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Abstract. This study investigates the effect of air cavity ventilation on hygrothermal performance of a
heavyweight building envelope constructed with ventilated prefabricated wall panels. The specificity of panels lies
in utilization of recycled construction and demolition waste for production of recycled aggregate concrete (RAC).
To evaluate the long-term hygrothermal performance of presented envelope, an in-situ monitoring system was
designed and commissioned in three-story family house in City of Koprivnica, Croatia. Temperature and humidity
distribution through all characteristic layers - outer RAC fagade layer, air cavity, thermal insulation and inner RAC
layer - was observed for differently-oriented wall panels. By analyzing the first-year monitoring results it was
found that ventilation helped to maintain acceptable relative humidity levels in thermal insulation. Moreover, it
was observed that cavity ventilation decreased surface temperature of thermal insulation in summer period and
increased it in winter period, thus resulting with lower overall heat loss compared to non-ventilated envelope
system. This positive effect of cavity ventilation on hygrothermal performance was influenced by wall orientation,
with the most pronounced effect being exhibited for the south-oriented wall panel.

1. Introduction

Construction sector has an enormous impact on our environment. Just in Europe, 40% of energy
consumption and 50% of material resources taken from nature are construction related; moreover, 30 —
50% of European national waste production comes from construction sector [1]. Transition of
construction sector towards sustainability is being strongly required by European legislation and
supported by scientific and professional community. Our built environment can be considered as
sustainable resource of raw materials that can be reused and recycled for production of new construction
materials, systems and structures. One possible example is using construction and demolition waste
(CDW) as recycled aggregate for production of new concrete. Recycled aggregate concrete (RAC) has
been recognized as sustainable alternative for conventional concrete. Extensive research activities
concerning mechanical and durability properties of different types of RAC have been (and still are)
conducted [2-4], while quite fragmented knowledge is present about RAC hygrothermal properties [5-
7]. Hygrothermal characterization at material scale, and especially at large scale, is prerequisite for
trustworthy prediction of building’s hygrothermal behaviour. Hygothermal behaviour implies the
behaviour of building when exposed to heat, air and moisture loads from outdoor and indoor
environment. It is important aspect of building’s overall performance and directly influence its energy
need, service life, indoor thermal comfort and indoor air quality [8]. This paper deals with hygrothermal
characterization of an innovative wall assembly consisting of two different RAC layers.

2. Ventilated prefabricated wall panel from recycled aggregate concrete

Comprehensive research at material scale was conducted to optimize mix design of two concrete types
from mechanical and durability aspects. This has resulted with replacing 50% of natural aggregate with
recycled [5]. Hygrothermal characterization at material scale included the basic thermal and hygric
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properties [9]. Upscaling RAC from laboratory material experiments to large scale resulted with
development of innovative ventilated prefabricated sandwich wall panel (Fig 1). Presented panel
consists of 12 cm thick inner RAC layer, 20 cm of formaldehyde-
free mineral wool thermal insulation, 4 cm thick air cavity and 6
cm of outer RAC fagade layer. The specificity of this panel lies in
utilisation of CDW and air cavity with naturally ventilated air
(which is not common in conventional concrete sandwich panels).
In inner RAC layer 50 % of natural aggregate is replaced with
recycled aggregate from old demolished concrete structures, while
in outer RAC fagade layer 50 % of natural aggregate is replaced
with recycled brick from brick manufacturing process. Panel
unifies at the same time the role of external wall and facade, and by
being completely produced in controlled conditions in precast
Figure 1. Ventilated factory it can speed up construction process. With steady-state U-
prefabricated RAC wall panel  value of 0.16 W/m?K panels are suitable for constructing buildings

with very low-energy demand. Surface mass over 400 kg/m? classifies this wall panel as heavyweight,
whereas high thermal mass potentially can be beneficial from the aspect of building heating and cooling
energy need. To investigate the suitability of RAC for very low-energy, moisture safe and sustainable
building envelopes at large
scale, family house (Fig 2)
was built with presented
panels and an in-situ
experimental monitoring of
hygrothermal  performance
was commissioned as a proof-
of-concept. In the next section
b) experimental setup for the in-
situ  monitoring will be
presented.

Figure 2. House built with ventilated prefabricated RAC wall
panels: a) south facade, b) north facade

3. Experimental setup for the in-situ hygrothermal monitoring

The 3-storey family house constructed with ventilated RAC wall panels was built in the City of
Koprivnica (HDD 1472) within the socially-supported housing programme. Three wall panels in ground
floor were selected for monitoring. Selected panels differ by their orientation and conditions of indoor
environment. For the purpose of this paper only south (adjacent to conditioned living room) and north
panel (adjacent to unconditioned staircase), marked in Fig 2, will be analysed.

With the main goal to determine hygrothermal performance of ventilated RAC wall panel when exposed
to real climate conditions und under the real use of occupants, temperature and relative humidity sensors
were installed in all four characteristic layers of selected wall panels, which gives 7 measuring points
per panel (Fig 1). All sensors are wired and connected to the central measuring unit located in the
staircase, where readings are recorded at hourly basis and further wirelessly transmitted to the dedicated
server on Faculty of Civil Engineering in the City of Zagreb. Conditions of outdoor environment are
monitored every 5 min at the nearest metrological station, while in living room and staircase temperature
and relative humidity are monitored at 15-min basis.

4. Influence of thermal mass on energy performance

Quasi steady-state calculations according to Standard HR EN ISO 13790 [10] were performed to
evaluate the influence of panels high thermal mass on energy performance of an exemplary building. To
capture only the influence of opaque elements, exemplary building was modelled without transparent
openings. Ventilation losses, thermal bridges and internal gains were also excluded from calculation.
Two different locations were observed, the City of Koprivnica— KC (HDD 1472) in Croatian continental
climate and the City of Dubrovnik — DU (HDD 382) in Croatian littoral climate. Since energy demand
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of building is also depended on occupancy schedule, two different system operating modes were
analyzed, i.e. continuous operating mode (00:00-24:00h, 7 days/week) and intermittent operating mode
(08:00-23:00h, 7 days/week).

5. Results and discussion

5.1. Experimental in-situ monitoring of hygrothermal performance

The 1% year monitoring results for summer period (Jun 1, 2017 — Sept 1, 2017) and winter period (Dec
1,2017 —Mar 1, 2018) are analysed in this subsection. During summer (Fig 3a), the exterior temperature
ranged from 38.27°C to 9.19°C with an average of 22.11°C. During winter period (Fig 3b), exterior
extremes were 16.77°C and -17.34°C with an average of 2.94°C. Temperature fluctuations of indoor
environment were more limited, and for heated living room summer average temperature was 25.82°C,
while winter average temperature was 23.19°C. In case of unheated staircase, summer period was

characterized by mean temperature 23.70°C, and winter with 12.93°C, respectively.
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Figure 3. Outdoor and indoor environment temperature: a) summer period, b) winter period

After system commissioning, it was detected that some sensors are not working: i) relative humidity of
the south panel at positions S1-S3; ii) temperature of the north panel at position S7; iii) relative humidity
of the north panel at position S7. Influence of air ventilation can be observed through temperature
difference between exterior surface temperature of outer RAC fagade layer (S7) and exterior surface
temperature of mineral wool layer (S5 position), as shown in Fig 4 and Fig 5. This difference is more
pronounced at south panel, with S5 maintaining up to 10.79°C lower temperature compared to S7 during
summer. In winter period, the effect is completely opposite, whereas S5 maintains up to 8.08°C higher
temperature. This pattern of behaviour indicates the passive cooling and passive heating mechanism of
ventilated prefabricated wall panel, which can be attributed to the air that is naturally ventilated in cavity.
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Figure 4. Temperature distribution through the south-oriented panel: a) summer period, b) winter
period
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Figure 5. Temperature distribution through the north-oriented panel: a) summer period, b) winter

period

By having no information on S7 temperatures at north panel, it would be difficult to evaluate the
influence of air ventilation. However, in 2" monitoring year, temperature sensor started recording and
based on those results, regression analysis was applied to predict S7 values for 1% monitoring year
(marked as S7 predicted in Fig 5). For north-oriented panel, S7-S5 difference is considerably lower
(1.74°C in summer period and 2.94°C in winter period), which suggests that ventilation is not extremely
beneficial for north oriented panel adj acent to unconditioned interior space.
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Figure 6. Outdoor and indoor environment relative humidity: a) summer period, b) winter period

Exterior relative humidity exceeds 90% during both summer and winter, whereas more expressed
fluctuations are present during summer (Fig 6a). Conditioned living room and unconditioned staircase
have the same pattern of relative humidity evolution, with similar values in summer. During winter
(heating season), deviations between living room and staircase becomes more dominant (Fig 6b).

The primary role of mineral wool layer is thermal protection in winter period. By analysing relative
humidity levels in the middle of mineral wool (S4) during winter period (Fig 7b and Fig 8b), the one
can observe that for south panel it stays under 50%, while on the other hand for north panel it oscillates
between 60-70%. Generally, north panel has higher relative humidity levels during both summer and
winter period. This can be correlated to lower ventilation rates due to north orientation.
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Figure 7. Relative humidity distribution through the south-oriented panel: a) summer, b) winter
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Figure 8. Relative humidity distribution through the north-oriented panel: a) summer, b) winter

5.2. Influence of thermal mass on energy performance

For continuous mode, heavyweight building will consume somewhat less heating and cooling energy
compared to lighter constructions, and that applies for both climates. Contrary to that, for intermittent
mode, heavyweight building can consume up to 8% more heating energy compared to very lightweight
building, but it will still require less cooling energy (up to 3 1%) respectively.
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Figure 9. Energy demands relative to heavyweight building in two different climates: a) continuous
operating mode, b) intermittent operating mode

6. Conclusion

The main contribution of the paper is large-scale monitoring of hygrothermal performance of innovative
heavyweight building envelope exposed to real outdoor environment and under the real occupants’ use.
Innovation of envelope lies in ventilated prefabricated sandwich wall panels produced using high
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replacement ratio of recycled aggregate (from construction and demolition waste). Naturally ventilated
air in cavity (which is not common for conventional concrete sandwich walls) contributed to lowering
the surface temperature of thermal insulation layer in summer (passive cooling) and increasing it during
winter period (passive heating), respectively. This positive effect of air ventilation is significantly more
pronounced for the south-oriented panel compared to the north-oriented panel. Moreover, ventilation in
the south panel helped to maintain relative humidity levels in thermal insulation layer under 50% (during
winter), while those values were somewhat higher for the north panel. It can be concluded that
ventilation is depended on orientation and conditions of the adjacent indoor environment, which then
directly influence the hygrothermal performance of building envelope.

In both continental and littoral climate, high thermal mass of analysed wall panels showed to be
beneficial from heating and cooling energy demand aspect in case of continuous operating mode
(compared to lighter structures). On the other hand, when intermittent occupancy is observed,
heavyweight building can consume more energy for heating, but it will still require less cooling energy
(compared to lighter structures).

Results indicate that recycled aggregate concrete can be successfully upscaled to innovative wall
assembly and used for constructing very low-energy, moisture-safe and sustainable buildings.
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