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Abstract: An increasing demand for energy-efficient buildings has led to an increasing focus on
predicted energy performance once a building is in use. Many studies have identified a performance
gap between predicted energy use and actual measured energy use once buildings are in the user
phase. However, none of the identified studies normalise measured energy use for both internal and
external deviating boundary conditions. This study uses a Net-zero energy building (Net ZEB)
building in Sweden to test two different approaches to the normalisation of measured energy
use—static and dynamic methods. The normalisation of energy use for a ground source heat
pump reduces the performance gap from 12% to 1–5%, depending on the method of normalisation.
The normalisation of energy from photovoltaic (PV) panels reduces the performance gap from 17%
to 5%, regardless of the method used. The results show that normalisation is important in order to
accurately determine the energy performance of buildings. The most important parameters are the
indoor temperature and internal loads, which have the largest effect on normalisation in this case
study. Furthermore, the case study shows that it is possible to build Net ZEB buildings with existing
technologies in a Northern European climate.

Keywords: net-zero energy building; normalisation; energy performance; energy monitoring;
performance gap

1. Introduction

Buildings account for over 40% of primary energy use worldwide and 24% of greenhouse gas
emissions [1]. The world’s population is growing, as is the need for buildings. Hence, the reduction of
energy use and increased use of energy from renewable sources are important measures for climate
change mitigation. The energy-saving potential in the building sector is massive and could yield
global annual energy savings equivalent to the total energy use of buildings in the USA, UK, Russia,
Germany, France, and China [2].

With increasing demand for energy-efficient buildings, the construction industry faces the
challenge of ensuring that predicted energy performance is achieved once a building is in use. There are
many studies that identify a performance gap between calculated/simulated energy use and actual
measured energy use once buildings are in the user phase [3–20]. While some studies show a very large
performance gap [5–7,13,19], others show a lower performance gap [8,10,20]. Some studies investigate
the effect of deviating boundary conditions, such as internal loads and outdoor climate [3,4,11,16,18]
and some normalise the measured energy use for some of the deviating boundary conditions with
respect to outdoor climate [8,10]. It should be noted that studies showing a low performance gap have,
to some extent, normalised measured energy use. However, none of the studies attempt to normalise
measured energy use for both internal and external deviating boundary conditions [3–17].
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Root causes of performance gaps have drawn the interest of researchers [3,5,6,15,18,19].
These causes may be sorted and attributed differently. However, root causes may be found in all stages
in the building process, including the design stage and the procurement/construction stages, as well
as the operational stage.

Examples of causes in the design stage may be related to inaccurate or uncertain input data [3,19].
Another cause could be the incorrect use of methods or tools for calculations and simulation [6,15].
During the construction stage, misunderstandings and incorrect execution may cause performance
failure, e.g., insufficient air tightness and insulation [3,15]. Finally, the conditions during the actual use
of a building play an important role, where occupant behaviour is often considered as the main cause
of performance gaps [3,11,18,19].

Instead of normalising measured energy use, the initial simulation model, created during the
design phase, may be calibrated to reflect the as-built status and the actual operating conditions during
the user phase [19–21]. After calibration, the model may be rerun with initial operating conditions with
respect to indoor temperature, operating hours, exterior climate, and occupant behaviour, etc., showing
as-built verified energy performance, but with the initial operating conditions. Calibrated models
may match, quite closely, with measured results [19,21]. In other words, it is possible to overcome a
performance gap due to incorrect modelling methods or tools. However, the use of calibrated models
is still under development and further work is required in order to develop a good approach [15,21].
Furthermore, the calibration of models requires extensive measurement, which sometimes may not be
possible [15,21].

A normalisation method of measured energy, considering both internal and external deviating
boundary conditions during the actual use of a building, may allow for a meaningful comparison and
verification of energy use in buildings.

In Sweden, the National Board of Housing, Building, and Planning (Boverket) recently published
a static method for normalising measured energy use, accounting for the deviation of hot water use,
indoor temperature, exterior climate (outdoor temperature, solar radiation, and wind), plug loads, and
lighting [22]. In addition to this static approach, the normalisation of measured energy use is permitted,
based on the relationship between the simulated energy use for normal use and for a normal year, and
the simulated energy use in the case of actual use and outdoor climate during the measurement year.
The second option requires dynamic simulation.

The two different methods will, in this study, be referred to as static normalisation and dynamic
normalisation, respectively. Boverket stated that the methods, while simplified and shortened, are the
best available methods they have been able to define. Thus, the methods are not validated.

This study presents a Net-zero energy building (Net ZEB) built in Sweden, and investigates
different methods for normalising the energy use in the user phase by testing the two methods for
normalising measured energy use. In this study, the Net ZEB balance is based on the Swedish
regulations on energy performance [23], which exclude energy use for plug loads and lighting.
The chosen definition of a Net ZEB, used in this case, is summarised in Table 1, and is based on
the framework [24] developed within the International Energy Agency (IEA) research project Towards
Net-Zero Energy Solar Buildings [1].

The purpose of this study is twofold; firstly, it aims to share and test the two methods for the
normalisation of measured energy use in buildings, in order to enable other researchers to use, evaluate,
and develop these methods. Secondly, it aims to share knowledge of building technique for a Swedish
Net ZEB.

The static model from Boverket has the objective of being a simple and straightforward
normalisation method, closing the performance gap due to deviating conditions during the actual use
of a building, which are often considered the main cause of performance gaps [3,11,18,19].
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Table 1. Summary of Net-zero energy building (ZEB) definitions, based on the International Energy
Agency (IEA) framework [24].

Criteria Definition

Physical boundary The building itself. Energy flowing to/from the building is measured.

Balance boundary
Energy use according to Swedish building regulations are included: heating,
cooling, ventilation, hot water, and lighting in common areas and utility rooms.
Plug loads (computers, TV, etc.) and lighting are not included.

Boundary conditions

Energy demand loads and lighting: 30 kWh/m2a.
Energy demand for domestic hot water: 20 kWh/m2a.
Set point for heating: +21 ◦C. Set point for cooling: +24 ◦C.
Outdoor climate: typical meteorological year (TMY) based on the period 1961–1990.

Metrics Weighted/primary energy.

Symmetry in weighting Symmetric weighting is applied, i.e., the same factors are used for import and
export of energy.

Time dependent accounting Static weighting factors are used; 2.5 for electricity, 0.8 for district heating, and 0.4
for district cooling. All other energy carriers are multiplied by 1.0.

Balancing period One year.

Type of balance Demand/generation balance, i.e., annual weighted energy generation (based on
renewables) > annual weighted energy demand.

Energy efficiency Applied before energy generation is considered/added. The energy demand must
be reduced to <75% of the limits recommended by Swedish building regulations.

Energy supply
Existing renewable energy in the grid cannot be accounted for; 50% of the
renewable energy may be from off-site generation. Off-site renewable energy must
be added capacity in the grid, based on the project investment.

Load matching No requirements.

Grid interaction No requirements.

Measurement and verification Net ZEB compliance is based on dynamic simulations. However, measurements of
energy performance must be conducted.

2. Method

2.1. Simulations

Simulations were conducted with VIP Energy [25], validated with ASHRAE 140 (American Society
of Heating, Refrigerating, and Air-Conditioning Engineers) [26], in order to predict energy demand,
solar energy generation, and quantities of solar energy which may be used within the building, as well
as quantities of exported energy. The software, VIP Energy, was chosen as it is common in Sweden,
and the consultants within the project were familiar with the software as well as its interface and the
output data reports generated from the software. To enable analysis in hourly resolution, profiles for
electric load for lighting and plug loads, hot water, and occupancy were created based on previous
research [27–30] and Swedish recommendations for boundary conditions [31]. Previous research was
used to create relative load profiles. Peak loads were set to result in annual energy use and heat gains
according to Swedish recommendations [31].

The relative load profiles are presented in Figures 1 and 2. The peak load for hot water was
set to 1.61 kW and the peak loads for plug loads and lighting were set to 1.41 kW. This corresponds
to 6.25 W/m2 and 5.48 W/m2, respectively. However, based on Swedish recommendations for
simulations [31], it was assumed that only 70% of the lighting and plug loads generate heat gains
within the building. For example, with respect to energy use for hot food, this energy may be consumed
by people who leave the building shortly after they have eaten. Due to this, the peak loads for heat
generation from plug loads and lighting were set to 3.84 W/m2. The maximum internal heat gains
from occupancy presence were set to 1.25 W/m2. The occupancy presence was assumed not to have a
seasonal variation.
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Figure 1. (a) Relative variation of hot water and time of the day, based on References [29–31]; (b) 
Relative variation of lighting and plug loads with respect to the time of day, based on References 
[27,28,31]. 

Figure 2. Relative occupancy presence based on time of the day, based on References [27,28]. 

2.2. Measurements 

Measurements were conducted as a part of a research program related to nearly zero energy 
buildings, sponsored by the Swedish Energy Agency [32]. The measurement of energy use began in 
March 2015 when the occupants moved in, and are ongoing. Hourly values were collected and 
analysed for parameters presented in Table 2. In addition to the parameters presented and analysed 
in this article, temperature and relative humidity were measured in all constructions. Furthermore, 
data regarding temperature and flows for different mediums were collected from the ground source 
heat pump (GSHP) and the ventilation system. No measurements were conducted regarding 
occupancy presence. 

Table 2. Measured parameters in Solallén. 

Parameter  Measured Unit/Interval Resolution of Data
Electricity for ground source heat pump (GSHP) Wh/h 1/10 W 
Electricity generated from photovoltaic (PV) panels Wh/h 1/10 W 
Electricity for free cooling pump Wh/h 1/10 W 
Electricity for fans for ventilation Wh/h 1/10 W 
Electricity for hot water circulation pump Wh/h 1/10 W 
Electricity for plug loads and lighting Wh/h 1/10 W 
Indoor temperature °C/h 1/10 °C 
Outdoor temperature °C/h 1/10 °C 
Outdoor relative humidity %/h 1/10% 
Hot water consumption m3/h 1/100 m3 
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Figure 1. (a) Relative variation of hot water and time of the day, based on References [29–31]; (b) Relative
variation of lighting and plug loads with respect to the time of day, based on References [27,28,31].
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Figure 2. Relative occupancy presence based on time of the day, based on References [27,28].

2.2. Measurements

Measurements were conducted as a part of a research program related to nearly zero energy
buildings, sponsored by the Swedish Energy Agency [32]. The measurement of energy use began in
March 2015 when the occupants moved in, and are ongoing. Hourly values were collected and analysed
for parameters presented in Table 2. In addition to the parameters presented and analysed in this article,
temperature and relative humidity were measured in all constructions. Furthermore, data regarding
temperature and flows for different mediums were collected from the ground source heat pump
(GSHP) and the ventilation system. No measurements were conducted regarding occupancy presence.

Table 2. Measured parameters in Solallén.

Parameter Measured Unit/Interval Resolution of Data

Electricity for ground source heat pump (GSHP) Wh/h 1/10 W
Electricity generated from photovoltaic (PV) panels Wh/h 1/10 W
Electricity for free cooling pump Wh/h 1/10 W
Electricity for fans for ventilation Wh/h 1/10 W
Electricity for hot water circulation pump Wh/h 1/10 W
Electricity for plug loads and lighting Wh/h 1/10 W
Indoor temperature ◦C/h 1/10 ◦C
Outdoor temperature ◦C/h 1/10 ◦C
Outdoor relative humidity %/h 1/10%
Hot water consumption m3/h 1/100 m3
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2.3. Static Normalisation

The static normalisation from Boverket was carried out in four steps (see Figure 3), as also
expressed in Equation (1).

Enorm,stat = Emeas,DHW − Ecorr,DHW +
Emeas,SH × Ecorr,T − Ecorr,IL

Ecorr,EI
+ Emeas,C − Ecorr,IL + Eaux (1)

where Enorm,stat is the normalised energy performance based on static normalisation, Emeas,DHW is the
measured energy use for domestic hot water, Ecorr,DHW is a term used to normalise energy use for
domestic hot water (Equation (2)), Emeas,SH is measured energy use for space heating, Ecorr,T is a factor
used to normalise energy use due to deviating indoor temperature (Equation (4)), Ecorr,IL is a term used
to normalise energy use due to deviating internal loads from plug loads and lighting (Equation (5)),
Ecorr,EI is a divisor used to normalise energy use due to deviating outdoor climate (Equation (6)), Emeas,C
is the measured energy use for cooling, and Eaux is the auxiliary energy used, e.g., fans, pumps, and
elevators, etc. [23]. It should be noted that this method does not include any normalisation of auxiliary
energy. The normalised energy performance should then be compared to the building regulations to
check if the building fulfils the energy performance requirements. Also, a key interest is to compare
the normalised energy performance with the predicted performance in order to validate and improve
simulation methods used during the design stage.
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Figure 3. Static normalisation from the National Board of Housing, Building, and Planning in Sweden (Boverket).

The first step normalises the energy use for domestic hot water. The measured energy use is
normalised according to Equation (2).

Ecorr,DHW = Eα,DHW − Emeas,DHW (2)

where Eα,DHW is the normal energy use for domestic hot water, and Emeas,DHW is the measured energy
use for domestic hot water. According to the Swedish regulations [22], normal energy use for domestic
hot water in residential buildings may be 20 kWh/m2a or 25 kWh/m2a. The larger value is used
for residential buildings with three dwellings or more. The normalised value does not consider heat
pumps, use of solar energy, or techniques that may reduce the energy use for hot water, e.g., a hot
water heat exchanger, low-flow fixtures, or similar.

If energy use is measured including energy losses for hot water circulation, the static method from
Boverket requires that 25% of the energy use for domestic hot water heating be assumed as energy loss
due to hot water circulation, and should therefore not be included in the normalisation. Hence, these
energy losses are expected to have the effect of heating the building, and should therefore be included
as space heating energy. If domestic hot water is measured by volume, the energy use, Emeas,DHW, may
be calculated according to Equation (3). Note that the calculated value excludes energy losses due to
hot water circulation.
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Emeas,DHW =
(VDHW × 55)

SCOPDHW
(3)

where VDHW is the measured annual volume of domestic hot water (m3), and SCOPDHW is the seasonal
coefficient of performance (SCOP) for the heating of hot water. The equation is based on an assumption
that incoming cold water from the municipality on average needs to be heated 47 ◦C, e.g., from 8 ◦C
to 55 ◦C.

The second step of normalisation is related to indoor temperature. Based on the average indoor
temperature during the heating season, the measured energy use for heating may be adjusted by 5%
for each degree of deviation (◦C) according to Equation (4). For large buildings with different areas
or parts with different temperatures, the factor should be adjusted based on the specific area or part
of the building with the deviation in relation to the total building area. It should be noted that the
deviation must be due to an active choice during operation. For example, if the deviation is due to
flaws in the heating system and it is not possible for the users to reach the design indoor temperature,
adjustment is not allowed according to Boverket.

Ecorr,T = 1 + (Tα − Tmeas)× 0.05 (4)

where Tα is the normal indoor temperature during the heating season, and Tmeas is the measured
indoor temperature during the heating season.

The third step of normalisation is related to deviating internal loads. If the use of plug loads and
lighting is expected to affect energy use for heating or cooling by more than 3 kWh/m2a, energy use
for heating and cooling may be adjusted according to Equation (5).

Ecorr,IL =
(Eα,IL − Emeas,IL)× Ih

SCOPheating/cooling
(5)

where Eα,IL is the normal energy demand for plug loads and lighting, Emeas,IL is the measured energy
use for plug loads and lighting, Ih is the share of internal loads assumed to affect the heating or cooling,
and SCOPheating/cooling is the SCOP for space heating or cooling. Regarding the share of internal loads
that may be assumed to affect heating or cooling, a fixed value of 70% is used in relation to heating.
Regarding cooling, no value is given. In this study, cooling is not normalised, due to the very low
cooling load expected. Boverket has not specifically motivated the choice of Ih, set to 70%. It is most
likely based on previous work, which has concluded that 70% is an appropriate value [33].

The last and fourth step relates to the deviating exterior climate. No specific method is given
by Boverket, but they recommend that energy use for heating is normalised by using the energy
index [34] from the Swedish Meteorological and Hydrological Institute (SMHI) [35]. The energy index
Ecorr,EI gives a weighted adjustment divisor based on outdoor temperature, solar radiation, and wind.
The functional unit of the energy index is the same as for heating degree days. The energy index may
be given as a weighted value for a whole year or in a higher resolution, commonly month by month or
day by day (see Equation (6)).

Ecorr,EI =
EImeas

EIα
(6)

where EImeas represents the measured heating degree days adjusted for solar radiation and wind,
and EIα represents the normal heating degree days adjusted for solar radiation and wind.

The static normalisation does not give any instructions regarding how to normalise solar energy, in
this case electricity from photovoltaic (PV) panels. To account from deviating solar radiation, monthly
generated energy from PV panels are divided with a divisor, Ecorr,solar, according to Equation (7).

Ecorr,solar =
Gmeas,solar

Gα, solar
(7)
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where Gα,solar is the normal global solar radiation, and Gmeas,solar is the measured global solar radiation.

2.4. Dynamic Normalisation

In addition to the static normalisation, the normalisation of the measured energy use based
on repeated dynamic simulation is also permitted. The second option implies that the initial
dynamic simulation, carried out during the design phase, is repeated with updated boundary
conditions regarding actual use of the building and exterior climate. The ratio between the first
and second simulation is used as a factor for normalisation. Dynamic normalisation requires the use of
dynamic simulations.

This method for normalisation is not found in the literature review carried out in this study [3–21].
The use of a calibrated energy model has some similarities, but is fundamentally different, as the
energy performance is defined by the result from the energy model, not the normalised measured
energy use.

As mentioned in the introduction this method, Boverket stated that neither the static nor the
dynamic methods have been validated.

2.5. Analysis Method

In this study, the static normalisation from Boverket, supplemented with an adjustment for solar
energy according to Equation (7), is compared with dynamic normalisation. The dynamic normalisation
was carried out stepwise, changing the conditions in the same order as the static normalisation from
Boverket. For each method, the adjustments based on monthly and yearly results are compared.
Furthermore, the import-export balance is evaluated on an hourly basis. The import-export balance
was not normalised.

To enable normalisation through the static method, measured data from domestic hot water use,
indoor temperature, and internal loads were used for the first three steps. To enable normalisation for
exterior climate and energy generation from PV panels, monthly values from SMHI were used.

To enable normalisation through the dynamic normalisation, new boundary conditions were
defined based on measurements. Temperature and relative humidity in outdoor air were changed
according to measured hourly data. The so-called imposed offset method was used to generate hourly
values for solar radiation; monthly data from SMHI were used and the monthly relative deviation
was used to change each month’s hourly values. Hot water use and electricity use for plug loads and
lighting were changed based on measurements. Since no measurements were conducted regarding
occupancy presence, this was not changed.

3. Description of the Case Study

Solallén consists of 21 dwellings in seven one-storey terraced houses, each house with three
dwellings. The buildings were built in the southern part of Sweden in the outer parts of the city of
Växjö (see Figure 4). The location’s typical metrological year (TMY) has an average yearly temperature
of 6.3 ◦C, global solar radiation of 912 kWh/m2a, and 3787 heating degree days (HDDs). Each building
has a conditioned area of 258 m2 (see Figure 5). The construction of the buildings started in June 2014,
and residents began moving in during February 2015. Detailed measurements were carried out on
house number four.
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Technical Description

The strategy for reaching a Net ZEB balance for the case study comprises a three-step approach.
Firstly, the thermal losses were reduced in order to have a low heating demand. Secondly, a GSHP
was chosen in order to lower the need for imported energy. Lastly, the building was equipped with
photovoltaic (PV) panels on the roof facing south, to generate sufficient renewable energy in order to
reach the Net ZEB balance.

The slab on ground foundation has 300 mm of underlying expanded polystyrene (EPS), giving
a U-value of 0.11 W/m2K. The edge footing was designed with a prefabricated F-element in EPS
(see Figure 4). The external walls were constructed as prefabricated insulated wooden frameworks.
In this project, a special stud was developed. It was constructed by assembling a 145 × 45 mm
load-bearing wooden stud and a 70 × 45 mm outer wooden stud with 125-mm wood block distances,
giving the assembled wall stud a width of 45 mm and a depth of 340 mm (see Figure 6). This construction
was chosen in order to minimize transmission heat transfer and keep the construction at a low weight.

The 340 mm × 45 mm wall stud was insulated with mineral wool. In addition, 45-mm insulation
was added to the exterior side and 70 mm of insulated wooden framework was added to the interior
side. This gives the construction a total insulation thickness of 455 mm and a thermal transmittance
(U-value) of 0.09 W/m2K. In order to minimize thermal bridges related to window-wall junctions,
20 mm of insulation was mounted prior to the window casings and window ledge (see Figure 7).
All insulation used for exterior walls was composed of rock wool. The roof construction was insulated
with 500–600 mm of blowing wool (also rock wool) giving the construction a U-value of 0.07 W/m2K.
Windows and doors were mounted with a U-value of 0.90 W/m2K and a solar energy transmittance
of glass (g-value) of 0.50. The windows in the living rooms were given an external sun screen.
The combination of window and external screen resulted in a g-value of 0.09. The external screen
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reduces the daylight transmission. Hence, the screen is primarily intended to be used on warm sunny
days when the residents are not present.

Buildings 2017, 7, 86 8 of 20 

(a) (b)

Figure 5. (a) Layout of house number four, Solallén; (b) Facade towards the south. 

Technical Description 

The strategy for reaching a Net ZEB balance for the case study comprises a three-step approach. 
Firstly, the thermal losses were reduced in order to have a low heating demand. Secondly, a GSHP 
was chosen in order to lower the need for imported energy. Lastly, the building was equipped with 
photovoltaic (PV) panels on the roof facing south, to generate sufficient renewable energy in order to 
reach the Net ZEB balance. 

The slab on ground foundation has 300 mm of underlying expanded polystyrene (EPS), giving 
a U-value of 0.11 W/m2K. The edge footing was designed with a prefabricated F-element in EPS (see 
Figure 4). The external walls were constructed as prefabricated insulated wooden frameworks. In this 
project, a special stud was developed. It was constructed by assembling a 145 × 45 mm load-bearing 
wooden stud and a 70 × 45 mm outer wooden stud with 125-mm wood block distances, giving the 
assembled wall stud a width of 45 mm and a depth of 340 mm (see Figure 6). This construction was 
chosen in order to minimize transmission heat transfer and keep the construction at a low weight. 

 
Figure 6. Construction of wooden stud with low weight and low transmission heat transfer. 

The 340 mm × 45 mm wall stud was insulated with mineral wool. In addition, 45-mm insulation 
was added to the exterior side and 70 mm of insulated wooden framework was added to the interior 
side. This gives the construction a total insulation thickness of 455 mm and a thermal transmittance 
(U-value) of 0.09 W/m2K. In order to minimize thermal bridges related to window-wall junctions, 20 
mm of insulation was mounted prior to the window casings and window ledge (see Figure 7). All 
insulation used for exterior walls was composed of rock wool. The roof construction was insulated 
with 500–600 mm of blowing wool (also rock wool) giving the construction a U-value of 0.07 W/m2K. 
Windows and doors were mounted with a U-value of 0.90 W/m2K and a solar energy transmittance 
of glass (g-value) of 0.50. The windows in the living rooms were given an external sun screen. The 
combination of window and external screen resulted in a g-value of 0.09. The external screen reduces 
the daylight transmission. Hence, the screen is primarily intended to be used on warm sunny days 
when the residents are not present. 

Load-bearing stud (145 x 45 mm)

Outer stud (70 x 45 mm)

Wood block (125 mm)

Mineral wool

Figure 6. Construction of wooden stud with low weight and low transmission heat transfer.Buildings 2017, 7, 86 9 of 20 

(a) 
 

(b) 

Figure 7. (a) Junction between slab on ground and exterior wall; (b) Junction between external wall 
and window. 

The ventilation was designed with a mechanical balanced ventilation system with a heat 
recovery of 90%. The ventilation system has nominal ventilation, which gives the dwelling an air 
exchange rate of 0.5 air changes per hour (h−1). The ventilation system has the capacity to increase the 
air flow to 1.0 h−1, which may be done manually or programmed based on a chosen level of relative 
humidity or temperature. 

A ground source heat pump was chosen to produce space heating and hot water. Heat for hot 
water is produced and supplied to a hot water storage tank. The SCOP of the heat pump used in the 
simulations was 3.0. The space heat is distributed via a floor heating system and supply air via 
heating coil in the ventilation unit. 

During the summer, the boreholes are used as a natural heat sink. The working fluid for the heat 
pump is circulated in the boreholes cooling the working fluid, which then is used to supply cooling 
via a cooling coil in the ventilation system. A circulation pump is used, but no compressors are used 
for cooling. 

Each building was designed with 40 PV panels measuring roughly 66 m2, giving each building 
an installed capacity of 10 kWp. 

A summary of the technical description is given in Table 3. The care for reducing thermal bridges 
resulted in low transmission heat losses via thermal bridges—13% based on the overall internal 
measurement (see Figure 8). 

Table 3. Summary of technical description of case study, Solallén. All values are design values except 
for air tightness. 

Type of Data/Description Value 
Conditioned area 258 m2 
Indoor air volume 667 m2 
Enclosing area/indoor air volume 1.11 m−1 
Enclosing area/conditioned area 2.88 
Window area/wall area 0.19 
Foundation, 300-mm insulation, U-value 0.11 W/m2K 
Exterior wall, 455-mm insulation, U-value 0.09 W/m2K 
Roof, 500–600 mm insulation, U-value 0.07 W/m2K 
Windows and doors, U-value 0.90 W/m2K 
Total thermal bridges 17.27 W/K, house 
Air tightness, measured at 50 Pa (q50/n50) 0.21 L/s, m2/0.84 h−1 
Ventilation heat recovery 90% 
Ventilation specific fan power 1.50 kW/(m3/s) 
Geothermal heat pump, seasonal coefficient of performance 3.0 
Photovoltaic panels, 66 m2 10 kWp 

Figure 7. (a) Junction between slab on ground and exterior wall; (b) Junction between external wall
and window.

The ventilation was designed with a mechanical balanced ventilation system with a heat recovery
of 90%. The ventilation system has nominal ventilation, which gives the dwelling an air exchange rate
of 0.5 air changes per hour (h−1). The ventilation system has the capacity to increase the air flow to
1.0 h−1, which may be done manually or programmed based on a chosen level of relative humidity
or temperature.

A ground source heat pump was chosen to produce space heating and hot water. Heat for hot
water is produced and supplied to a hot water storage tank. The SCOP of the heat pump used in the
simulations was 3.0. The space heat is distributed via a floor heating system and supply air via heating
coil in the ventilation unit.

During the summer, the boreholes are used as a natural heat sink. The working fluid for the heat
pump is circulated in the boreholes cooling the working fluid, which then is used to supply cooling
via a cooling coil in the ventilation system. A circulation pump is used, but no compressors are used
for cooling.

Each building was designed with 40 PV panels measuring roughly 66 m2, giving each building an
installed capacity of 10 kWp.

A summary of the technical description is given in Table 3. The care for reducing thermal bridges
resulted in low transmission heat losses via thermal bridges—13% based on the overall internal
measurement (see Figure 8).
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Table 3. Summary of technical description of case study, Solallén. All values are design values except
for air tightness.

Type of Data/Description Value

Conditioned area 258 m2

Indoor air volume 667 m2

Enclosing area/indoor air volume 1.11 m−1

Enclosing area/conditioned area 2.88
Window area/wall area 0.19
Foundation, 300-mm insulation, U-value 0.11 W/m2K
Exterior wall, 455-mm insulation, U-value 0.09 W/m2K
Roof, 500–600 mm insulation, U-value 0.07 W/m2K
Windows and doors, U-value 0.90 W/m2K
Total thermal bridges 17.27 W/K, house
Air tightness, measured at 50 Pa (q50/n50) 0.21 L/s, m2/0.84 h−1

Ventilation heat recovery 90%
Ventilation specific fan power 1.50 kW/(m3/s)
Geothermal heat pump, seasonal coefficient of performance 3.0
Photovoltaic panels, 66 m2 10 kWpBuildings 2017, 7, 86 10 of 20 
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Figure 8. Distribution of calculated transmission heat losses for a building in Solallén.

4. Results

4.1. Results from Simulations

The simulations were based on the final design of the buildings and were presented
previously [36,37]. The distribution of the energy use based on simulations is presented in Table 4.
The results from the simulations predicted an energy demand, excluding plug loads and lighting,
of 29.8 kWh/m2a. The PV panels were expected to generate almost 7900 kWh annually, which
corresponds to 30.6 kWh/m2a for the investigated building. It should be noted that the Net ZEB
balance excludes energy use for plug loads and lighting (see Table 1).

In the case study, the expected energy use for domestic hot water amounted to 6.7 kWh/m2a,
based on the normal energy demand for hot water use set to 20 kWh/m2a and SCOPDHW set to
3.0 (see Tables 3 and 4). The hot water demand of 20 kWh/m2a is not consistent with the Swedish
regulations. This is due to the fact that that the design phase and simulations for the project were
ongoing in the beginning of 2014, roughly two years before the regulations and values for normalisation
were published.
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Table 4. Predicted energy demand end generation for Solallén, based on simulations.

Energy Use kWh/year kWh/m2a

Fans 1546 6.0
Pumps 515 2.0
GSHP, heating 3496 13.5
GSHP, hot water 1718 6.7
Cooling 419 1.6
Total energy demand, excluding plug loads and lighting (disregarding PV panels) 7694 29.8
Plug loads and lighting 7766 30.1
Solar energy, direct use −3832 −14.9
Solar energy, exported −4053 −15.7

It should be noted that electricity should be weighted with a factor of 2.5 according to the
chosen Net ZEB definition, summarised in Table 1. However, in this analysis no weighting factors are
applied. The reason for this is twofold. Firstly, the building only demands and generates electricity;
no other energy carriers are used. Secondly, the focus is to normalise and analyse energy performance.
The authors believe that the results will be more transparent when showing the result without
weighting factors.

4.2. Measured Results—Not Normalised

A comparison of simulated and measured results, not normalised, is presented in Figure 9. The Net
ZEB balance is reached and outperformed. The generated electricity from PV panels, normalised
by the conditioned floor area, amounts to 35.7 kWh/m2a, compared to a total energy demand of
27.6 kWh/m2a (excluding plug loads and appliances). The measured energy use values for GSHP and
generated energy from PV panels were both higher than predicted in the simulations. Energy use for
fans, cooling, pumps, plug loads, and lighting were lower than predicted.
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Figure 9. Simulated and measured quantities of energy for the year 2016.

In Figure 10, the accumulated energy demand and generation, both simulated and measured, are
presented. The expected seasonal variation of generated energy from PV panels corresponds rather
well with the results from the simulation. The clearest deviation of energy generated from PV panels
is seen in autumn and winter, both for 2015 and 2016, where the generated energy outperforms the
expectations from the simulation. Based on the year of 2016, the electricity values generated from the
PV panels were 16.5% higher, as compared to those of the simulations.

The measured energy use due to plug loads and lighting is constantly lower than expected from
the simulations. A slightly seasonal variation can be seen, but it is not as significant as assumed within
the simulations. Based on the year 2016, the electricity use values for plug loads and lighting were
26.0% lower, as compared to the simulations.
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Figure 10. Simulated and measured accumulated quantities of energy from March 2015; (a) Energy
generation from PV panels and energy use due to plug loads and lighting; (b) Energy use for ground
source heat pump (GSHP), fans, and pumps.

With respect to the GSHP, the accumulated energy also follows a seasonal variation,
which corresponds rather well with the results from the simulation. The clearest deviation is seen
during summer, where the energy use is greater compared to the results from the simulation. Based on
the year 2016, the electricity use for GSHP was 12.5% higher, as compared to the simulation.

Energy use for fans and pumps, including the pump that supplies free cooling during summer,
is constantly lower as compared to results from the simulation. The expected increased energy use
during summer due to increased ventilation and the use of free cooling is seen slightly during the first
summer (2015), but not the second summer (2016). Based on the year 2016, the electricity use for fans,
cooling, and pumps was 49.3% lower, as compared to the simulations.

In Figure 11, weekly results are shown regarding imported and exported energy, together with the
direct use of solar energy. All values include energy use for plug loads and lighting. In the comparison,
the slightly thicker and lighter bars represent measured data. The darker and narrower bars represent
results from simulations. The time resolution is in hourly data, summarised for each week.
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In general, the sums of direct solar energy use and imported energy were lower than predicted.
However, the direct solar energy use values were usually below the values in the results from
simulations. Over the year, the direct solar energy use was 12.0 kWh/m2a, as compared to the
predicted 14.9 kWh/m2a. The measured values of import and export of energy were 38.1 kWh/m2a
and 22.8 kWh/m2a, respectively, as compared to the values of 44.6 kWh/m2a and 15.7 kWh/m2a
predicted using simulations. Thus, even though the energy demand was lower and the energy
generation was higher, the direct use of solar energy was lower than predicted in the simulations.

4.3. Static Normalisation

To enable static normalisation, according to Boverket, values with respect to hot water use,
indoor temperature (during heating season), plug loads, and lighting, as well as the energy index,
were gathered. Table 5 shows these results together with data to enable the normalisation of energy
generation from PV panels. Monthly values are presented together with a summarised value for the
whole year. Regarding indoor temperature, the value for 2016 is the average value, not a summarised
value. Since the data are used for the normalisation of energy use for heating, data from May–August
(in brackets), are not used.

The effect from the normalisation is presented in Table 6. For each step, the total effect, including
previous steps, are presented.

The first step, normalising energy use for domestic hot water, adjusts the measured result upwards.
The measured result for domestic hot water shows an increase of 5.9%. However, the total increase in
energy use for GSHP is less at 1.6%, since almost 70% of the energy use for the GSHP relates to space
heating. The increase of the total energy demand is 1.3% after the first step. Since the normalisation is
performed using absolute values, there is no difference between yearly or monthly normalisation.

The second step, normalisation due to deviating indoor temperature, results in the measured
results being adjusted downwards due to higher indoor temperatures during the heating season as
compared to the normal temperature. If adjustment for the total energy use for space heating is based
on the average indoor temperature during the heating season, the measured energy use for space
heating will be reduced by 5%. This is due to the fact that the average indoor temperature was 22 ◦C
during the heating season. This results in a reduction of 3.6% for the GSHP. However, since the first
step resulted in an increase of 1.6%, the result after the second step is a decrease of 2.0% for the GSHP.

If the normalisation is performed for each month separately, the decrease will only be 1.9%,
resulting in a total decrease of 0.3% after the first two steps. The main reason for the differences in the
normalisation is that the yearly normalisation is applied to all energy use for space heating (including
the summer), whereas the monthly normalisation is only applied to energy use for space heating
during the heating season.

The third step, normalisation due to deviating internal loads, is performed in absolute values (similar
to the first step) and adjusts the measured results downwards since internal loads were lower when
compared to normal use. The energy use values for plug loads and lighting were 7.7 kWh/m2a lower
compared to normal use. Based on Ih and SCOPheating of 70% and 3.0, respectively, measured results for
space heating are reduced by 1.8 kWh/m2a, for both the monthly and yearly adjustment. The relative
changes differ between yearly and monthly values due to different results from previous steps.

The fourth step, normalisation due to exterior climate, adjusts the measured results upwards due
to lower energy index during measurements compared to the TMY. If the normalisation is based on
the total energy index for 2016, it results in an increase of the energy use for space heating of 5.6%.
Monthly normalisation results in an increase of the energy use for space heating of 5.9%. Since the
GSHP also is used for domestic hot water, the adjustment is lower. Considering the first four steps,
adjusting measured energy use for heating, yearly adjustment results in a reduction of measured
energy use for GSHP by 6.5%, and the corresponding value for monthly adjustment is 4.6%.

In the fifth (and last) step, correction for energy generated from PV panels, there is an adjustment
of measured energy downwards due to higher solar radiation during measurements compared to
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the TMY. The global radiation during 2016 was roughly 10% higher compared to a normal year.
Hence, the measured generated energy from PV panels is reduced by roughly 9%. If normalisation is
done separately for each month, the reduction is slightly lower.

Table 5. Data for static normalisation. N: normal, M: measured; HDD: heating degree days.

Period

Domestic Hot
Water (m3)

Indoor
Temperature (◦C)

Plug Loads and
Lighting (kWh)

Energy Index
(HDD)

Global Solar
Radiation (kWh/m2)

N M N M N M N M N M

Jan 8.6 8.0 21 21 799 500 699 749 11 13
Feb 7.8 6.6 21 22 722 452 624 581 28 32
Mar 8.6 8.3 21 22 771 564 579 516 62 74
Apr 8.1 7.7 21 22 561 476 386 385 105 105
May 7.3 7.9 (21) (23) 573 466 215 151 146 172
Jun 6.9 6.9 (21) (24) 455 454 111 74 157 175
Jul 6.2 6.1 (21) (24) 471 399 57 57 146 159

Aug 7.3 4.5 (21) (23) 481 392 82 109 123 127
Sept 7.3 7.4 21 24 595 497 215 141 73 92
Oct 8.6 8.2 21 21 788 531 389 409 38 35
Nov 8.4 7.7 21 21 763 503 535 562 15 17
Dec 8.6 9.3 21 22 788 546 661 577 8 9

2016 93.7 88.6 21 22 7767 5780 4553 4311 912 1007

Table 6. Absolute and relative changes of measured data based on static normalisation. Y: normalisation
based on yearly average; M: normalisation based on monthly average.

Energy Use
Step 1 Step 2 Step 3 Step 4 Step 5

Y M Y M Y M Y M Y M

GSHP
kWh/m2a 0.4 0.4 –0.5 –0.1 –2.3 –1.9 –1.5 –1.0 –1.5 –1.0

% 1.6 1.6 –2.0 –0.3 –9.9 –8.3 –6.5 –4.6 –6.5 –4.6

Total energy demand, excl.
plug loads and lighting

kWh/m2a 0.4 0.4 –0.5 –0.1 –2.3 –1.9 –1.5 –1.0 –1.5 –1.0
% 1.3 1.3 –1.6 –0.3 –8.2 –6.8 –5.3 –3.8 –5.3 –3.8

Plug loads and lighting kWh/m2a 0.0 0.0 0.0 0.0 7.7 7.7 7.7 7.7 7.7 7.7
% 0.0 0.0 0.0 0.0 34.4 34.4 34.4 34.4 34.4 34.4

Solar energy generation kWh/m2a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –3.4 –3.3
% 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –9.5 –9.2

The results from the five steps are presented in Figure 12. As can be seen, the difference between
the final normalised results, comparing yearly and monthly normalisation, is low. Before normalisation,
the measured energy use for GSHP was 12% higher as compared to the simulation. After normalisation,
the corresponding values are 5.2% and 7.3% for yearly and monthly normalised values, respectively.
The measured generated energy from PV panels was 16.5% higher compared to the simulation.
After normalisation, the corresponding values are 5.5% and 5.8% for yearly and monthly normalised
values, respectively. The largest relative deviation is with respect to energy use for cooling, fans,
and pumps, which is not normalised.



Buildings 2017, 7, 86 15 of 21

Buildings 2017, 7, 86 14 of 20 

Table 6. Absolute and relative changes of measured data based on static normalisation. Y: 
normalisation based on yearly average; M: normalisation based on monthly average. 

Energy Use 
Step 1 Step 2 Step 3 Step 4 Step 5 

Y M Y M Y M Y M Y M 

GSHP 
kWh/m2a 0.4 0.4 –0.5 –0.1 –2.3 –1.9 –1.5 –1.0 –1.5 –1.0 

% 1.6 1.6 –2.0 –0.3 –9.9 –8.3 –6.5 –4.6 –6.5 –4.6 
Total energy 

demand, excl. plug 
loads and lighting 

kWh/m2a 0.4 0.4 –0.5 –0.1 –2.3 –1.9 –1.5 –1.0 –1.5 –1.0 

% 1.3 1.3 –1.6 –0.3 –8.2 –6.8 –5.3 –3.8 –5.3 –3.8 

Plug loads and 
lighting 

kWh/m2a 0.0 0.0 0.0 0.0 7.7 7.7 7.7 7.7 7.7 7.7 

% 0.0 0.0 0.0 0.0 34.4 34.4 34.4 34.4 34.4 34.4 

Solar energy 
generation 

kWh/m2a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –3.4 –3.3 

% 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –9.5 –9.2 

The results from the five steps are presented in Figure 12. As can be seen, the difference between 
the final normalised results, comparing yearly and monthly normalisation, is low. Before 
normalisation, the measured energy use for GSHP was 12% higher as compared to the simulation. 
After normalisation, the corresponding values are 5.2% and 7.3% for yearly and monthly normalised 
values, respectively. The measured generated energy from PV panels was 16.5% higher compared to 
the simulation. After normalisation, the corresponding values are 5.5% and 5.8% for yearly and 
monthly normalised values, respectively. The largest relative deviation is with respect to energy use 
for cooling, fans, and pumps, which is not normalised. 

Figure 12. Results from simulation and measurements together with static normalisation. 

4.3. Dynamic Normalisation 

To enable dynamic normalisation, a new load profile for plug loads and lighting was needed. 
This profile was created based on the measured results. In Figure 13, the daily and monthly variation 
is shown. The new load profile is a slightly simplified profile compared to the measurements. The 
new load profile results in the same annual energy demand as measured. 

The dynamic normalisation, through repeated simulation, is carried out stepwise in the same 
steps as the static normalisation in the previous section. The results are presented in Table 7. 

The first step, normalisation of energy use for domestic hot water, gives the same result as that 
for static normalisation. The total energy use for GSHP is adjusted upwards by 1.6% and the total 
energy demand increases by 1.3% after the first step. There is no difference between yearly or 
monthly normalisation. 

The adjustment for deviating indoor temperature (the second step) shows a rather high impact. 
When adjusting on a yearly basis, the reduction of the energy use for space heating is 16.0%. This 
reduces energy for GSHP by 11.4%, to a total reduction of 9.9% considering the first two steps. If 
adjustment is made on a monthly basis, the adjustment is slightly larger. The reduction for space 

0

10

20

30

40

50

60

Yearly Monthly

Simulation Measured Static normalisation

E
ne

rg
y 

[k
W

h/
m

2
a]

GSHP Cooling Fans Pumps Plug loads & lighting Solar

Figure 12. Results from simulation and measurements together with static normalisation.

4.4. Dynamic Normalisation

To enable dynamic normalisation, a new load profile for plug loads and lighting was needed.
This profile was created based on the measured results. In Figure 13, the daily and monthly variation
is shown. The new load profile is a slightly simplified profile compared to the measurements. The new
load profile results in the same annual energy demand as measured.

The dynamic normalisation, through repeated simulation, is carried out stepwise in the same
steps as the static normalisation in the previous section. The results are presented in Table 7.

The first step, normalisation of energy use for domestic hot water, gives the same result as
that for static normalisation. The total energy use for GSHP is adjusted upwards by 1.6% and the
total energy demand increases by 1.3% after the first step. There is no difference between yearly or
monthly normalisation.

The adjustment for deviating indoor temperature (the second step) shows a rather high impact.
When adjusting on a yearly basis, the reduction of the energy use for space heating is 16.0%.
This reduces energy for GSHP by 11.4%, to a total reduction of 9.9% considering the first two steps.
If adjustment is made on a monthly basis, the adjustment is slightly larger. The reduction for space
heating is then 17.8%, resulting in a reduction of energy for GSHP of 12.6%, and thus a total reduction
of 11.2% when considering the first two steps.
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Figure 13. (a) Daily variation of energy use for plug loads and lighting. Measured results and new
model for load profile. (b) Monthly variation of energy use for plug loads and lighting. Measured
results and new model for load profile.

When applying the new load profile for plug loads and lighting in the third step, this results in a
further reduction of the measured energy for space heating. The energy use for plug loads and lighting
was reduced by 7.7 kWh/m2a in the simulation, following the load profiles presented in Figures 13
and 14. This resulted in an increased demand for space heating, disregarding the SCOP from the GSHP
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of 5.5 kWh/m2a, which corresponds to an increase in space heating demand of 11.4% for a whole
year. Applying the annual adjustment further reduces energy use for GSHP by 6.9%, leading to a total
reduction of 16.1%. Monthly adjustment reduces the energy use for GSHP by 5.0%, leading to a total
reduction of 15.6%.

The fourth step, normalisation due to exterior climate, adjusts the measured results for space
heating upwards. The increase is higher if yearly adjustment is applied compared to monthly
adjustment. The total adjustment of GSHP, considering all four steps and comparing yearly and
monthly adjustment, is almost the same, with a reduction of roughly 12%.

The fifth (and last) step, when the energy generation from PV panels is adjusted, results in a
reduction of measured generation of roughly 10%.

Table 7. Absolute and relative changes of measured data based on the dynamic normalisation. Y:
normalisation based on yearly average, M: normalisation based on monthly average.

Title
Step 1 Step 2 Step 3 Step 4 Step 5

Y M Y M Y M Y M Y M

GSHP
kWh/m2a 0.4 0.4 –2.3 –2.6 –3.7 –3.6 –2.7 –2.8 –2.7 –2.8

% 1.6 1.6 –9.9 –11.2 –16.1 –15.6 –12.1 –12.2 –12.1 –12.2

Total energy demand 1 kWh/m2a 0.4 0.4 –2.3 –2.6 –3.7 –3.6 –2.7 –2.8 –2.7 –2.8
% 1.3 1.3 –8.2 –9.3 –13.3 –12.9 –10.0 –10.1 –10.0 –10.1

Plug loads and lighting kWh/m2a 0.0 0.0 0.0 0.0 7.7 7.7 7.7 7.7 7.7 7.7
% 0.0 0.0 0.0 0.0 34.4 34.4 34.4 34.4 34.4 34.4

Solar energy generation kWh/m2a 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –3.7 –3.6
% 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 –10.3 –10.0

1 Total energy demand excludes energy demand for plug loads and lighting.

The results from the five steps are presented in Figure 14. As can be seen, there is almost
no difference between the final normalised results, comparing yearly and monthly normalisation.
Before normalisation, the measured energy use for GSHP was 12.5% higher as compared to the
simulation. After normalisation, the corresponding values are −1.1% and −1.3% for yearly and
monthly normalisation, respectively. The measured generated energy from PV panels was 16.5%
higher compared to the simulation. After normalisation, the corresponding values are 4.6% and 4.8%
for yearly and monthly normalisation, respectively. In the same way as for the static normalisation,
energy use for cooling, fans, and pumps has not been normalised.
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Figure 14. Results from simulation and measurements together with dynamic normalisation.

5. Discussion

Within this study, the quantity and/or presence of residents was not documented. This causes
some uncertainty in the results, as the effect from predicted versus actual heat gains from occupancy are
not included in the normalisation. Furthermore, since the equipment for measurements was calibrated
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and installed by sub-contractors, the authors did not control the calibration. However, the tests of the
normalisation methods bring up interesting aspects for discussion.

Regarding the normalisation of energy use for hot water, this adjustment had the lowest effect
as compared to the other adjustments. There are no differences in the results when comparing the
static and dynamic normalisation. This is due to the fact that that the simulation software considers
the domestic hot water demand and the assumed SCOP for the heating production for hot water to
calculate energy use for domestic hot water production. As such, the effect of the hot water storage
tank was not included in the simulation. Furthermore, the production of heat for hot water was
not measured (only the quantity of hot water use was measured). Therefore, it was not possible to
evaluate and analyse the SCOP for hot water production. Hence, the energy use for hot water was
based on quantities of hot water use and not measured energy use. This is a weakness which gives
the results from the study some uncertainty. Upcoming studies of similar projects should widen their
measurements in order to give more certainty to their results.

Normalisation due to indoor temperature showed the largest difference when comparing static
and dynamic normalisation. The dynamic normalisation resulted in a reduction of 16.0% and 17.8%
for the space heating demand, where the lower value was based on yearly adjustment. These results
correspond rather well to previous studies [10,16,18], which showed increased energy use for heating
of around 12.2% to 20.0% when indoor temperatures were increased by 1 ◦C within the indoor
temperature interval of 20–25 ◦C. Other studies showed a lower impact, from 8.0% to 10.0% per
◦C [7,38]. Regardless, no study showed an impact of 5% per ◦C, which indicates that the recommended
adjustment of 5% per ◦C given in the Swedish regulations is low. It should be noted that the studies
included above are passive-/low-energy houses. This means that the absolute deviation may be
considered to be low, between 1.5 and 3.0 kWh/m2a.

The effect of deviating the use of plug loads and lighting showed a rather high impact, both
for static and dynamic normalisation. The dynamic normalisation showed that a reduction of heat
gains from plug loads and lighting by 7.7 kWh/m2a resulted in an increased heating demand of
5.5 kWh/m2a. This corresponds well to the share of internal loads assumed to affect heating or cooling,
given by Boverket, of 70% [22]. In this case, the static normalisation resulted in an adjustment of energy
demand by 5.4 kWh/m2a (70% of 7.7 kWh/m2a). Based on a SCOP of 3, the adjustment for energy use
for GSHP was 1.8 kWh/m2a. The result did not differ between yearly or monthly adjustments since
the adjustment was in absolute values. The dynamic normalisation, which used the ratio between
simulations for step 2 and step 3 as an adjustment factor, resulted in a lower adjustment compared to
the static normalisation. The adjustment of energy use for GSHP was 1.4 kWh/m2a and 1.0 kWh/m2a,
for yearly and monthly normalisation, respectively. This indicates that an adjustment of energy use
due to deviating internal loads may give a more accurate result conducted in absolute values.

Regarding normalisation due to deviating exterior climate, these adjustments were the
second-lowest of the adjustments. The adjustments were also relatively equal, regardless if they
were normalised by the static or dynamic method, with yearly or monthly adjustment. Except for
the normalisation of hot water, normalisation due to deviating exterior climate showed the smallest
difference between static and dynamic normalisation. This indicates that normalisation by energy
index is a static normalisation which gives realistic results.

Differences regarding the two methods for normalisation of energy generation from PV panels
were low. This is most likely due to the fact that both methods were based on monthly deviations
based on data from SMHI. Upcoming studies of similar projects should widen their measurements in
order to provide greater certainty of their results.

Comparing the static and dynamic normalisation, dynamic normalisation resulted in a normalised
value for GSHP closer to the predicted energy demand than did static normalisation. The measured
and dynamically normalised energy demand values for GSHP were roughly 1% lower than those
found in the results of the simulation, as compared to static normalisation where the measured
and normalised energy demand was approximately 5–7% higher. The measured and dynamically
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normalised energy generation values from PV panels were roughly 4% higher than those found in
results from simulations, as compared to static normalisation where the measured and normalised
energy generation was roughly 5% higher.

The deviation of energy use for fans and pumps was rather high, almost 50% lower compared
to the results from the simulation in the design phase. The deviation was mainly due to the
better performance of fans and pumps, not deviating boundary conditions such as a greater use
of increased/forced ventilation, etc.

6. Conclusions

Monitoring energy use is important to ensure that predicted energy use is achieved in the actual
use of buildings. This study shows that it is important to normalise the measured energy use in order
to determine an accurate energy performance. The normalisation of measured energy use may, to a
large extent, close performance gaps and explain deviations between simulations and measurements,
and thus between predictions and reality.

It is important that the normalisation not only considers deviation in exterior climate. Therefore,
the monitoring of energy use should always be done in a way that enables normalisation for important
parameters. Such parameters, highlighted in this study, are the use of domestic hot water, indoor
temperature, internal loads, and outdoor climate. Measurements of outdoor climate should include at
least outdoor air temperature, relative humidity, wind speed, and solar radiation.

This study normalises the energy use for heating, hot water, and solar energy generation.
This includes the energy use for the GSHP (used for both heating and hot water) and the generated
energy from the PV panels. Before normalisation, the performance gap between the design simulation
and measured energy use for the GSHP was 2.5 kWh/m2a, which corresponds to 12%. The static and
dynamic normalisation reduced the performance gap (based on yearly adjustment) to 1.5 kWh/m2a
and −0.2 kWh/m2a, respectively, which corresponds to 5% and −1%. The normalisation of energy
generation from PV panels reduced the performance gap from 5.1 kWh/m2a to 1.7 kWh/m2a and
1.4 kWh/m2a, for static and dynamic normalisation, respectively (based on yearly adjustments),
which corresponds to a reduction of the performance gap from 17% to 5%, for both static and dynamic
normalisation (see Figure 15).

This study shows that the dynamic normalisation of heating gives normalised values closer to
those predicted in the simulation, as compared to static normalisation. However, this study is only
indicative since it is based on a single case. More studies are needed to investigate which normalisation
method will give more accurate results.Buildings 2017, 7, 86 18 of 20 
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compared to more complex methods such as dynamic normalisation and calibration of energy 
models. However, more research should be done to verify and improve the method. Normalisation 
due to indoor temperature showed the largest difference, comparing static and dynamic 
normalisation. Further verifications and improvements could start there. Further research and 
development should also investigate how to include the normalisation of more parameters. Examples 
include heat gains from occupants and cooling energy use due to internal heat gains and solar 
radiation.  

Finally, this study shows that it is possible to build a Net ZEB in a Swedish climate with 
technologies existing on the market today. However, the import-export electricity balance is hard to 
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The static method for normalisation is simple and straightforward. Hence, it is also feasible for
use in other countries with similar boundary conditions. The static method should be easier to use
compared to more complex methods such as dynamic normalisation and calibration of energy models.
However, more research should be done to verify and improve the method. Normalisation due
to indoor temperature showed the largest difference, comparing static and dynamic normalisation.
Further verifications and improvements could start there. Further research and development should
also investigate how to include the normalisation of more parameters. Examples include heat gains
from occupants and cooling energy use due to internal heat gains and solar radiation.

Finally, this study shows that it is possible to build a Net ZEB in a Swedish climate with
technologies existing on the market today. However, the import-export electricity balance is hard to
predict, even if dynamic simulations are conducted with detailed load profiles.

Author Contributions: B.B. were responsible for measuring and compiling data, B.B. and M.W. analysed data
and wrote the paper.
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