and installations. Inverse 
modelling was used to increase the accuracy of this model and to determine building parameters (e.g. 
thermal resistance of closed parts, thermal transmittance of transparent parts and air tightness of the 
dwelling) in practise. Because these parameters might differ from the expected values in practise and 
deviations might also have a great influence on the energy demand (Rasooli, Itard, & Infante, 2016).
In this study the MORE-CONNECT RLLL was monitored for two years, in the winter of 2015-2016 two 
female tenants were living in this dwelling. During the summer of 2016 two new tenants (a man and 
woman) came living in this dwelling and were monitored during the winter of 2016-2017. The 
measurements showed that there is a linear correlation between the measured energy demand and 
ΔT in both data sets. The indoor temperature during the winter of 2016-2017 was on average slightly 
higher than during the winter of 2015-2016, although it was more constant. And the winter of 2016-
2017 was on average colder In addition, the occupants during the winter of 2016-2017 were slightly 
more efficient. In addition, the routine of the tenants in the winter of 2016-2017 was probably more 
constant, this resulted in a better prediction of the energy demand by the TRECO energy demand 
model.
Finally, the inverse modelling stage showed that the efficiency of the building façade of the dwelling 
was worse than expected. The renovation of the monitored dwelling was part of a different TKI-
project. This renovation was the first MORE-CONNECT pilot for an – at that time - totally new 
renovation principle (prefab facadea and roof elements), and therefore an experiment. From the high 
measured infiltration rates, it was already known that the dwelling was not airtight. But the results 
from the energy model suggested that the joints between different insulation materials are poor as 
well, which might resulted in major thermal bridges. Multiple calculations and measurements 
concluded that the building envelop is different than expected. 
The experimental nature of the RLLL dwelling might not give unambiguously results, the methods used 
this study can be used for further research concerning energy demand and occupant behaviour 
predictions. The energy model can be used as a starting point for more and better energy demand 
predictions. One of the main advantages of this model is that it can be used as a code only model. 
Input variables can automatically be retrieved from for example a database. Not only measurement 
data, but information about the dwelling as well, e.g. dimensions, surfaces, parameters of building 
parts. 
Prediction of energy consumption per day for a perticulair dwelling with its utilization pattern
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It is possible to predict energy consumption per day for a dwelling with a certain utilization pattern. 
The energy model used in this study can be used to calculate the energy demand of a dwelling with 
its utilization pattern, by means of including real measurements. In this study principal component 
analysis (PCA) is used to emphasize variation and bring out strong patterns in the datasets. Principal 
component analysis is often used to make data easy to explore and to visualize.
In addition, PCA can be used the predict the slope of the energy demand line by a specific utilization 
of a dwelling. Furthermore, PCA can be used to find certain patterns of user behaviour, for example 
with PCA it is possible to identify a variable that is most influenced by an occupant and to define which 
variables have the biggest impact on the heating demand calculation. These outcomes can vary 
between occupants and between dwellings. 
The principal component analysis showed that transmission had the greatest influence on the data in 
this study. This variable is strongly dependent on the measured ΔT and therefore probably in line with 
the x-axis. Therefore the second greatest influencer, infiltration, is used to determine the slope of the 
energy demand lines. Different energy demand lines were made by means of the amount of 
infiltration per day. It was not expected that infiltration had the greatest influence on the slope of the 
energy demand lines. However, because of the experimental nature of the dwelling it is not 
implausible that infiltration has the greatest influence on the slope of the energy demand line.
Finally, PCA was used to assess differences in utilization of the dwelling. In this study one dwelling was 
monitored for two years, in the winter of 2015-2016 two female tenants were living in this dwelling. 
During the summer of 2016 two new tenants (a man and woman) came living in this dwelling and were 
monitored during the winter of 2016-2017. The only difference in the PCA of both datasets was the 
influence of the internal heat load on the heating demand. This suggested that the infiltration was 
smaller, or the internal heat load was greater compared to the other winter. The outdoor temperature 
and the wind speed, the depending variables in the calculation of the infiltration, were higher or 
similar compared the other winter. However, the electricity demand for domestic use was greater 
compared to the other winter. This is an example of how PCA might show differences in utilization of 
a dwelling and differences in occupant behaviour.
Explaining differences in energy use due to differences in thermoregulatory behaviour and 
The monitoring campaign showed that it is possible to explain differences in energy use due to 
differences in thermoregulatory behaviour and comfort of occupants. There are differences in 
thermoregulatory behaviour, comfort and resulting optimal indoor temperatures. When the average 
calculated optimal temperatures are being compared, differences in optimal indoor temperatures can 
be distinguished. From these calculations the conclusion can be drawn; test subject 1 is more 
comfortable at lower temperatures compared to test subject 2. As was seen in the measurements, 
the set-point temperature of the living room was in the middle of these calculated optimal 
temperatures. It is not sure if the test subjects would act on their optimal indoor temperature if they 
would life alone, but it could be that test subject 1 would set a lower indoor temperature as a set-
point compared to the set-point that she agreed on with test subject 2. And vice versa. By combining 
the energy demand lines and the average calculated optimal temperatures per person per day, 
differences in energy demand can be seen.
By means of the energy demand line it can be derived what approximately would be the difference in 
energy use per day when the test subjects would act on their optimal indoor temperature instead of 
the agreed set-point temperature. This study showed that this can differ a factor 2 between the 
average optimal indoor temperature of test subject 1 and test subject 2. Both test subjects are female 
and approximately the same age, height and weight. Several studies suggest that there might be great 
differences in comfort between men and women, lean and obese and young and elderly. When this 
study already shows that between two almost similar females the energy demand might vary up to a 
factor 2, the differences between subpopulations might be even greater. This might explain why in 
some projects the highest measured energy consumption is a factor 5 greater than the lowest 
measured energy consumption (Borg, 2015; Steen et al., 2010).
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8 Portugal

8.1 Description of the pilot building
The Portuguese pilot building (
Figure 8-1) is a real building located in Vila Nova de Gaia, Porto Metropolitan Area, in the North region 
of Portugal. It is located in a social housing neighbourhood, built in 1997, and owned by Gaiurb (a 
municipal company).  The pilot is a multi-family building with three separate blocks, each with three 
floors, corresponding to six apartments (a two-bedroom and a three-bedroom per floor). In total, the 
building is constituted by eighteen apartments and is not equipped with a central heating system. 
Some of the apartments have portable electrical heaters (ƞ=100%) although the majority does not 
have any heating system installed. 

Figure 8-1 - MORE-CONNECT pilot building in Vila Nova de Gaia, Portugal

The building under study is representative of about 40% of the Portuguese multifamily buildings. The 
building envelope (and surrounding space) presents some signs of deterioration, although in a small 
scale. The common parts of the building (stairs, halls and walls) show signs of humidity and are in a 
higher state of deterioration. Inside the apartments, thermal discomfort has been reported and mould 
is clearly visible in the corners of the walls and near the windows. Extensive mould areas can also be 
found in some of the rooms and bathrooms ceilings. In general, current renovation needs can be 
related with correction of thermal bridges, increase of the insulation level and installation of a heating 
system.

8.2 Dimensions and characteristics of the pilot building
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Figure 8-2 – Building site plan and aerial photograph

The building is oriented according Figure 8-2.
Besides the apartment floors, the structure of building includes a non-used small attic space and 
a cellar, used for storage. The building has a portico structure of steel reinforced concrete. 
Building envelope is composed by double bricks walls (15cm+11 cm) with an air gap between the 
two layers and no thermal insulation. Slabs are voided with 25 cm thickness total and the pitched 
roof is covered with ceramic roofing tile without insulation. Internally, apartment spaces are 
divided with 11 cm hollow brick walls and interior space has 2,5m height. The windows have 
aluminium frames and are double glazing. All windows have retractable white PVC blinds. Table 
8-1 summarizes the main dimensions and characteristics of the pilot building.

Table 8-1 - Dimensions and main characteristics of the MORE-CONNECT pilot building in Vila Nova de Gaia, 
Portugal

Parameter Unit Data Parameter Unit Data

Implantation area m2 582.18 U-value wall W/(m2*
K)

0.96

Wall area (excl.windows) m2 2712.2 U-value attic floor W/(m2*
K)

0.91

Roof area (pitched) m2 514 U-value ceiling of cellar W/(m2*
K)

0.78

Area of ceiling of cellar m2 514 U-value windows W/(m2*
K)

3.60 

Area of windows to North m2 0 g-value windows Factor 0.78
Area of windows to East m2 21.5 Energy need for cooling kWh/m2 2.20
Area of windows to South m2 0 Energy need for hot water kWh/m2 42
Area of windows to West m2 10.6 Energy need for heating kWh/m2 53

8.3 Renovation towards nZEB using the MORE-CONNECT solution
The pilot building was scheduled to be intervened in the scope of the More-Connect project, using a 
prefabricated module comprised of a wood frame, an internal/external cladding made of Coretech® 
sheets and a filling material of polyurethane foam (Figure 8-3). The module was going to be applied in 
the façade alongside other complementary measures, such as increased insulation in the cellar and 
roof. Unfortunately, due to insuperable administrative reasons that arose in the Portuguese 
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consortium, it was not possible to comply with the proposed deadlines and the Portuguese pilot 
building is not going to be renovated within the project timeline.

Figure 8-3 - MORE-CONNECT prefabricated element for façade renovation

In order to document the effect of the prefabricated solution regarding the deep renovation of the 
building and its influence on various parameters, the pilot building was subjected to various forms of 
monitoring procedures before the planned renovation. This report concerns the methodology and the 
results of this monitoring period.

8.4 Monitoring of pilot building
The building was subjected to two types of monitoring procedures: 1) Isolated measurement 
campaigns promoted in different seasons of the year. 2) Continuous monitoring of indoor and outdoor 
conditions.
Regarding the isolated measurement campaigns, the following parameters were measured:
1. Surface temperatures; 
3. Air infiltration; 
4. PM10 concentration; 
5. Radon concentration
6. Interior and exterior illuminance (daylight factor of internal space); 
7. Façade acoustic insulation levels

Table 8-2 provides the information regarding the dates in which each measurement was performed.

Table 8-2 - Measurement dates

Measurement March 17 April 17 Novembe
r 17

December 
17

January 
18

February 
18

Surface temperature x
Air infiltration   x  
PM10 concentration x     

Radon 
concentration

x x

Iluminance x     
Acoustic insulation  x    

Additionally, the building is being continuously monitored since March 2016, in 9 of the 18 existing 
dwellings (as well as on the outside of the building), in relation to temperature, relative humidity and 
CO2 levels. 
The methodology and instruments used in both forms of monitoring procedures are detailed below.

8.4.1 Monitoring methodology

Surface temperature

Coretech®
Wood frame
Polyurethane foam
Coretech®
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Surface temperature was measured from infrared radiation with a thermal imaging camera. The 
procedure for data collection followed standard EN 13187: Thermal Performance of Buildings - The 
Qualitative Assessment of the Thermal Irregularities in Building Envelopes, Infrared Method (EN 
13187, 1998). Thermography is used in this context in order to determine temperature variations from 
the outside of the building envelope. It is useful to identify thermal properties and imperfections of 
the building envelope, as well as to identify areas needing repair and detecting thermal defects, 
migration of humidity or water losses, air leaks and inadequate insulation. The thermo-pictures were 
taken with the ThermaCam T400 of the FLIR systems. Measurements were performed on November 
10th, 2017, with cloudy conditions. During the measurement period, outside temperature was 
between 16ºC and 18ºC.

Figure 8-4 - ThermaCam T400. Source: flir.com

Air infiltration
Procedure for air infiltration measurement followed the European norm EN 13829: thermal 
performance of buildings. Determination of air permeability of buildings. Fan pressurization 
method (EN 13829, 2009).
A test designated as blower door was used in order to determine the airtightness of the building. 
It is useful in order to measure airflow between two building zones, to test ductwork airtightness, 
as well as to locate air leakages in the building envelope.  Since the conditions that causes 
infiltration vary significantly, this parameter is measured through a specific pressure difference.  
The device was positioned in an exterior doorway (Figure 8-5) and the interior space was 
depressurized to 50 Pa less than outside conditions. Once this setup was achieved, the airflow 
that is needed to produce this pressure was measured and the average was taken, which equates 
the airflow leaking into the interior space that is being tested. In order to complete the test, all 
windows and remaining external doors were closed and all internal doors were opened.
The infiltration rate (the volumetric flow of outside air getting to a building) was measured in Air 
Changes per Hour (ACH), using a Model 2/230 System of Minneapolis Blower door on December, 
7th, in four flats of the building, which were chosen taking into consideration the availability of 
the tenants and the positioning of the dwelling. As such, two ground floor apartments in A block 
were measured, as well as one second floor in A Block and a first floor in B Block.  The software 
TECTITETM express 3.1 was used in test procedures.
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Figure 8-5 - Blower Door device in situ

PM10 Concentration
PM10 is the term used to describe small particles in the air, consisting of a complex mixture of 
soot, organic and inorganic materials with a particle size less than or equal to 10 microns.
 In order to measure this parameter, a PM10 sensor - DustTrack II Aerosol Monitor, sensor model 
8530/8531/8532 – was used (Figure 8-6). Measurements in the living room and bedroom in 8 of 
the 18 apartments in the building, resulting in concentration of PM10 in indoor air (mg/m3) were 
performed on March,10th, 2017 and followed procedures indicated in WHO (1998).

Figure 8-6 – Dustrack II - PM10 sensor. Source: tsi.com

Radon Concentration
Radon concentration measurements were taken from January, 22nd, 2018 to February, 19th, 2018, 
using ATMOS 12 DPX (Figure 8-7), which is a continuous radon monitor based on pulsed ionization 
chamber technology.  The equipment was located in the ground floor apartment in A Block and was 
stabilized in situ during 28 days before the actual monitoring period. An integration time of 8 hours 
was used and measurements were updated every 5 seconds. The procedure followed the technical 
note from ADENE in relation to air quality measurements (NT-SCE-02, 2009).
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Figure 8-7 - ATMOS 12 DPX - radon concentration device - in situ

Interior and exterior illuminance 
In order to measure the illuminance levels, a luxmeter was used. The procedures followed the 
European Standards regarding illuminance measurements (EN 12464-1, 2011) and were performed 
on March, 13th 2017. The rooms where the illuminance levels were measured are living rooms (facing 
southwest) and the bedrooms (facing northeast). These rooms were divided in four equal areas and 
the luxmeter was positioned in the centre, at the height of 0,8 m. The value of average illuminance of 
the room (Em) was obtained from the measured values of illuminance (Ei) of each smallest area. For 
the calculation of daylight factor, the average of external illuminance for Porto (6500 lux) was used. 
Measurements were realized using the luxmeter DELTA OHM HD2302 (Figure 8-8).

Figure 8-8 - Luxmeter DeltaOhm HD2302.0

Acoustic insulation 
An acoustic insulation index was calculated, following the procedure indicated in ISO 717-1:2013 (EN 
ISO 717, 2013) . It uses measurements from the tests performed by sonometer backed by a sound 
source (Figure 8-9) in two ground floor apartments of two different blocks in the building (A Block and 
C Block), during April 2017. The test measures the level of acoustic insulation of the façade of the 
building to the noise produced outside through three different acoustic pressure levels in different 
frequencies and the reverberation time for each apartment. The sound source with conical diffuser 
Mark Bruel & Kjær, 4224 model of class II (IEC), and sonometer CEL Instruments, model CEL-59, were 
used.
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Figure 8-9 - Sound source and sonometer in situ

Interior and Exterior temperature; Relative Humidity and CO2 levels
Four parameters – interior and exterior temperatures, relative humidity and CO2 levels – were 
continuously monitored, in order to understand the differences between indoor and outdoor 
conditions and the thermal comfort conditions. The instrument used for these measurements was the 
Delta Ohm HD35ED Data Logger (Figure 8-10). The wireless equipment has the capability of storing 
continuous data with 5 minutes interval in a range of one month. Particular attention was given to the 
location of data logging devices. Equipment was located at least as far as 0,5m from corners and 
windows and suffering no influence of direct solar radiation and it was also located away from normal 
locations of air diffusion devices, personal heaters or fans.
Given the configuration of the apartments, two T3 apartments (three bedrooms apartment) and a T2 
apartment (two bedrooms apartment) by block were measured. These apartments were chosen in 
order to be able to compare similar rooms in different floors and contextual positioning. An additional 
monitoring equipment was placed inside a protective box in the northeast façade of the building. In 
every one of these dwellings, the parameters are being registered in the living room (LR) and in a 
bedroom (BR) since March, 25th, 2016 and this report analyses the monitoring data until July 26th, 
2018.

Figure 8-10 - Delta Ohm HD35ED Data Logger. Source: deltaohm.com

Figure 8-11 indicates the typical location of the monitoring devices in the interior and in the exterior 
(OUT) of the apartments and Table 8-3 shows the general characteristics of the rooms being 
monitored. 
Figure 8-12 shows images of some of the data loggers devices in situ.
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Figure 8-11 – Typical floor plan and location of apartments and rooms being continuously monitored.

Table 8-3 – Main characteristics of the rooms being monitored in each block

block_room area
[m2]

area of wall in contact with exterior
[m2]

A_LR 19.77 23.63
A_BR 12.74 18.75
B_LR 19.77 10.25
B_BR 12.74 6.50
C_LR 16.79 21.50
C_BR 12.74 18.75

A1

A2

B1

B2

C1

C2
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Figure 8-12 - Data Loggers –typical location and positioning examples

8.4.2 Monitoring Results overview

Surface temperature
Figures 8-13 to 8-16 show the most significant images taken using the thermacam. The thermacam 
images are being compared to normal photographs in order to better understand differences in 
surface temperature.
In 
Figure 8-13 in particular, the thermo-picture of the façade facing south is showing the brick in red, and 
the beams and pillars in blue, thus indicating a significant difference in surface temperature (about 
four degrees Celsius) between the building elements. It is visible that the main heat losses are located 
in the brick zone of the wall.
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Figure 8-13 - South façade of the building

Figure 8-14 – Corner of Southwest façade of the building

Figure 8-15 – Northeast façade of the building
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Figure 8-16 –Southwest façade of the building

Figure 8-14 shows the façade exposed to southwest and the corner of the blind façade facing south. 
Difference in surface temperatures in corners can be significant, representing the main thermal 
bridges in the building as also noticeable in 
Figure 8-15.
Figure 8-16 shows the southwest-oriented façade. The effect of the envelope that is being irradiated 
by the sun (remaining warmer, in red) is quite clear, as well as the windows glass with a considerable 
difference in surface temperature. However, except for the glass, the temperature is relatively 
homogeneous.

Air infiltration
Figure 8-17 summarizes the test results for the four apartments in which the measurements took place 
for n [1/h] value, which indicates air changes per hour in normal conditions. In this figure, two types 
of values can be seen. Measured n [1/h] value corresponds to direct measurement values for the 
blower door test with a ∆P between 0,1 and 0,2. Because the measured values showed a pressure 
difference significantly lower than the average for this location, a hypothetical calculation was 
performed. The calculated n [1/h] value takes into consideration the test results but considers a ∆P of 
5,0, which is the yearly average value, maintaining the temperature differences and the wind pressure 
as measured.

0,21

0,35
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0,26

1,73

2,43

2,13

1,65

0,00 0,50 1,00 1,50 2,00 2,50 3,00

B Block 1, right side apartment

A Block 2, right side apartment

A Block GF, left side apartment 

A Block GF, right side apartment 

measured n [1/h] calculated n [1/h]

Air changes per hour in normal conditions

Figure 8-17 - Air changes per hour in four apartments
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PM10 Concentration
In general, PM10 concentration levels are low in the pilot building (Figure 8-18). The majority of the 
apartments subjected to the measurement campaign showed values within the limits recommended 
by regulation (0,15 mg/m3). However, measurement values for the bedroom room of the first floor in 
A Block (A_1_BR) were exactly at the limit imposed by regulation and in the ground floor of B Block, 
measured values in living room (LR) and bedroom (BR) were significantly higher.
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Figure 8-18 -Average Indoor PM 10 Concentration

Radon Concentration

Figure 8-19 presents the graph with the measurements performed in winter (22 Jan18 – 19 Feb18) in 
one apartment of the building. The values are all significantly under the limit allowed in Portuguese 
regulations (400 Bq/m3). The average concentration for the measurement period is 46,3 Bq/m3.
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Figure 8-19 - Radon concentration measurements

Interior and exterior illuminance
Figure 8-20 shows the results for the daylight factor (%) in the rooms where illuminance was 
measured. All rooms, with exception of the ones in second floor in A Block, have daylight factors above 
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2, which indicates sufficient natural lighting. Three of the analysed rooms have values above 5%. 
Measured illuminance has an average of 277, 8 lux and ranges from around 50 lux (in A_2_BR) to 465,7 
lux (in B_1_BR).
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Figure 8-20 - Daylight Factor and Illuminance levels in four apartments

Acoustic insulation
An acoustic insulation index for the façade was calculated for two apartments in the building, as 
described in the methodology. Both apartments presented a result of 38 dB regarding the acoustic 
insulation index of the façade.

Internal and External temperature, Relative Humidity and CO2 levels
The average of CO2 levels inside the apartments is of 750 ppm in the winter and 816 ppm in the 
summer. However, there are significantly higher concentrations in some of the dwellings (Figure 8-21). 
During the heating season, the rooms presenting the highest concentrations are bedrooms (A_GF; 
A_1;A_2; B_GF and B_1) which indicates values above 1000 ppm.
In the cooling season, there is the same predominance of higher concentration levels indoors, but only 
in the living rooms. Notably, some of the values are even higher than in the heating season (e.g. A_GF, 
A_1 and B_GF).  With a compiled average of 888 ppm, B Block is the one presenting the highest 
concentration overall. In opposition, C Block is the one with less CO2 concentration found inside the 
apartments (average of 596ppm), with values very close to the ones registered in the exterior of the 
building. Values for the bedroom in the first floor in C Block could not be analysed because of 
insufficient data due to a device malfunction.
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Figure 8-21 – Measured CO2 Concentration per season

Figure 8-22 and 
Figure 8-23 present distribution for relative humidity values for the heating and cooling seasons during 
the monitored period. The average for the heating season of all measurements is 68 % and 61% for 
the cooling season. The highest value in the heating season was registered in the bedroom of the 
second floor in B Block (which also presents the lowest value for relative humidity in the cooling 
season) and the lowest in the living room of the first floor in the same block. In the cooling season, 
the living room of A Block ground floor is the room where the highest value was registered (91,1%). 
No valid values could be found for the bedroom of the first floor in C Block.
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Figure 8-22 - RH Distribution - Heating Season
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Figure 8-23 - RH Distribution - Cooling Season

Registered temperatures in the exterior of the building follow the same general temperature profile 
that the average values considered in climate data (30 year average data) for Vila Nova de Gaia (Figure 
8-24
Figure 8-25), although averaged values in climate data appear to be flattened in relation to measured 
exterior temperatures, as expected. By comparison, the highest temperature registered during 
monitoring was 32,9 °C as opposed to 25,2 °C in climate data and the lowest being 5,3 °C as opposed 
to 6,2 °C in climate data.
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Figure 8-24 - Monitored temperatures and climate data comparison

Figure 8-25 to 
Figure 8-27 present results of the continuous monitoring regarding temperatures. 25% of the 
registered exterior temperatures are in the range of 14 °C to 18 °C. The exterior monitoring also 
indicates a significant registered number of temperatures below 12°C. There are records of 
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temperatures above 32°C, even if in low percentage (0,2%). Reflecting the range registered in the 
exterior, there is a significant number of temperatures in the 14-18°C range inside the building. A clear 
example of this trend is the ground floor in A Block, with predominance in the living room. In this 
apartment, however, it is in the bedroom where temperatures are higher, with 23,1% of data in the 
22 -24 °C range. It is in the last floor of this block that temperatures are higher for longer, and in 
particular in the bedroom.
In B Block, in the ground floor, in both monitored rooms, there is a significant number of registered 
temperatures in the range of 14-18°C and 18-20°C. In the middle floor of this block, there is a shift to 
warmer temperatures (more of 25% in the bedroom in the 22-24°C range), even if the living room has 
35% of temperatures on the 14-18°C range. In the second floor of this block, 36,2% of monitored 
temperatures in living room were under the 20-22°C range, and around 27% of temperatures were 
above 22°C.
There is a clear indication that in C block, temperatures are distributed in a more extreme form. In the 
ground floor, for example, more than 90% of temperatures were below 22°C, a number followed in 
both rooms. In the first floor (where only living rooms measurements were possible due to device 
malfunction), 30% of the monitored temperatures were below 22°C and there is around 5% of time 
indoor with temperatures below 28°C. Monitored interior temperatures in the second floor of this 
block indicate that around 80% of temperatures measured in the bedroom were under 20°C. 
Temperatures in the living room are slighter higher, with 35% in the range of 20-22°C.

Figure 8-25 – Exterior and A Block Temperature Histograms
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Figure 8-26 - B Block Temperature Histograms

Figure 8-27 - C Block Temperature Histograms

Cumulative frequency curves help to understand the measured temperatures profiles and how much 
time of the monitored period the temperatures were below a certain value. Results indicate that, 
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while outside, 50% of the monitored time was equal or below the range of 14-18 °C,   in A Block, 
temperatures were slightly higher in half the time (below or equal 18-20 °C in the ground and 
intermediate floor and 20-22°C in the last floor). In B Block, the temperature profiles presented similar 
differences between floors. However, results regarding the second floor are even clearer regarding 
increasing temperatures, in particular in the bedroom. Temperature frequencies profiles present what 
can be called of residual differences between the two rooms, except for the second floor in B Block 
and C Block. In these apartments, temperature profiles are clearly distinct. In C Block, 50% of the 
monitored time presented temperatures below the range of 14-18 °C in the bedroom and 20-22°C in 
the living room, while in 80% of the time, temperature were equal or below 20 °C in the bedroom  and 
24°C in living room.
Data regarding temperatures also allowed for a thermal comfort analysis of the indoor conditions in 
the monitored apartments. Being so, the range recommended in Portuguese regulations (18 °C - 25 
°C) was considered in order to evaluate the hours in which the rooms were considered to be 
uncomfortable (i.e. out of this range). 

Figure 8-28 and 

Figure 8-29 demonstrate the percentage of hours in discomfort for both living rooms and bedrooms 
per season of the year. 
Figure 8-28 shows a considerable number of hours outside the comfort range for the living rooms in 
the first and second floors of A Block in the cooling season (more than 50% of occupied time). 
Concerning the heating season, all of the living rooms (with the exception of the first floor in A Block 
and the second floor in C Block) indicate more than 30% of hours in discomfort.

A_
GF

_L
R

A_
1_

LR

A_
2_

LR

B_
GF

_L
R

B_
1_

LR

B_
2_

LR

C_
GF

_L
R

C_
1_

LR

C_
2_

LR

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

HS (%) CS (%)

Discomfort Hours - Living Rooms

Ti
m

e 
(%

)

Figure 8-28 - Thermal Comfort Living Rooms

For the bedrooms (
Figure 8-29), the most significant season in terms of discomfort is the heating season, with every room 
presenting above 30% of discomfort hours. Of significance, however, is the value of 57% of 
temperatures outside the range of comfort in the second floor of A Block in the cooling season.
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Figure 8-29 - Thermal Comfort - Bedrooms

8.4.3 Discussion of monitoring results
Surface temperature tests indicate significant differences in temperature regarding the elements of 
the building façade. Differences of more than 4°C such as the ones found in the tests are indicators of 
the presence of important thermal bridges (and consequence of lack of proper insulation layer) and 
can influence negatively hygrothermal comfort indoors, as well as potentially create the conditions 
for mould appearance in adjacent walls. By the other hand, results from the airtightness tests indicate 
that in all the apartments tested, air infiltration was superior to one air change per hour. In fact, there 
is a significant space below the kitchen door to the apartment and the kitchen has a laundry space 
which cannot be completely closed, as well as holes in the windows frames. These apartments’ 
characteristics can justify the calculated values, which highlight the high air permeability of the 
building. 
Generally, it can be stated that, buildings with high air infiltration rates can potentially achieve better 
indoor air quality, due to the renovation of indoor air, even without proper ventilation. If it seems to 
be true that the building does not present significant values regarding radon gas, this is not the case 
for particulate matter. For this parameter, the ground floor in B Block presented values that are 
significantly higher than the values recommended as acceptable for the Portuguese regulation (0,15 
mg/m3) (NT-SCE-02, 2009) . These values can be caused by insufficient ventilation or by users’ habits 
(e.g. smoking with closed windows or some ways of cooking food). In terms of air quality, CO2 
concentrations are also considerable high in all the measured apartments. However, considering the 
limit values recommended for this parameter in Portugal (980 ppm) (NT-SCE-02, 2009), only 
apartments in A Block and the ground floor in B Block present values that can potentially compromise 
occupants health. Besides this consideration, it is also possible to verify a difference between seasons 
in the CO2 concentration inside the apartments, which are sought to be exemplificative of the various 
strategies regarding comfort, privacy and security implemented by the occupants. For example, it is 
possible to suggest that, in apartments where CO2 concentration is higher in the cooling season than 
in the heating season, the occupants choose to protect the indoor environment of potential heat gains 
or outside noise (even if the test regarding sound insulation presented satisfactory results) and close 
all windows and/or shutters, also impairing air quality in this process. 
Daylight is determinant in assessing the quality of indoor environments and an adequate daylight 
factor can be significant in terms of energy saving and avoiding the use of artificial lighting. Daylight 
needs for living rooms are higher than in bedrooms. Generally, this factor can be assessed using the 
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classification from CIBSE (CIBSE, 1999). Results suggest that, in general, and taking into consideration 
that, at the time of the measurements, some cloudy periods were affecting the tests (such as in the 
first floor of A block), the apartments in the pilot building can be considered adequately lit, although 
in some winter months, artificial lighting would be necessary. In opposition, in at least three cases the 
ratio is very good, and artificial lighting would probably not be required even in winter, However, this 
kind of daylight availability will also raise questions regarding the possibility of unwanted heat gains 
affecting indoor temperature in some apartments.
Temperature and relative humidity are considered to be two of the most determinant factors 
influencing thermal comfort. The average relative humidity in both heating and cooling seasons are 
within the recommended limits (30%-70%) indicated in the Portuguese regulations (REH, 2013). 
Relative humidity is also a clear indicator of the risk of condensations and mould and some of the 
apartments’ results show evidence of periods of high percentage of relative humidity indoors even in 
the cooling season.  In the case of interior temperatures are, in part, the result of the lack of walls 
insulation, which is clearly demonstrated by thermography. Even considering that the range of 
temperatures found inside the apartments are considerable large, there is an important percentage 
of temperatures outside the 18°C -25°C range of thermal comfort indicated by the Portuguese 
regulations (REH, 2013). Results suggest that, despite considering that occupants use portable heaters 
and fans in order to control indoor temperature and achieve thermal comfort conditions, in some 
apartments acceptable thermal conditions are more difficult to attain in both seasons, such as in 
second floor apartments and the ones situated in C Block.

8.5 Conclusions
This document reports monitoring methodologies and results from two types of procedures 
performed on the More-Connect pilot building in Portugal. Both isolated measurements and 
continuous monitoring were promoted inside and outside the building. Several parameters, mainly 
regarding daylight conditions, air quality and hygrothermal indoor conditions were assessed.
Daylight factor inside the apartments is mainly conditioned by building orientation. Living rooms 
present the higher ratio between interior and exterior illuminance, but some caution should be taken 
regarding unwanted solar heat gains in these spaces.
In terms of air quality, CO2 is the most problematic issue. The analysis found that some apartments 
present significant high averages of CO2 concentration in both seasons, in particular in A Block and in 
the ground floor apartment in B Block. This apartment is particularly interesting because results from 
PM10 tests were also higher than the rest of the apartments of the building, suggesting that apartment 
ventilation is not adequate and that there is an internal pollution source promoting these values.
Regarding building elements, building façade offers satisfactory sound insulation from the outside 
noises. However, in his present state, the building presents significant thermal bridges due to lack of 
insulation. Combined with an uncontrolled high air permeability, occupants may find it difficult to 
bring indoor conditions to acceptable thermal thresholds, as demonstrated by the range of 
temperatures found inside the apartments.
Results from the monitoring campaigns as well as the ones from the continuous measurements seems 
to corroborate the need already identified by occupants to intervene physically in the building in order 
to improve thermal comfort and energy efficiency.
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