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Abstract

Insulated Concrete Formwork (ICF) is regarded as a site-based Modern Method of Construction (MMC) and
consists of cast in-situ concrete and two layers of expanded polystyrene (EPS) insulation on its inner and outside
surface. As a wall system, it can achieve very low U-values and increased air-tightness. This paper investigates
the thermal performance of ICF related to the overheating risk under above average U.K. summer weather
conditions. The methodology consists of using a real-case building that incorporates ICF as the main wall system
and it is built to Passivhaus standards. By installing a number of sensors and an on-site weather station, real-
time measurements, regarding weather data, indoor CO; levels, temperature, humidity, heat flux through the
external surfaces, apertures’ opening duration and electrical consumption, are taken. Furthermore, an accurate
model of the case building is created in the Building Performance Simulation (BPS) tool, DesignBuilder, and a
final calibrated model is produced that includes the obtained data. Early measurements and findings indicate
that there is an overheating risk associated with ICF and design solutions are required to alleviated them.
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1. Introduction

Designing buildings that provide a comfortable indoor environment will be more crucial than
focusing only on energy demand in the future (Vidrih et al., 2008). The negative effects of
climate change can be addressed by using new low carbon passive technologies (Vardoulakis
et al., 2015). The latest trend involves using insulating materials to reduce the heating energy
consumption. However, there is an associated overheating risk in heavily insulated buildings.
Average internal temperatures in low energy buildings in London are expected to exceed 25°C
for a period of 5 - 10% of the year. Moreover, from 2050 and on, the duration of mean internal
temperatures above 28°C is expected to rise greatly (McLeod et al., 2013).

In order to provide a more stable and comfortable indoor thermal environment throughout
the year, thermal mass strategies can be employed (Hopfe et al., 2015). Dynamic energy
simulations of typical UK Passivhaus dwellings, under future climate conditions, have
reported that thermal mass can reduce overheating and the maximum indoor temperatures
(McLeod et al., 2013). ICF consists of cast in-situ concrete and two layers of EPS insulation on
its inner and outside surface. It does not demonstrate any major thermal bridges issues and
has increased air tightness, thus providing increased energy savings and a comfortable indoor
environment (Canada Mortgage and Housing Corporation, 2007).


http://www.nceub.org.uk/

Compared to low mass and high mass building constructions, ICF achieves reduced energy
consumption for space conditioning and slightly increased energy use respectively. This is
attributed to the thermal mass of the concrete core (Mantesi et al., 2015).

The aim of this paper is to investigate the thermal performance of ICF during a one-week
period under UK summer conditions. The main research objectives are:

e Evaluate the overheating risk of a low-energy design building, built to Passivhaus
standards (low U-values and airtight envelope).

e Study the effectiveness of ICF in achieving low energy consumption and indoor
thermal comfort by comparing the data produced by BPS software and those obtained
from the monitoring study (performance gap).

e Perform an analysis comparison between ICF and alternative forms of construction.

e Investigate alternative scenarios for alleviating the effects of overheating risk.

2. Methodology

2.1. Building description

The building used to evaluate the performance of ICF, is located in a rural area in Gomshall,
Guildford. It is a south-orientated, two-storey building, 17.1m long and 11.7m wide, with a
height of 6.81m and a total floor area of 253.5m?. On top of the dwelling, there is a 34° pitched
roof. The dwelling is comprised of two floors which are connected by an internal staircase.
The main living areas are located on the ground floor, while there are other secondary areas
on the first floor.

2.2.  Construction materials
The main external wall construction is ICF, while Table 1. Case-study building construction materials.

the internal walls are made of plasterboard. Construction Materials
Regarding the ground floor, an insulated Thickness | U - Value
foundation raft is used whereas a precast concrete (mm) (W/mZK)
floor system is installed on the first floor. The roof | |cF wall 487.5 0.112
construction is made up of prefabricated EPS roof [ poof 368 0.115
panels. Energy-efficient, triple-pane, argon-filled [ | sulated

windows with low err.mis§ivity. (Low-E) coating are ground floor 863 0.1
also installed. An infiltration test was also [\yindows 40 0.76

performed and an infiltration rate of 2.31 m3/hr-m?
was achieved.

2.3.  Mechanical systems

A mechanical ventilation and heat recovery system (MVHR) provides controlled ventilation
without heat loss. Also, via a hot water cylinder, a gas boiler provides hot water for domestic
use. A wood-burning stove in the ground-floor living room is also used when necessary. A
photovoltaic system covers part of the electrical consumption and hot-water needs.

2.4. Monitoring sensors

Furthermore, for the purposes of the monitoring study, a number of sensors were installed.
These include: surface temperature, fabric heat flux, indoor temperature, CO; concentration
and humidity levels, electrical energy use as well as windows and door open/close sensors.
Also, an on-site weather station and a pyrometer were installed. Finally, to ensure that the
measured data are consistent, a calibration procedure was applied.



2.5. BPS model calibration

A model of the building was created in the BPS tool, DesignBuilder, according to the as-built
construction and mechanical systems specifications, followed by a calibration procedure. It
involved the comparison of the internal temperatures measured by the sensors and the
simulated temperatures. The final results indicate that the temperatures are exhibiting a
maximum divergence of 12.6% (about 3.2°C) with a median value of 6.3%.
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Figure 1. Comparison of monitored and simulated temperatures of the first-floor living room.

2.6. Base-case and alternative scenarios
A base-case scenario, based on as-built specifications, is used to evaluate the overheating risk
in the main living areas. The overheating risk criteria used are:

e A maximum temperature of 26°C in the living areas (CIBSE, 2015).

e Additionally, the assessment of overheating is regarded as unacceptable

(catastrophic) for temperatures >25°C at a frequency of >15%. (Feist et al., 2013).

A non-occupied week (7-13/7) was selected for the simulation purposes in order to omit
uncertainties introduced by occupants and to fully understand the uncertainties caused by
the construction materials. Moreover, alternative scenarios are formulated to estimate their
consequence on the effectiveness of ICF. These scenarios do not include the operation of the
MVHR unit, in order to minimise the heating or cooling energy applied to the thermal mass.

3. Analysis & Discussion

3.1. Base-case scenario

Due to the thermal mass of the construction, the internal temperatures remain relatively
stable throughout the day. However, there are high temperatures in all areas that fluctuate
between 23.2°C and 28.9°C.
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Figure 2. First-floor living room monitored temperature.



Mainly the first-floor areas, but also the ground-floor rooms, exhibit serious overheating
problems. This can be attributed to the inner insulating EPS layer of the ICF wall, which keeps
the stored heat inside the living spaces during the night. This would be desirable during the
winter, but it can lead to overheating issues during the summer.

3.2. Scenario Al - Alternative wall constructions
In this scenario, the effect of replacing the original ~ Table 2. Alternative material constructions.

ICF external wall construction with a dense and a Alternative
cavity wall system, on the internal temperatures of Material Constructions
the main living areas, was examined. Thickness | U - Value
The alternative systems, due to the lack of an inner (mm) (W/m?2K)
layer of insulation, allow a more efficient discharge

Y  ATOW @ T 8¢ | Dense wall 434 0.115
of stored heat during night-time. That means that -

Cavity Wall 428 0.168

they have a greater capability of storing heat the
next day (due to the higher temperature difference
between the surface and the environment), thus
preventing it from entering the interior. Both of them exhibited the same performance and
the difference in the U-value did not seem to have affected them. Thus, their difference to
the ICF wall can be attributed to the way their thermal mass is employed.

Strip Footing

Ground floor 603 0.169

3.3. Scenario A2 - Alternative floor construction

There is a minimal effect on the internal temperature from the alternative floor construction.
The main difference is that the original system has a thicker layer of EPS (350mm) and lower
U-value (0.1W/m?2K) compared to the alternative one (200mm and 0.169W/m?K respectively).
Consequently, the heat accumulated during the day is trapped in the building and cannot be
exchanged efficiently to the environment through the ground during the night. While this
strategy is considered effective during the winter, it can lead to overheating in the summer.

3.4. Scenario B - Solar shading devices

The scenario of installing fixed external shading devices on top of the south glazing openings
was explored. There are major temperature differences when solar shading devices are
applied. Due to decreased solar gains, there are decreased median temperatures of up to
8.47%. Although there are Low-E, tripled-glazed systems installed, the effect of installing
external shading devices cannot be neglected. This strategy is very useful in order to keep
unwanted solar gains when the sun is high in the sky during summertime and allow useful
solar energy when the sun is low during winter.

3.5. Scenario C - Building orientation

Three alternative orientations were considered (North, East, West). For the northern
orientation, due to limited solar gains, all areas originally facing South exhibited reduced
internal temperatures. However, these areas exhibited increased temperatures, as they were
susceptible to the unwanted early morning heat gains (regarding the eastern orientation) and
the early evening (regarding the western orientation). The internal layer of insulation of the
ICF succeeds in keeping the thermal energy inside while reducing the amount of heat lost to
the environment. The northern orientation is the most appropriate, but it creates other issues
(decreased daylight levels and lower desirable solar gains during the winter).



3.6.

Scenario D - Building location

The consideration of different locations within the UK was investigated. More specifically, a
city in the East Midlands region (Nottingham) and Scotland (Edinburgh) were selected. The
Design Summer Years (DSY) weather files were used, that are suitable for assessing
overheating. ICF performs significantly better at higher latitudes. Due to lower external
temperatures and lower sun availability, compared to the warmer and sunnier South England,
it is logical to have decreased internal temperatures.

Simulated Temperature Percentage Change
First Floor - Living Room

15%
10%
5%
0%
-5%
-10%
-15% .
Dense Cavity Strip Solar Notting- Edinbur-
Wall Wall Footing Shading North East West ham gh
Floor
Mean
Temperature -1% -1% 0% -6% -2% 8% 9% -12% -14%
Change (%)

Figure 3. Simulated temperature percentage change for each scenario for the first-floor living room.

4. Assumptions & limitations
The main assumptions that were regarded to perform the research are the following:

Calibration is based on internal temperatures and not on heating energy, as there are
many uncertainties linked to space heating (internal gains, inter-zonal heat exchange).
The short-term calibration approach is not as reliable as comparing to hourly data
since it presents fewer data points to calibrate to. It is acceptable because accurate
hourly whole-building data are not available regarding the MVHR unit.

5. Conclusions
The results from the conducted simulations indicate the following:

There is a strong indication of overheating risk associated with ICF. On the other hand,
the alternative construction methods (dense block, cavity wall, strip footing ground
floor) seem to perform better. However, more research is required to conclude
whether the overheating is caused due to the use of ICF or due to bad building design.
The application of external solar devices, although Low-E glazing is used, is found to
be beneficial. Having no shading devices, particularly at the south-facing windows, is
considered a significant fault in the initial design of the building. The effects of
overheating of the ICF construction method can be alleviated by introducing smaller,
south-facing window areas. However, there are disadvantages regarding decreased
daylight availability. The best compromise should be found.

The northern orientation of the main living areas exhibits reduced internal
temperatures, contrary to the eastern and western ones. However, there is the
negative effect of having decreased thermal gains during the winter. That could lead
to increased energy consumption for heating energy.



e At northern latitudes, ICF construction is responding much better and decreased
internal temperatures are experienced. However, consideration needs to be made to
the formulation of the weather files.

e The methodology, which is based on data collection from sensors and calibrating the
model using internal temperatures produced by the simulation tool, can be regarded
as valid as there were minor differences in their values.

e Buildings to Passivhaus standards, are prone to overheating at average summer
conditions. For that regard, employing a combination of different strategies (solar
shading, night ventilation) is vital.

6. Future work

Further study could be made that would include a full-year simulation period, with the
building being regarded occupied and with the opening schedule fully integrated, to simulate
the effect of internal gains. Moreover, the impact on the energy consumption can be assessed
by considering the monitoring data of the electrical and mechanical systems. Additionally,
using the monitoring data, an investigation could be made on the surface temperatures and
the heat flux through the ICF wall construction to allow a more accurate assessment of its
thermal performance. By incorporating probable future-weather scenarios, the long-term
performance of ICF can be evaluated. Finally, weather data from different locations within
the UK, can be obtained for the same time period as for the case study building. That way, a
more accurate indication of the performance of ICF can be formulated.
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