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Analysis of a plus-energy house

There has been a growing international focus on reducing the energy consumption in buildings. This study
evaluates the energy performance and indoor environment of a plus-enerqgy house located in Denmark. The
studied house was a detached, single-family house, built for the Solar Decathlon Europe competitionin 2012 by
the Technical University of Denmark. Different parameters were investigated by means of simulations in order to
improve the energy performance and the indoor environment of the house. Some of the investigated parameters
were the orientation of the house, positioning and areas of the windows, thermal bridges, and infiltration

~ Kazanci, B. W. Olesen,
International Centre for Indoor
Environment and Energy, DTU

Introduction

Decreasing the energy con-
sumption in buildings will con-
tinue to be a vital part of achie-
ving the goal of reducing the
greenhouse gas emissions. As
the buildings evolve to be more
energy efficient, some undesi-
red effects are also being en-
countered. A result of this evo-
lution is an increase of thermal
discomfort for the occupants
due to factors such as overheat-
ing and poor indoor air quality.
There has been a growing inter-
national focus on reducing the
energy consumption to reduce
the impacts of global warming.
The energy used in buildings
represents 40% of the total en-
ergy consumption in Europe
and, as a result, there has been
an increasing interest towards
zero- and plus-energy houses.
The low energy houses have, as
a result of the low infiltration,
low U-values and often due to
large glazing facades, a tenden-
cy to overheat resulting in dis-
comfort for the occupants,
Larsen (2011).

This study focuses on a plus-
energy house, Fold, which was
designed for an international
student competition Solar De-
cathlon Europe 2012 by the stu-
dents of Technical University of
Denmark. Fold is a plus-energy
house because it produces more
energy than it consumes on a
yearly basis, Kazanci et al.
(2013), Kazanci et al. (2014).
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The house was located in Den-
mark and since September
2013, it has been used as a full-
scale experimental facility
where different heating, cooling
and ventilation strategies had
been tested. Various physical
parameters were measured, as
well as the energy production
and consumption. Even though
the house is classified as a plus-
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This paper was presented at
ROOMVENT 2014, 13
SCANVAC International
Conference on Air Distribu-
tion in Rooms, Sao Paulo,
Brazil.

energy house due to the elec-
tricity production by the photo-
voltaic/thermal panels placed
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on the roof, there is potential
for improvement regarding the
energy consumption and in-
door environment.

The main goal of this study is
to provide improvement sug-
gestions (i.e. lowered energy
consumption and improved in-
door environment) based on
the parametric analyses, car-

ried out with computer simula- ©
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tions which are validated with
measurements. One of the main
focuses has been on the window
area and the respective heating
demand, as indicated by previ-
ous studies, Skrupskelis and
Kazanci (2012), Kazanci et al.
(2014).

The effects of different param-
eters which affect the energy
performance and indoor envi-
ronment of the house were
studied by means of commer-
cially available building simu-
lation software IDA ICE. Opera-
tive temperatures obtained
from the simulation model and
from the house were compared
in order to validate the simula-
tion model. The energy con-
sumption of different compo-
nents of the HVAC system was
also compared.

House details

The house considered in this
study was a single family, de-
tached, one-story house with a
floor area of 66 m* and a condi-
tioned volume of 213 m”°. The
house had two large glazing fa-
cades oriented towards North
and South. The largest glazing
facade was oriented towards
North with a 19° turn towards
the West. The house and its two
glass facades may be seen in
Figure 1.

The U-value of the external
walls was 0.09 W/m’K and the
glazing facades had an average
U-value of 1.04 W/m“K.

The HVAC system of the house
consisted of a reversible air-to-
brine heat pump, water-based
radiant heating and cooling
system and an air handling unit
that was coupled with the do-
mestic hot water tank via a re-
versible air-to-water (or water-
to-air, depending on the opera-
tion mode) heat pump.

There was a flat plate heat ex-
changer placed in between the
hydronic loops of the house and
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The location of the measurements (left) and the measurement equipment (right).

the heat pump in order to avoid
frost damage during the winter
months.

The main sensible heating and
cooling strategy of the house
relied on the low temperature
heating and high temperature
cooling principle via the hy-
dronic radiant system. There
were pipes embedded in the
floor and in the ceiling struc-
ture. The embedded pipes in
the ceiling were designed to be
used for cooling purposes while
the embedded pipes in the floor
could be used for heating as
well as cooling during the peak
loads. Four loops were located
in the floor and six loops in the

the active heat recovery was ob-
tained by a reversible air-to-
water heat pump that was cou-
pled to the domestic hot water
tank. The air handling unit
could supply fresh air at a flow
rate of 320 m*/h at 100 Pa. The
design ventilation rate was de-
termined to be 0.5 ach. Humid-
ification of the supply air was
not possible due to the limita-
tions of the air handling unit.

Physical measurements and
the simulation model

During the measurement pe-
riod, air and globe tempera-
tures were measured at a repre-

where windows, constructions
and other parameters were
specified. The Early Stage
Building Optimization (ESBO)
tool in IDA ICE was used as a

base for the implementation of
the HVAC system. The ESBO
HVAC system was then modi-
fied in order to represent the
real system.

A weather file was constructed
with experimental weather data
located 25 km away in a
straight line from the house to
eliminate as many sources of
errors as possible. The weather
file consisted of six parameters:
dry-bulb temperature, relative
humidity, wind direction, wind
speed, direct normal radiation
and diffuse radiation on a hori-
zontal surface. The first four
parameters were obtained di-
rectly from the datasheets of
the weather station. The solar
radiation parameters were cal-
culated from the global solar
radiation in the datasheet ac-
cording to the method de-
scribed in Kragh et al. (2002).

Results

The results from the measure-
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Figure 3: Comparison of operative temperature at 1.1 m.

ceiling. A mixing station was
installed in the system, in order
to control the flow to the indi-
vidual loops, the flow rate, and
the supply temperature to the
embedded pipes.

Fresh air to the house was pro-
vided by an air handling unit
(AHU). Passive and active heat
recovery options were available
in this AHU. The passive heat
recovery was obtained by a
cross-flow heat exchanger while
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sentative location and at differ-
ent heights. The measurements
of the globe temperature at a
height of 1.1 m (operative tem-
perature for a standing person)
were used for the comparison of
the measurements with the
simulation results.

The geometry of Fold was mod-
eled in Google SketchUp to con-
struct the advanced shapes of
the house. The geometry was
then imported into IDA ICE

lindab.dk

ments, simulations, compari-
sons and the results of the im-
provement suggestions are pre-
sented.

Temperature

Figure 3 shows the operative
temperatures from the mea-
surements and from the simu-
lation results.

[t may be seen in Figure 3 that
the temperature predicted by
the simulations has a tendency ©»
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formance (COP) values given by
the manufacturer.

The result showed that the en-
ergy consumption in the simu-
lations was 13.7% lower for the
heat pump and 23% lower for
the ventilation system com-
pared to the actual energy con-

to be higher than the measure-  sumption.
ments. The relative difference
between measurements and Improvements

Based on the measurements in
the house and the simulation
model, several improvement
options were investigated. In

simulation results was 2.7%
during the measurement pe-
riod. It was observed that the
difference was higher when

Window area reduction

Reference

71%

- Different orientations of the
building.

* Thermal bridges.

* Automatically controlled exte-
rior solar shading (there was
no solar shading except the
overhangs).

*Natural ventilation. Natural
ventilation was provided
from 10% of the window area

The improvements with the
highest impact regarding both
thermal indoor environment
and energy consumption were
reducing the window area and
infiltration. The results of the
investigations on these im-
provements are presented in
table 1 and table 2.

In these tables, the reference

case refers to the current state in the glazing facades that
of the house. The values for the could open and it was con-
reference case are obtained trolled based on the tempera-

from the IDA ICE model.
When the window areas were

ture set-points in the house.
* Thermal mass was simulated

Indoor 27%,

environment

category 2%

0%

Energy 6371

consumption

Tahle 1: Results of reduced window area.

order to compare the different
scenarios, the thermal indoor
environment was evaluated ac-
cording to EN 15251 (2007)
(based on the operative tem-
perature). The energy con-
sumption was also taken into
account when comparing the
different improvements.
Previous studies have shown
that a major concern regarding
Fold is the high heating de-
mand, Kazanci et al. (2014),
and since the current study
uses the data obtained from the
heating season, the focus of the
improvements were to mini-
mize the heating demand. Nev-
ertheless, improvements re-
garding the cooling season were

there was direct solar radiation.
When this contribution was
higher than 100 W/m?*, the rela-
tive difference between the two
temperatures increased to
4.6%.

Energy consumption

A comparison of energy con-
sumption for the heat pump
and the ventilation system was
conducted for the simulation
and measurements. In order to
obtain the energy consumption
from the simulations, the power
in the given time step was mul-
tiplied with the length of the
time step. Furthermore, the
power output from the ventila-
tion system had to be re-calcu-

reduced, the daylight in the
house was also considered in
order to assure that the daylight
levels abided the regulations of
200 lux based on the Danish
Building Regulations, Energi-
styrelsen (2014). The investiga-
tion showed that the reference
case abided the regulations
93% of the time. The case with
the smallest window area abid-
ed the regulations 82% of the
time.

by adding 0.1 m concrete in
the walls.

* An increased embedded pipe
system (EPS) area was simu-
lated with EPS installed in
the walls

The respective results of these

variations are given in Ander-

sen & Schott (2014).

Optimized Fold

An optimized version of the
house was proposed to make it
more energy efficient and im-
prove the indoor environment.
[n the optimized house, the
area of the glazing facades was
reduced by 25% and the U-val-
ue of the glass was lowered to
0.5 W/m?K. The infiltration was

[n Table 2 the values for the in-
filtration are given at an in-
duced pressure of 50 Pa.
Different alternatives were also
investigated in addition to the
previously explained param-

lated using Coefficient of Per- also investigated. eters: set according to the require-
Infiltration (L/s/m’) Reference (5.3) 1.5 1.0 0.5
I
Indoor I
environment
category 1
[V
s I i 6371 5552 5438 5323
consumption ear
Table 2: Results of reduced infiltration.
2 | @ Lindab | Vi forenkler byggeriet lindab.dk HUAC 1240
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ments for Danish houses in
2020, Energistyrelsen (2014),
and the thermal bridges were
reduced to make it more appro-
priate for a modern house. In
the optimized house, there was
also natural ventilation. The
results of the thermal indoor
environment and total energy
consumption for the reference
case and the optimized cases
are shown in table 3.

The optimized model signifi-
cantly improved the thermal

house had been transported
and it had been assembled
(three times) and disassembled
(two times). Hence it is likely
that the infiltration and ther-
mal bridges changed from the
original values. In addition, the
house had been stored in con-
tainers for several months,
which could have lowered the
performance of the building en-
velope.

By building a new house, the
infiltration and the thermal
bridges will be reduced. The
cost of these improvements is
estimated to be minimal. Most
of the proposed improvements
in this study are changes that
would have to be made in the
design stage of the house. For
example, it would be trouble-

reduction, infiltration, thermal
bridges, orientation, exterior
solar shading, natural ventila-
tion, thermal mass and in-
creased embedded pipe system
area, on energy consumption
and thermal indoor environ-
ment.

The simulations showed that
the most important improve-
ment was to reduce the heating
demand of the building by re-
duction of the window area, in-
filtration and thermal bridges.
The improved house design
performed better in both ther-
mal indoor environment and
energy consumption than the
reference case. The duration in
indoor environment category I
of EN 15251 increased from
71% to 97% and the annual en-

addressing indoor air quality,
thermal environment, light-
ing and acoustics. European
Committee for Standardiza-
tion, 2007.

+ Kragh, Jesper, Nielsen, Toke
R, Svendsen, Svend. Gron-
landske vejrdata. BYG DTU,
2002.

+ Kazanci, Ongun B., Skrup-
skelis, Martynas, Olesen,
Bjarne W. and Pavlov, Georgi
K. Solar Sustainable Heating,
Cooling and Ventilation of a
Net Zero Energy House. CLI-
MA 2013 - 11th REHVA World
Congress and the 8th Inter-
national Conference on In-
door Air Quality, Ventilation
and Energy Conservation in
Buildings. Prague: Society of
Environmental Engineering

_ Reference Optimized
71% 97%
[ndoor 27% 304
environment
category 2% 0%
0% 0%
o I i 6371 2023
consumption ear

Table 3: Results of the optimized house.

indoor environment and there
was no duration when the op-
erative temperatures were out-
side the range of category II ac-
cording to EN 15251. Further-
more, the temperature never
exceeded 26°C, indicating that
there was no overheating. The
energy consumption was re-
duced by 68% when the pro-
posed improvements were 1m-
plemented.

Discussion

Despite being designed and
constructed as a competition
house, the house could still be
improved in different ways.
This study investigated some of
the parameters that could be
improved.

Various factors could have
caused the discrepancies be-
tween the measurements and
the simulation results. The

34
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some to change the overall de-
sign of the glazing facades after
the construction is completed,
hence the practicality of the
different improvements should
be considered. It would, how-
ever, be possible to change
some of the windows with insu-
lated wall segments.

Conclusion

The measurements were used to
validate the simulation results
in this study. It was found that
the average relative difference
in operative temperature be-
tween the simulations and the
measurements was 3%. The rel-
ative difference in energy con-
sumption for the heat pump
was 14% and for the ventilation
system was 23%. The simula-
tions were used to investigate
the effects of several para-
meters, such as window area

Vi forenkler byggeriet

ergy consumption was reduced
by 68% compared to the refe-
rence building.
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