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[bookmark: _Hlk535943026]Abstract of the project
The SB&WRC (Sustainable Bio&Waste Resources for Construction) project, an undertaking of more than two years, aims to conceive, produce and test three innovative, low-carbon, thermal insulation materials from agricultural co-products and recycled waste. The project is supported by the development program Interreg VA France (Channel) England and its budget, estimated to be 1.8M€, is co-financed by the ERDF (European Regional Development Fund) for 69% (1.26M€ contribution).

This project, led by Nomadéis, is carried out by a cross-channel partnership which gathers academic research laboratories, private research and consulting companies, manufacturers and professional non-profit organisation of the building sector:
· Nomadéis; 
· Veolia Propreté Nord Normandie;
· University of Bath; 
· Ecole Supérieure d’Ingénieurs des Travaux de la Construction de Caen (ESITC Caen); 
· Construction21; 
· UniLaSalle; 
· University of Brighton; 
· Alliance for Sustainable Building Products. 
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1. [bookmark: _Toc5980168]Introduction

The SB&WRC project aims at designing and producing 3 prototypes of thermal insulant for buildings, made from bio-based and waste-based raw materials. These 3 prototypes will be produced respectively from agricultural coproducts (rape and corn stems), textile waste (from duvets) and wheat straw. Developed materials should have a carbon footprint which is at least 25% lower than that of conventional insulants, such as glass wool or rock wool. The overall objective of this project is to propose new solutions, using waste and agricultural co-products, to reduce CO2 emissions and to preserve natural resources.

This document presents, as a first step, the methods of testing and characterisation of textile waste selected in Work Package 3 for the production of prototype 2, namely: duck feathers and polyester.
A physical characterisation of these raw materials was carried out in order to determine their water contents, their densities, their water absorption as well as their characteristic temperatures.
Work package 5 focuses on the production and characterisation of prototype 2: an insulant based on polyester waste or duck feathers. In this context, this document presents in a 2nd time, the manufacturing procedure of this prototype and then its thermal characterisation protocol in climatic chambers.
1. [bookmark: _Toc5980169]Characterisation of raw materials
1.1 [bookmark: _Toc5980170]Density
Density was determined by using helium pycnometer (AccuPyc 1330_ micromeritics). This method allows to obtain a precise measure of the sample volume. It consists in introducing helium into a reference chamber with a known pressure and then it is allowed to expand into the chamber containing the sample. Thus, the drop in pressure is measured. 
The sample volume is determined according to Mariotte low : 

with:
· P1 : gas pressure in the reference chamber (Pa) ;
· P2 : gas pressure in the expansion chamber (which contains the sample) (Pa) ;
· Pa : atmospheric pressure (Pa) ;
· V2 : expansion volume (cm3) ;
· Vc : chamber volume (cm3) ;
· Vs : sample volume (cm3).
Bulk density is then given by the following equation:
ρb =
with : 
· ρb : density ;
· ms : sample mass.

1.2 [bookmark: _Toc5980171]Water content

The test consists in drying the sample in a proofer at a temperature of 40 °C until the mass stabilizes. Water content corresponds to the registered loss of mass. It is calculated according to the following equation: 

with: 
· Mw : mass at the wet state;
· Md : mass at the dried state. 

1.3 [bookmark: _Toc5980172]Water absorption
This test is derived from an experimental protocol developed by RILEM TC 236-BBM group. The procedure used to measure the water absorption of the different materials is as follows: 
1. Dry the sample at 40 °C until a mass variation lower than 0.1% of is obtained in 24h;
2. Immerse completely a plastic micro-perforated bag in water;
3. Place and attach the bag in a centrifuge and let it turn for 30 seconds at 500 trs.min-1, then note the bag mass; 
4. Weigh a mass (M0) of the material and place it in the bag;
5. Immerse completely the bag filled with the material in water for 5 minutes; 
6. Take the bag out of the water, place it in the centrifuge and let it turn for 30 seconds at 500 trs.min-1 ;
7. Weigh the spin-dried bag and note the mass M1 (5 min);
8. Repeat the steps 5, 6 and 7 for other samples for different immersion durations;
9. Calculate the water absorption according to the following equation:

1.4 [bookmark: _Toc5980173]Characteristic temperatures 
Characteristic temperatures are determined by means of a Netzsch differential scanning calorimeter DSC STA 449 F1 apparatus, under nitrogen flow, using an aluminium crucible. The samples are maintained at 20 °C for 5 min and then heated up to 500 °C at a rate of 20 °C.min-1 (dynamic scan).

1. [bookmark: _Toc5980174]Production of mini-prototypes
2.1 [bookmark: _Toc5980175]Introduction
The University of Brighton (UoB) were responsible for developing eight ‘mini-prototypes’ measuring 300x300x100mm. These prototypes were constructed primarily from the waste bedding material gathered in partnership with Veolia UK at their HWRS in Worthing Sussex UK in October 2017. Results of this process were posted on the Construction 21 website. In summary the material that was gathered comprised bedding in the form of duvets and pillows.  Here is a brief summary
· Veolia segregated pillows and duvets entering Household Waste Recycling Site for a week - 3,000 litres – 52 items.  
· University assessed composition and status.
· Stuffing either: polyester (75%) or natural feathers (25%). 
· Covers: Mix of polyester and cotton in variable amounts or occasional polypropylene.
· Status: On observation 50% of sample seemed in good quality – potentially reusable. 

2.2 [bookmark: _Toc5980176]Construction specification of mini-prototypes
The UoB team have over 30 years experience in the UK construction industry. Drawing off this we endeavoured to design the mini-prototypes, which may be suitable as insulation in timber framed housing in the UK & France, so that the construction systems would mimic the types of material often used in this sector. The polyester material was always detailed to perform as a non-load-bearing insulation quilt, however we did develop a rigid board to house loose feather comprising the very same feathers compressed together and stuck with Jesmonite.
We have set out below a description of each of the eight ‘mini-prototypes’ that were delivered to the laboratories of our colleagues at ESTIC Caen on 27th April 2018.


	Mini Prototype
Number
	Size
	Purpose
	Insulation Material
	Binder
	Outer Material
	Binder
	Top Covering

	1
	300x300x100mm
	General
Tests
	Feather
	No
	Feather
	Marseille Soap foam
	None

	2
	300x300x100mm
	General
Tests
	Feather
	No
	Feather
	Jesmonite
	Breather Membrane

	3
	300x300x100mm
	General
Tests
	Polyester
	No
	OSB Timber Board
	n/a
	Breather Membrane

	4
	300x300x100mm
	General
Tests
	Polyester
	No
	OSB Timber Board
	n/a
	Featherboard Render. Waste agg in lime

	5
	260x70x12mm
	Fire Tests
	Feather
	Jesmonite
	No
	No
	No

	6
	260x70x60mm
	Fire Tests
	Feather
	No
	Feather
	Marseille Soap foam
	No

	7
	220x50x50mm
	Fire Tests
	Polyester
	No
	Breather Membrane
	No
	Breather Membrane

	8
	220x50x50mm
	Fire Tests
	Feather
	No
	Breather Membrane
	No
	Breather Membrane



In addition below are notes of the specialist materials used to bind the feathers, aggregates etc., used to manufacture prototypes 1,2 & 4.

Mini-Prototype  No.1
Specialist Material: Outer-coating of feathers in a Marseille soap (foam) binder.

Method
· Dissolve 75ml of Marseille soap granules (UK supplier: www.mikewye.co.uk)
               in 1ltr of warm water.
· Use a mechanical whisk to create a dense foam
· Mix the foam with the feathers and ‘laminate’ into a mould (300 x 300 x 100mm)
              The foam will stiffen after 24 hours allowing the material to be lifted from the mould
· Allow 1 week for the material to dry

Mini-Prototype  No.2
Specialist material: Featherboard material

Method
· Mix 1500g of Jesmonite powder with 600g of Jesmonite liquid (UK supplier :www.industrialplasters.com – Product: AC 100)
· Add 5 lts of dry feathers to the Jesmonite mix
· Cast the mix into a mould (300 x 300 x 12mm)
· De-mould can be after 4hrs
· Allow the material time to dry

Mini-Prototype  No.4
Specialist Material: Waste render

Method
· Pass the waste construction aggregate through a 5mm sieve
· Calcine oyster shells up to 1000C in a kiln to create quicklime
· Blend the aggregate and dry quicklime together at a ratio of: 3 aggregate - 1
              lime
· Add water to the dry mix in order to slake the quicklime with the aggregate.
              There will be a hot reaction as the quicklime slakes. Add enough water to create a workable 	mortar. This produces a much better mortar than using pre-slaked lime materials. In the UK 	this technique is known as a ‘Hot - Mix’ lime mortar
· Apply the lime render to the Featherboard
· Allow the render time to cure/dry

1. [bookmark: _Toc5980177]Characterisation of mini-prototypes
3.1 [bookmark: _Toc5980178]Thermal conductivity measurements
The measurements of thermal conductivities were carried out using a HFM (Heat Flow Meater) apparatus. The measurements are made in steady state by imposing a temperature gradient, thus, the heat flow circulates vertically, through the sample, from the hot plate to the cold plate (Figure 1).
 The tests carried out were conducted at different average temperatures which are: 0, 10, 20 and 30 C.
	Figure 1: Device and measuring principle of HFM 436

	


3.2 [bookmark: _Toc5980179]Fire reaction tests
Fire reaction tests are conducted according to NF EN ISO 11925-2 standard. This test allows to determine the ignitability of a product by direct incidence of a small flame (2 cm of height). It consists in exposing the sample during 15 s to a flame and observing the ignition of the specimen and its damage. 

1. [bookmark: _Toc5980180]Production of prototype 2

Prototype 2 is an insulating material made of textile waste from duvets (polyester) associated with an OSB timber board.  It will be used for internal insulation for walls.  The targeted thermal conductivity is equal to 0.06 W.m-1.K-1. This value can be reached by changing the density of polyester. 
The manufacturing of the prototype consists in:
· The assembly of OSB timber pieces to form the box;
· Filling the OSB timber box (Figure 2) with polyester.  
The dimensions of the prototype depend on thermal testing and they are 2000 x 2000 x 100 mm.OSB
Polyester
Figure 2: OSB timber box






1. [bookmark: _Toc5980181]Prototype characterisation
5.1 [bookmark: _Toc5980182]Thermal properties
In this project, the thermal performance of the prototype 2 (polyester + OSB) will be studied.  To determine the thermal properties of this prototype on a real scale, a Hot Box apparatus will be used. With this apparatus, a wall to be tested is positioned between two ambiences, one hot, and the other cold. Once the steady-state is reached, measurement of the heat dissipated to keep a constant temperature gradient through the specimen wall is performed. Thanks to these data, dissipated power and temperature difference between the two atmospheres, thermal performance of the wall can be calculated. So, the prototype thermal resistance can be determined by using the following relationship:

where:
· R: prototype overall thermal resistance, m2.K/W
· A: metering box opening area, m2
· : environmental temperature at the hot side (metering chamber), °C
· : environmental temperature at the cold side (climatic chamber), °C
· Q: rate of heat flow throw the prototype to be tested, W.
Once the prototype thermal resistance is known, an effective thermal conductivity can be calculated using the following relationship:

· λ: prototype effective thermal conductivity, W/(m.K)
· L: prototype thickness, m

In this work, a measuring system is developed by following the ASTM C1363-11 and NF EN ISO 8990 norms. In Figure 3, a typical scheme of a Hot Box apparatus is shown. 


Our measuring system consists of two climatic chambers separated by a polyurethane wall. The separating wall contain a 2 m x 2 m opening where the sample to characterize should be placed. A metering chamber having an opening of 1.27 m x 1.46 m was built. A heating system was placed inside this metering chamber and powered by a DC power supply. Temperatures in both sides of the wall are measured by T type thermocouples which are linked to a data acquisition system. A LabVIEW program was created in a computer in order to perform temperature regulation, data acquisition and signal processing. An overview of the experimental setup is represented in Figure 4. Figure 3: Overview of the experimental device used for thermal characterization of the prototype 2
Figure 4: Typical Hot Box apparatus schematic [ASTM C1363]






1. University of Brighton Prototype 2 Pilot Site 

6.1 University of Brighton Testing Methodologies 
[bookmark: monitoring-set-up-2]A 0.525m section of wall in the Brighton WasteHouse was selected to replace the existing insulation with folded duvets in both the inner 364mm deep cavity and outer 100mm cavity. The density of duvet installation was 21.4 and 11.3kg/m for the inner and outer cavities respectively giving an overall density of 19.2 kg/m. The duvet layers were pinned to the interstitial plywood layers at the top and allowed to hang in the cavities. The complete make-up of the test wall construction is shown in figure 1a of the monitoring report (footnote 6). External conditions were ambient and internal conditions varied depending on occupancy and heating regime in the office room as shown in figure 4 of the monitoring report (footnote 6).

[image: GROUP SHOT OF THE WASTE HOUSE.jpg]
The Brighton Waste House (Pilot Site for Prototype 2 in Brighton)


[image: IMG_0951.JPG]       [image: WASTE_HOUSE _SECTION.jpg]
Typical wall section before it was emptied and then        Typical Waste House wall section drawn in section
occupied by Prototype 2 at the Brighton Waste House 

6.2 Monitoring set-up
In addition to a heat flux mat placed on the inner surface of the wall a probe was constructed and inserted into the centre point of the wall section to monitor temperatures and humidities in the internal and external environments and at the mid-point of each duvet layer. Results were generated in accordance with ISO 9869-1:2014.
[image: IMG_6240.JPG]    [image: IMG_6239.JPG]                                   [image: IMG_6259 3.JPG]

Images (x3) Prototype 2 Installed at The Waste House 

6.3 [bookmark: results-subsecresults-1-1] Results (subsec: Results-1-1)
In terms of thermal performance, a good U-Value of 0.138 W/mK is achieved with the duvet installation but the overall thickness of the insulation layers (464mm) means that the thermal conductivity was not as good as conventional insulation products. An overall thermal conductivity for both duvet layers was derived and came to 0.069 W/m·K.
In terms of condensation risk, none was detected during the curse of the tests. Water vapour exchange, as evidenced by the dew-point temperature results, would have also acted to help eliminate condensation risk.
6.4 Conclusions
The monitoring report concludes that although a good U-Value of 0.138 W/mK was attained, a large thickness of duvet material installation was required to achieve it, and the thermal conductivity of the duvet layers was significantly higher than conventional insulation materials. Dew-point data suggested water vapour exchange between the duvet layers and the internal/external environments indicating that significant air exchange may also be occurring. The low relatively low density of installation and the possibility or large air cavities within the duvet installations are also mentioned as potential reasons for the relatively high thermal conductivity.
Duvet thermo-physical properties for UoB Pilot Site (The Waste House)
	Institution
	Thickness (mm)
	Density (kg/m)
	Thermal conductivity (W/m·K)
	Raw U-Value 100mm (W/mK)
	Raw U-Value 150mm (W/mK)

	Brighton
	464
	19
	0.069
	0.69
	0.46



[bookmark: _Hlk533010301]Please note that for full details of the installation details, monitoring methods and findings for the University of Brighton version of Prototype 2 you should read the report attached at the end of this document in Appendix 1.
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7. APPENDIX 1.

Monitoring Report on the SB&WRC Wall Prototype 2 at the Brighton WasteHouse
[image: 0_home_ryan_Store_Projects_ARVEA_logonew.png]

ARchitectural Visualisation and Environmental Analysis
ARVEA Consultants
[bookmark: introduction]Introduction
The SB&WRC project’s wall prototype 2, consisting of two layers of waste duvet insulation, was installed in the downstairs office of the Brighton WasteHouse in November 2018. Monitoring of the wall was conducted from 8 of November 2018 to 3of January 2019. Temperatures and humidities within and around the wall were monitored along with the heat flux at the interior surface of the wall. From this data U-value and condensation risk for the wall were assessed. The U-value for the wall was calculated to be 0.138W/mK, and the duvets to have a thermal conductivity of 0.069W/mK. No condensation risk was detected during this monitoring period.
[bookmark: monitoring-system]Monitoring System
Within the WasteHouse downstairs office a wireless monitoring hub had already been installed as part of a previous university project. This monitoring hub accepts encrypted data from monitoring nodes on an 868Mhz frequency band using an RFM69 radio transceiver. This data is then stored by the hub and automatically emailed to the operator on a daily basis.
The hub accepts data of the form “2 h1234 t1234 c1234 v1234”, where the initial integer number is the ID number of the data stream (the data ID number allocation is shown in table [tab:Data-streams-and]) and the letters prepending numerical values identifies the metric e.g. “h” signifies humidity.
[bookmark: tab:Data-streams-and]Data streams and their data IDs[tab:Data-streams-and]
	Data ID
	Data streams

	4
	External conditions (temperature, humidity & dew point)

	5
	Outer insulation (temperature, humidity & dew point)

	6
	Inner insulation (temperature, humidity & dew point)

	7
	Internal conditions (temperature, humidity & dew point)

	8
	Inner surface heat flux (heat flux)


The integer four digit numbers after the letter gives the data value. The nature of the data value depends on the metric: for humidity, temperature and heat flux the figure is 10x the value e.g. h0568 equals a humidity value of 56.8%; voltage it is 1000x the value e.g. 3300 equals 3.3V; CO2 it is a simple integer representation of the value e.g. 0858 equals 858ppm of CO.
As both condensation risk, which necessitated monitoring within the wall, and U-value measurements were required, it was decided to build a probe that could be built into the wall and monitor internal and external temperatures and humidities.
The probe consists of a 650mm length of 15mm diameter polyethylene pipe containing four SHT75 temperature and humidity sensors: one positioned in the room air; one positioned at the mid-point of the inner insulation layer comprising of folded polyester duvets with a density of 21.4 kg/m; one in the middle of the outer insulation layer also comprising of folded polyester duvets with a density of 11.3kg/m3; one in ambient air. The average density of the duvet material across both layers is 19.2kg/m.
The specific heat capacity (SHC) of the two insulated layers was calculated by taking a standard values for the density of polyester and air of 1390kg/m and 1kg/m respectively. The proportion of polyester in the cavities by volume is derived by the insulation density divided by the polyester material density; with the rest of the cavity being air. This gives a proportion by volume of polyester of 1.5% and 0.8% for the inner and out cavity respectively. The proportion of the polyester in each cavity by mass is given by the mass of polyester divided by the total mass, which comes to 95.6% for the inner cavity and 91.9% for the outer. Taking standard values for the SHC of polyester and air of 1300J/kgK and 1000J/kgK respectively, this gives an inner layer SHC of 1287J/kgK and the outer of 1276J/kgK with an average across the two layers of 1285J/kgK.
A schematic of the wall and the probe itself are shown in figure [fig:Wall-and-probe].
[image: 1_home_ryan_Store_Projects_ARVEA_Interreg_construction.png]
Wall and probe sections[fig:Wall-and-probe]
[image: 2_home_ryan_Store_Projects_ARVEA_Interreg_probe_section.pdf]
[bookmark: fig:Wall-and-probe]Wall and probe sections[fig:Wall-and-probe]
The SHT75 sensors are held in place with silicon sealant and the cavities within the tube filled with expanding foam to minimise air and heat transfer along the tube. The probe was built into the wall as the wall layers were constructed figure [fig:Probe-installation]. This was done on the 6 November 2018. The junction points between the probe and the hard construction layers were also sealed to minimise vapour transfer via this route.
[image: 3_home_ryan_Store_Projects_ARVEA_Interreg_Images_wastehouse_probe_Photo_06-11-2018__10_08_21.jpg]
Probe installation and final equipment installation
[image: 4_home_ryan_Store_Projects_ARVEA_Interreg_Images_IMG_20181108_163822.jpg]
Probe installation and final equipment installation
For the heat flux measurement a recently calibrated Hukseflux HP01 heat flux sensor has been used. The calibration certificate for the sensor states 61.18 output voltage per W/m. This was positioned in-line and above the probe insertion point. The heat flux meter is attached to the wall and covered in masking tape to maintain a consistent emissivity with the rest of the wall (figure [fig:Final-installation]).
As the heat flux mat produces voltage differentials in the  range an analogue to digital converter is required to resolve these small differentials. An ADS1115 16-bit converter has been used here. The ADS1115 is programmed to use its lowest internal reference voltage of 0.256V. With 15bits of resolution (1 bit is used to sign the integer value) the ADS1115 can resolve down to 0.256/2V or 7.8125. As the heat flux meter has been calibrated at 61.18 per W/m this delivers a heat flux resolution of 0.128W/m, or a U-value resolution of 0.0128W/m at a 10C temperature difference.


o0.5
[image: 5_home_ryan_Store_Projects_ARVEA_Interreg_shield.png]
The SHT75 sensors require a 3.3V power supply and both the SHT75 and the HP01 sensors require a platform to interpret the sensor values and to send them to the monitoring hub. For this an Arduino Uno has been used as it has native support for the IC protocol used by both the SHT75 sensors and ADS1115 converter and libraries are available to allow the Uno to interface with an RFM69 transceiver chip. In addition, the Arduino supplies voltage (3.3V) and ground connections to the sensors. A custom circuit board was designed that interfaces the Uno’s pin configuration with the ADS1115 and RFM69 chips. The schematic of the custom shield is shown in figure [fig:Custom-Arduino-Uno-1].
The monitoring system was connected up and started on the 8 November. Sensor readings since are taken approximately every 60 seconds and broadcast to the monitoring hub. Results are later hour averaged. The code, with annotation, that runs on the Uno to collect, process and send data to the monitoring hub is given in Appendix 2.
[bookmark: results]Results
[bookmark: u-value]U-value
Although the monitoring system was started on the 8 November and run continuously until the end of the calendar year, the general lack of heating (there is no dedicated heating system within the room) and occupancy in the space made a consistent and reliable U-value figure difficult to attain. Figure [fig:Prototype-2-U-Values] shows the U-value over the entire monitoring period.
[image: 6_home_ryan_Store_Projects_ARVEA_Interreg_Images_uv_all.pdf]
[bookmark: fig:Prototype-2-U-Values]Prototype 2 U-values (entire monitoring period) [fig:Prototype-2-U-Values]
Initially, the wall plaster was still drying causing the wall surface to absorb heat and inflate initial U-values. For the first 10 days the room temperature was allowed to free-float, i.e. no discrete heating was applied to the room, although occupancy was relatively high during the first few days. On the 19, 20 and 21 of November a fan heater was installed in the room and the room heated constantly during working hours. After this temperatures again free floated until the heating systems were turned on in the bathroom and upstairs room. As air to downstairs is supplied with an MVHR system, the heating in these other rooms was delivered to the downstairs office by proxy via the ventilation system. On the 17 of December a dedicated convection heater was placed in the room and the room heated constantly. This resulted in high room temperatures and resulted in a slow attainment of a thermal steady state within the room and wall constructions. The heating was therefore turned down on the 19 of December and the room heated to a thermostatically controlled temperature for three days. Over the Christmas period the room reverted to heating by MVHR air supply.
The temperatures within and around the wall prototype for the entire monitoring period are shown in figure [fig:Office-temperatures-(entire].
[image: 7_home_ryan_Store_Projects_ARVEA_Interreg_Images_temp_all.pdf]
[bookmark: fig:Office-temperatures-(entire]Wall temperatures (entire monitoring period)[fig:Office-temperatures-(entire]
The only period where the internal room temperature was controlled and relatively stable was the thermostat controlled heating period between the 19 and 21 of December. It is therefore this period that has been used to generate the wall U-value, the results for which are shown in figure [fig:U-Values-and-wall].
[image: 8_home_ryan_Store_Projects_ARVEA_Interreg_Images_uv_period.pdf]
[bookmark: fig:U-Values-and-wall]U-values and wall temperatures (calculation period)[fig:U-Values-and-wall]
Due to the intermittency of the thermostatically controlled heating, heat flux at the interior surface, and hence resultant U-value, still varies. This is however to be expected, and a U-value can be generated by averaging over the period. Although 72 hours is recommended in ISO 9869-1:2014 for the averaging in in-situ U-values compared to the 52 hours here, the strong heating of the room before this sampling period, and the subsequent consistency of the inner insulation temperature, coupled with the similarity between beginning and end of period external temperature would indicate that this period generates a valid U-value result as the overall heat content of the wall is does not change significantly. This average results in a final U-value of 0.138W/mK. To put this in context, in cool/temperate climates the PassiveHaus standard for external walls is 0.15W/mand the U-value of the Prototype 2 is a slight improvement on this and therefore represents what could be considered a good U-value.
By rearranging the standard U-value equation and solving for duvet thermal conductivity, by assuming standard values for the other wall layers, a value of 0.069W/mK is attained. To put this in context many conventional insulation materials have a thermal conductivity of 0.04W/mK, and the duvets therefore overall achieve a conductivity 72.5% higher than this conventional value. Although the thermal conductivity is relatively high, the generous thickness of the insulation layers deliver the overall good U-value figure. Reasons for the higher thermal conductivity could include air circulation within and around the duvet layers, and the relatively low density of the duvet installation compared to conventional insulation materials.
A raw U-Value for the duvet material itself can be derived by dividing a chosen duvet thickness by the thermal conductivity. For 100mm of material this would result in a raw U-Value of 0.69W/mK, and at 150mm 0.46W/mK.
All the temperature and heat flux data generated for the SB&WRC project is available for download from
https://drive.google.com/drive/folders/1LVwFBVkMf5Fm5qgADbbomWf2vQEoOLIz. An explanation of the data format of the monitoring files is given in Appendix 1.
[bookmark: condensation-risk]Condensation risk
Relative humidities for the whole monitoring period are shown in figure [fig:Humidity-readings].
[image: 9_home_ryan_Store_Projects_ARVEA_Interreg_Images_h_all.pdf]
[bookmark: fig:Humidity-readings]Humidity readings (entire monitoring period)[fig:Humidity-readings]
Relative humidities are generally higher towards the outside of the building, which is to be expected in the UK climate in Winter. Relative humidities within the wall, although different from the internal and external environments, do follow the trends of the internal and external environments. This suggests that water vapour is relatively free to move from either the outside or the inside of the building into both insulated sections of the wall. This is confirmed by looking at the dew-point temperatures within and around the prototype wall (figure [fig:Dew-point-readings-(entire]).
Dew-point temperatures with the two insulated layers not only vary significantly over time (if the moisture content within the layers were constant dew-point should be constant), but they also follow the dew-points of the internal and external environments quite closely. Water vapour does appear therefore to be able to move quite freely into, and out of, both the insulated layers from either or both of the internal and external environments. Raising the humidity within the room for a significant period of time could help determine which, if either, of the internal or external environments dominates in terms of this vapour exchange.
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[bookmark: fig:Dew-point-readings-(entire]Dew-point readings (entire monitoring period)[fig:Dew-point-readings-(entire]
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Centre of insulation condensation risk[fig:Insulation-condensation-risk]
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[bookmark: fig:Insulation-condensation-risk]Centre of insulation condensation risk[fig:Insulation-condensation-risk]
A basic assessment of whether condensation is likely to form at the centre point of the insulation layers (where the sensors are placed) can be made by comparing the sensed temperature and dew-point temperatures. If the temperature is greater that the dew-point temperature condensation is unlikely to form. Graphs in figure [fig:Insulation-condensation-risk] are filled green where the temperature is greater than the dew-point temperature, and red where less. As can be seen the temperature difference at the centre of each layer is positive at all times, indicating that there has been no condensation risk at these points.
[image: 13_home_ryan_Store_Projects_ARVEA_Interreg_Images_crwc_inner_all.pdf]
Exterior surface of insulation condensation risk[fig:Exterior-surface-of]
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[bookmark: fig:Exterior-surface-of]Exterior surface of insulation condensation risk[fig:Exterior-surface-of]
As the duvets are permeable to moisture vapour, and the dew-point temperatures at all sensor points is similar, it is reasonable to assume that the moisture content at any point within each layer is similar. The worst case scenario for condensation risk is therefore at the coldest point, or exterior surface, of each layer. To asses this worse case scenario condensation risk the temperature at the external surface must be known. If the thermal conductivity of each of the insulated layers is similar, then the temperature gradient between the mid-points of the inner and outer insulation will be linear. By taking into the account the thicknesses to the two insulation layers, the temperature at the boundary point between the two layers can be estimated. If the temperature of this point is below the dew-point temperature of the inner insulation layer then condensation may form at this exterior surface point. For the outer insulation layer the outside surface can be considered to be at or near the external temperature and therefore if this external temperature is below the dew-point temperature of the outer insulation, condensation may again form at this outer surface. The results of these two analyses are shown in figure [fig:Exterior-surface-of].
Again, there appears to be no risk of condensation at these exterior surfaces. As the water vapour content within the insulation layers is equalising with the external/internal environments, and the insulation layers are always warmer than the external environment, this is as expected. This relatively free movement of water vapour between the insulation layers and the external/internal environments could however indicate enough air movement between the layers to increase the thermal conductivity of the insulation layers to the relatively high value calculated in the U-value section.
[bookmark: conclusions]Conclusions
The dew-point temperature data suggests that the two insulation cavities are both able to exchange water vapour with either the external/internal environment. If this exchange is occurring with the external environment it may indicate enough air exchange with the outside to increase the effective thermal conductivity of the duvet layers and partly account for the relatively high thermal conductivity measured. Other potential reasons are the relatively low density of the of the duvet installation compared to conventional insulation materials, and the possibility of air circulation within the cavities. This exchange of water vapour has however ensured that there is no detectable condensation risk within the wall.
Despite the relatively high thermal conductivity the thickness of the wall, comprising a total of 464mm of insulation, has ensured a good U-value of 0.138W/mK, a figure better than would be required by, for example, by the PassivHaus standard.
[bookmark: section]
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