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SAHP Solar-assisted heat pump 
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Publishable summary 

This report is focused on the testing the performance of the technologies under laboratory 
controlled conditions to simulate different climatic and operating conditions by all the partners 
involved with bulk of the testing by UNOTT, AALTO and ISQ. The achieved results will be used 
to modify the design of technologies. Results will be used to prefabricate the renovation 
technologies appropriate for each building and climate in Task 4.4. 
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Introduction 

Leading Beneficiary: UNOTT 

Participants: AALTO, ISQ, CJR  

Task description:  

Task 4.3: Test the performance of the technologies under laboratory-controlled conditions 
(UNOTT, M15-M23). The innovative technologies will be tested under controlled conditions; the 
achieved results will be used to modify the design of technologies, if necessary. The tests will be 
conducted in the laboratories to simulate different climatic and operating conditions by all the 
partners involved with bulk of the testing by UNOTT, AALTO, CJR and ISQ.  

 

 

Figure 1 - SUREFIT PROJECT 
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1 Summary 

The work package involves fabricating and testing the key components and assembling the 
components into complete prototypes of technologies. The technologies will be tested in the 
lab to assess their performance under the nominal set conditions. The testing results will be 
used to modify and improve the design of the final prototypes, if necessary, which will be used 
in WP6 (field tests). The availability of this prototype system for field trials will be milestone 3. 

The innovative technologies will be tested under controlled conditions; the achieved results 
will be used to modify the design of technologies, if necessary. The tests will be conducted in 
the laboratories to simulate different climatic and operating conditions by all the partners 
involved with bulk of the testing by UNOTT, AALTO, CJR and ISQ. 
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2 Technology introduction 

There were eight innovative retrofit technologies selected for the five building pilots: Finland, 
Greece, Portugal, Spain and the United Kingdom. All the buildings were old residential buildings 
that did not meet current energy efficiency standards. The Bio-aerogel insulation panel, PV 
Vacuum glazing unit, PCM panel are used to reduce the heating demand by improving the 
façade performance. The solar-assisted heat pump, ground source heat pump, evaporative 
cooling unit and window heat recovery unit are used for energy efficient space heating/cooling 
and ventilation and domestic hot water generation systems. During the M7 to M23, 
mathematical models have been generated to simulate the energy performance of those 
technologies, as described in D4.1 to D4.8. In this deliverable, the simulation results will be 
validated and optimized via the experimental tests. 

 

2.1 Description of the innovative technologies 

The simulation results and relative partners of each technology are introduced in Table 1. 

Table 1 - Introduction of the simulation results of each technology 

Technology Partner 
(developer) 

Simulation results 

Bio-aerogel insulation panel UNOTT, 
WINCO, CJR 

Thermal conductivity: 0.024 W/m·K 

PV Vacuum glazing unit UNOTT U-value=0.56 W/m2·K, solar to electricity 

conversion factor: 4% at 50% transparency 

PCM panel PCM, CJR 220kJ/kg latent heat capacity with melting 
temperature between 23-27℃ 

Solar-assisted heat pump UNOTT System heating COP ranging from 2.8 to 3.8 
with varied solar radiation 

Ground source heat pump UNOTT The ground heat exchanger thermal 
conductivity improved by 93%, with heating 
COP varied from 3.81 to 4.48 depending on 
different soil temperature 

Evaporative cooling unit UNOTT The air outlet temperature of 22.4℃, 61.7% 
achieved when inlet air temperature is 30℃ 
with relative humidity of 80%. The cooling 
energy efficiency is predicted at 3.65, with 
cooling capacity varied from 434W to 1534W 
and moisture remove rate varied from 
1.02kg/s to 2.76kg/s 
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Window heat recovery UNOTT Thermal recovery efficiency higher than 73% 
depending on the temperature differences of 
the heat pipe condensing and evaporating 
sides 

Solar PV/T unit SOLIMPKES Solar to electricity conversion efficiency: 20% 
(315 W per unit). Solar to thermal conversion 
efficiency: 47% (855 W per unit) 

Prefabricated Panels CJR, UNOTT U-value achieved: 0.19-0.35 W/m2·K with 

different core integration 

 

2.2 Testing conditions 

The testing conditions and standards for each technology are illustrated in Table 2. 

Table 2 - Testing conditions and standards for each technology 

Technology Testing conditions 

Bio-aerogel insulation panel Testing the U-value of the insulation material under the winter 
conditions with air temperature differences higher than 20℃ 

PV Vacuum glazing unit Testing the solar electricity under different solar radiation 
varied from 0 to 600W/m2 

PCM panel Testing the charging and discharging time, as well as 
temperature drop under the melting periods 

Solar-assisted heat pump Testing under different solar radiation varied from 0 to 
700W/m2, with wind speed varied from 0 to 2m/s and ambient 
air temperature from 5℃ to 30℃ 

Ground source heat pump Testing the soil side heat exchanger efficiency and the overall 
COP under different soil temperature 

Evaporative cooling unit Testing the cooling performance under different inlet air 
temperature from 25℃ to 33℃  and relative humidity from 
55% to 75%, as well as the inlet air flow rate of 57-171m3/s 

Window heat recovery Testing the heat recovery efficiency under temperature 
differences of 5℃, 10℃, 15℃ and 20℃ 

Solar PV/T unit Testing the effective PV module temperature and water 
temperature with the ambient temperature and the incident 
solar radiation 
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Prefabricated Panels Testing the U-value of the prefabricated insulation panels with 
air temperature differences of 30℃ with the guideline in ISO 
12567 
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3 Methodology for lab testing 

3.1 Bio-aerogel insulation panel 

The starch-based aerogel insulation panels with thickness of 45mm and surface of 0.123m2 
(0.35m×0.35m) is installed on part of the experiment wall, which is compared with original wall 
part without insulation panels. One heat flux sensor is installed on the surface of the interior 
insulation panel, with another one installed on the original wall part, which has 200mm distance 
away from the edge of the insulation panels. 

To investigate the performance with installation of starch-based aerogel insulation Panel on the 
interior wall, 3 successive days (72hours) are carried out from 2nd December 2021 to 5th 
December 2021. The installed samples are shown in Figure 2, as well as the thermograph 
imaging, which indicates the air temperature with 30mm distance from the panel central point 
is approximately 35.3℃.  

   
Figure 2 - U-value test with interior wall insulation with starch-based aerogel insulation panels 

 

3.2 PV vacuum glazing unit 

A PV VG-4L prototype using an amorphous silicon (α-Si) solar cell, as shown in Figure 3, was 
manufactured. The U-value of the prototype was evaluated using the TEC-driven calibrated hot 
box built at the University of Nottingham. As can be seen in Figure 3, by following closely ISO 
12567 standards, the sample was installed at the specimen area of the calibrated hot box. It was 
tested under three different air temperature conditions from 7.6℃ to 12.7℃ of external air 
temperature and 27.8℃ to 32.7℃ of internal air temperature. However, the air speed in the hot 
and cold side were fixed at 0.3 m/s and 1.5 m/s respectively. Using the calibrated hot box, we 
could estimate the total heat transfer coefficient from the hot and cold surface of the PV VG-4L 
prototype. The values were then used as the input parameters for the computer simulation. To 
derive the absolute error, the Kline–McClintock second power law as given in NCEES (National 
Council of Examiners for Engineering and Surveying) (2001) is used. These errors were 
represented by the error bars of the associated curves. Additionally, the guideline in ISO 12567 
was also being referred to evaluate the error from indoor testing.   
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Figure 3 - The PV VG-4L prototype 

The mathematical model validation method is performed by comparing the results obtained 
experimentally and theoretically, based on the trends shown on the related graphs. In this study, 
the mathematical model has been validated, with the input parameters recorded in the 
experiment of all the three different conditions.  In addition to the direct comparison between 
the simulation and theoretical curves, the validation of the mathematical model is further 
justified using root mean square percentage deviation (RMSPD). As shown in Figure 4, the 
evaluated glazing surface temperatures and U-value are found to be in good agreement with the 
temperatures and U-value accuracy of only 4.02% and 0.92% respectively. 

 
Figure 4 - The calibrated hot box with the installed sample 
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3.3 PCM panel 

As previously stated, PCMs with melting temperature in the range of 18℃-29℃ are considered 
for adoption in the built environment. 

Prototype panels were developed using a selection of PCM materials, with various phase change 
temperatures. The initial concepts were produced and tested at University of Nottingham. 
Different testing materials are displayed from Figure 5 to Figure 9. And the installed PCM panels 
in the testing room is shown in Figure 10. 

 

 

 

Figure 5 - Aluminium honeycomb panel with INERTEK 23 and Mylar Bag 

 

 
Figure 6 - Aluminium Honeycomb panel S23 and aluminium cover 
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Figure 7 - Plastic pouch with S27 

  

 
Figure 8 - Aluminium panel with INERTEK 23 

 

 
Figure 9 - INERTEK 23 blister panel 
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Figure 10 - A28 Blister panel in test  

 

3.4 Solar assisted heat pump 

The experiments are carried out in University of Nottingham, with the dynamic panels installed 
vertical. The overall SAHP system is connecting with an existed hot water storage tank, to provide 
both hot water and space heating for the occupants. The test rig is shown in Figure 11. Inlet, 
outlet and tank-central water temperatures of hot water tanks are tested with K type 
thermocouples. Inlet and outlet air temperatures from the ventilation machine are tested with 
K type thermocouples. Besides, the air supply velocity is measured with Testo thermo-
anemometer. Finally, a DT500 data logger collected all the data from the above sensors. Detailed 
information about the measure sensors, including the measurement accuracy and measurement 
range are shown in Table 3. 

Table 3 - Measurement devices and their accuracy 

Instrumentation Measured 
parameter 

Measurement 
range 

Accuracy 

Testo thermo-
anemometer 

Air velocity 0–10 m/s ±5% 

K-type thermocouple Water and air 
temperature 

0-1100 °C ±0.75% 

Datalogger DT500 Data Acquisition N/A ±0.15% 

KIPP & ZONEN 
Pyranometer CMP3 

Solar radiation 0-2000W/m2 ±5% 

NEVSETPO Power 

meters 
Electricity 

consumption 
0-2900W ±4% 
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Figure 11 - Test rig of the SAHP 

The jacket containing the pure water is used to store and release the heat produced from the 
condenser of the SAHP system. The jacket is based on the single tank (HWT) configuration, which 
is shown in Figure 12. The existing SAHP retains its immersion heater for energy input connected 
to the hot water supply which is based on a heat pump coupled to ternary evaporator panels 
located in the loft space and exterior roof.  

     
Figure 12 - Hot water storage tank 

To simulate solar radiation under laboratory conditions, an artificial portable light source 
combining metal-halide and thirty tungsten halogen floodlights source is assembled. The main 
reason of the solar simulator is to deliver a controllable indoor sun light for the heat pump 
system. This adjustable illuminate with wavelength ranges between 360-2500 nm and regulator 
switch, solar irradiance in the range 0 to 800 W/m2 covering an area of 3.2m2 as shown in Figure 
13. The switch acts as a regulator in order to maintain solar irradiance variations evenly. The 
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collector is placed indoor up-right in the lab, 200 cm distance in the front of the solar simulator 
to achieve the required operational conditions. In this case unevenness values at most points 
obtained is found less than 9%, which is in a good agreement with the British Standards values 
for indoor solar simulator. The working sample of thermodynamic panels is shown in Figure 14. 

 

 
Figure 13 - Solar radiation simulator and light regulator 
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Figure 14 -  Working sample of the thermodynamic panels 

3.5 Ground source heat pump 

The purpose of these experiments is to determine the impact of introducing graphite particles 
into different types of soils. The thermal conductivity is an intensive property, meaning that it is 
independent of system size.  
A KD2 Pro Thermal Properties Analyzer was used to measure the thermal conductivity of 
samples. Samples of the three main types of soil were obtained including: Loam, Sandy & Clay. 
These samples were dried in an oven for over 12 hours at 115°C to ensure that all traces of water 
were removed. These samples were then weighed and prepared.  
 
The wet weight of the soil was determined by the following equation:  

 
The added water for a given test was evenly mixed into the soil to obtain the test sample. This 
was then transferred into a container and compressed with a 500g weight to ensure that soil 
compression does not influence results. The probe was then inserted into the sample. Three 
measurements of thermal conductivity were taken, with the TR-1 sensor which was designed for 
use with soil.  
For the tests with the graphite enhancement, 3wt% of graphite was introduced to the moistened 
soil before taking measurements.  
Osmosis damp proofing uses a series of anodes placed at the base of the wall and a cathode rod 
buried at a lower level in the ground (Figure 15). This electric damp proof course imparts a small 
electrical charge into the masonry and this positive charge repels free moisture molecules from 
the anodes where they are attracted to the negative cathodic earth rod. 
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Figure 15 - Electro-Osmosis Damp Proof Monitor 

 
Figure 16 - Graphite particular 

Graphite (Figure 16) has the same chemical composition as Diamond, which is also pure carbon, 

but the molecular structure of Graphite and Diamond is entirely different. The test equipment is 

shown in Figure 17. 
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Figure 17 - DT85 data logger , K-thermocouples , Flow meter , Hand help thermometer, and Air 

flowmeter. 

In most region of Europe including of the UK, the seasonal ground temperatures remain relatively 

constant beyond a depth of 10m. Values between 6oC and 12oC predominate to a depth of about 

15m, and then 12oC-15oC predominates to a depth of about 50m. Such temperatures represent 

ideal conditions to permit economical space and water heating by using energy piles structures 

and heat pumps. Substantial temperature fluctuations in summer and winter during the year 

would reduce the efficiency of heat pump systems. The soil battery functions as the thermal 

energy storage using energy piles in the residential sectors is an existing technology but not yet 

proven in the UK, one of the drawbacks could be because of the extremely variable 

characteristics of the UK ground that is used to balance winter cold and summer heat gain by 

storing heat. One of the purposes of the further work from this project could be to investigate 

the capability of UK soil to store heat. Table 4 represents for the geology and results for thermal 

response tests carried out. 

Table 4 - Geology and results for thermal response tests carried out 

 

 



D4.9 Results of lab testing of technologies  

 

09/04/2024  24 

 

 

 

3.6 Evaporative cooling unit 

The performance tests for the design concept are separated into two different units, including an 

air dehumidification unit with liquid desiccant solutions of potassium format (KCOOH), and a 

water evaporative cooling unit. The two different functional units have the same physical structure 

as shown in Figure 18, with difference of liquid fluent. The hollow fiber module core is designed 

with 3D structure modelled in Figure 19. 

 
(A) The test rig of the novel cross flow hollow fibre 

 

(B) Connections with the environmental chamber 

Figure 18 - The test rig of the novel cross flow hollow fibre integrated evaporative cooling module (A) and 
the connections with the environmental chamber (B) 
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Figure 19 - The 3-D model image of the hollow fibre module core design 

At the beginning of each test, the environmental chamber was set to the required temperature 
and humidity level. As soon as the temperature and humidity reached the desired values, the 
solution/water circulation pump and the fan in the air stream direction will be switched on. The 
air velocity is measured at five different positions along the cross sections of the outlet 
aluminium tunnel, using the air velocity probes connected to a recorder (Testo 454). In order to 
minimize the experimental testing errors, four humidity and temperature sensors (EK-H4, 
Sensirion, UK) were located at the inlet (point 1 in Figure 20) and outlet (point 2 in Figure 20) of 
the air stream respectively, to measure the inlet and outlet conditions of the air stream. 
Additional K type thermocouples were used to measure the temperature of the desiccant 
solution entering and leaving the hollow fibre module. The aluminium air tunnel was connected 
with a variable frequency drive centrifugal fan, which was linked directly with the environmental 
chamber.  A centrifugal pump was employed to circulate solution/water from the solution/water 
tank to the top of the hollow fiber module. 8 nozzles were allocated at the top of the module 
with the aim to make sure the cross section of the hollow fiber module could be wetted entirely. 
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Figure 20 - Core structure of single unit for both evaporative cooling and desiccant dehumidification 

For each test, the temperature and humidity values were recorded every 20 seconds until the 
time when the system reached steady states as indicated by the humidity and temperature 
sensor readings. The accuracy of the measuring instruments used was: ±0.2% for temperature, 
±0.5% for pressure, ±2% for air velocity, and ±2% for relative humidity.  

Air side effectiveness has been widely applied to evaluate the performance of dehumidification and 
cooling process. The performance of the system is found through calculation of the sensible effectiveness 
(𝜀𝑠𝑒𝑛) and latent effectiveness (𝜀𝑙𝑎𝑡). 

The air side sensible heat effectiveness (𝜀𝑠𝑒𝑛) is an important parameter to evaluate the heat 
transfer performance between the intake air and the inside solution fluid. This is defined as the 
ratio between the actual temperature change of the air passing through the hollow fibres (𝑇𝑎,𝑖𝑛 −
𝑇𝑎,𝑜𝑢𝑡 ), and the maximum possible temperature difference in the hollow fibre units (𝑇𝑎,𝑖𝑛 −
𝑇𝑠𝑜𝑙,𝑖𝑛): 

𝜀𝑠𝑒𝑛 =
𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡

𝑇𝑎,𝑖𝑛 − 𝑇𝑠𝑜𝑙,𝑖𝑛
 

Where, 𝑇𝑎,𝑖𝑛  and 𝑇𝑎,𝑜𝑢𝑡  represents the inlet and outlet air dry-bulb temperature. 𝑇𝑠𝑜𝑙,𝑖𝑛 

represents for the temperature of inlet solutions. 

The air side latent heat effectiveness ( 𝜀𝑙𝑎𝑡 ) is significant to evaluate the mass transfer 
performance or moisture remove effectiveness of the air. Because of the water vapour pressure 
difference, the hot air with high humidity will transport the water into the inside of the hollow 
fibres. In the process, the water vapour can pass through the micro porous on the surface of the 
hollow fibres, and the water changes from vapour to liquid. This is defined as the ratio between 
the actual (𝜔𝑎,𝑖𝑛 − 𝜔𝑎,𝑜𝑢𝑡) and maximum possible difference of the specific humidity (𝜔𝑎,𝑖𝑛 −
𝜔𝑒𝑞): 
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𝜀𝑙𝑎𝑡 =
𝜔𝑎,𝑖𝑛 − 𝜔𝑎,𝑜𝑢𝑡

𝜔𝑎,𝑖𝑛 − 𝜔𝑒𝑞
 

Where, 𝜔𝑎,𝑖𝑛 and 𝜔𝑎,𝑜𝑢𝑡 is the relative humidity of inlet air and outlet air. 𝜔𝑒𝑞 is the equilibrium 

humidity ratio of air at the inlet condition of the desiccant solution, of which the vapour pressure 
is a function of concentration and temperature of the solution (Chen et al., 2018), which is 
calculated as below 

𝜔𝑒𝑞 = 0.622
𝑃𝑠𝑜𝑙(𝑋𝑠𝑜𝑙, 𝑇𝑠𝑜𝑙)

𝑃𝑎𝑡𝑚 − 𝑃𝑠𝑜𝑙(𝑋𝑠𝑜𝑙, 𝑇𝑠𝑜𝑙)
 

Where, 𝑃𝑎𝑡𝑚 is the atmospheric pressure; 𝑃𝑠𝑜𝑙  is the vapour pressure of desiccant solution at the 
specific concentration 𝑋𝑠𝑜𝑙 and temperature 𝑇𝑠𝑜𝑙. The desiccant solution concentration 𝑋𝑠𝑜𝑙 can 
be determined by the solution temperature and density. 𝑃𝑠𝑜𝑙  can be calculated with the 
empirical correlation derived by Cisternas and Lam (Cisternas and Lam, 1991), as shown below: 

Log𝑃𝑠𝑜𝑙=K I [𝐴 −
𝐵

𝑇−𝐸𝑠
] + [𝐶 −

𝐷

𝑇−𝐸𝑠
]              

Where 𝑃𝑠𝑜𝑙  is the solution equilibrium vapour pressure (kPa); I is the molar concentration 
(mol/kg); K is an electrolyte parameter relating to solute (KCOOH); A, B, C, D and 𝐸𝑠  are 
parameters regarding to solvent (water). 

Regarding the performance of the regenerative cycle, it can be obtained through calculation of thermal 
𝐶𝑂𝑃𝑡ℎ and electrical 𝐶𝑂𝑃𝑒𝑙𝑒𝑐, defined, respectively, as: 

 𝐶𝑂𝑃𝑡ℎ =  
𝑄𝑎

𝑄𝑖𝑛
  

 𝐶𝑂𝑃𝑒𝑙𝑒𝑐 =  
𝑄𝑎

𝑊𝑝 + 𝑊𝑓
  

where 𝑄𝑎 is the cooling capacity (sensible and latent), 𝑄𝑖𝑛 is the input of thermal energy to cycle (from 
the solar thermal collector) and 𝑊𝑝 and 𝑊𝑓 are the total electric power consumed in the pumps and fans, 

respectively.  

 

3.7 Window heat recovery 

The window heat recovery prototype presented in Figure 21 was tested under different 
conditions. The temperature was recorded in different locations, as identified in Figure 21 (𝑇1 to 
𝑇9 are temperature sensors), and then the average temperature on the two sides of the pipes 
and the average heat flux are calculated. 
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Figure 21 - Window heat recovery prototype used in the experiments 

 

3.8 Solar PV/T unit 

The test of the PV/T system is conducted in Marmont Laboratory, University of Nottingham. The 
wind speed was observed over the course of test to detect the heat flow rate through natural 
convection between the PV panels and ambient air, and was measured as 1.2 m/s in average. 
Also, average solar radiation data during the day and outside air temperature were found to be 
761.5 W/m²and 37.2 °C, respectively. During the series of test sessions, no working fluid leakage 
was observed both in the roof and cooling units. 

 

3.9 Prefabricated Panels 

The installation process for prefabricated wall insulation panels typically involves several steps 
to ensure proper placement and effective insulation, with the installation steps illustrated in 
Figure 22. During the preparation step, it is pivotal to remove any existing wall finishes, such as 
drywall or cladding, as necessary. Also, it is important to ensure that the wall surface is clean, 
dry, and free from debris. Then, the metal framework should be positioned on the wall surface. 
Moreover, the PWI panels should then be adhered to and filled in the metal framework with the 
measured dimensions of the wall to accurately to determine the required size of the insulation 
panels. Once the panels are positioned correctly, secure the panels to the wall using appropriate 
fasteners. After the insulation panels are securely in place, the wall finishing could be rendered 
according to versatile preferences (textures, colours, etc.), as shown in Figure 23. Once the 
installation is complete, quality check should be conducted thoroughly to ensure that the 
insulation panels are properly installed, with no gaps, loose sections, or visible defects. 
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Figure 22 - Installation steps of PWI panel 

 

Figure 23 - Post-retrofit rendering effects 

The structure of 5 PWI panels are illustrated in Figure 24, Figure 25, Figure 26, Figure 27 and 
Figure 28, respectively, with their axonometric and cross-sectional views displayed and each 
layer’s material shown. In addition, the thickness, thermal conductivity and thermal resistance 
values are listed in Tables 5-9. Especially, the thickness and thermal resistance range from 8.2 cm 
to 10.6 cm and 2.986 m2K/W to 5.524 m2K/W, respectively. Furthermore, each panel has its core 
layer representing the insulation effect and heat transfer capability. In specific, the core layers of 
5 measured PWI panels are namely Vacuum Insulation Panel (VIP) with double membrane, Starch 
aerogel with double membrane, silicon aerogel with double membrane, silicon aerogel with 
single membrane and silicon aerogel, respectively. It is observed that the core layer of Panel 5 
has the lowest thermal conductivity performance, indicating that minimized heat transfer would 
occur through the building envelope. This means that during hot weather, less heat from the 
exterior penetrates the interior, reducing the need for cooling systems and decreasing energy 
consumption. Similarly, in cold weather, less heat escapes from the interior, resulting in reduced 
heating requirements. Also, silicon aerogel has high resistance to heat flow, allowing them to 
effectively trap and slow down the movement of thermal energy. Besides, U-value of the PWI 
panels is calculated with thermal resistance calculation method, which is given by Eq. (1) 
(Engineers March 2015): 

𝑈𝑃𝑊𝐼 = (
1

ℎ𝑎𝑖𝑟,𝑒𝑥
+

1

𝑅𝑃𝑊𝐼
+

1

ℎ𝑎𝑖𝑟,𝑖𝑛
)−1                                                                                                     Eq. (1) 
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Where, ℎ𝑎𝑖𝑟,𝑒𝑥  is heat transfer coefficient of external air (W/m2K); ℎ𝑎𝑖𝑟,𝑖𝑛  is heat transfer 
coefficient of interior air (W/m2K); 𝑅𝑃𝑊𝐼 is thermal resistance of the PWI panels (m2K/W), which 
is given by Eq. (2) (Engineers March 2015): 

𝑅𝑃𝑊𝐼 =
𝛿1

𝜆1
+ 𝑅𝑠𝑖,1−2 +

𝛿2

𝜆2
+ 𝑅𝑠𝑖,2−3 + ⋯ +

𝛿𝑛−1

𝜆𝑛−1
+ 𝑅𝑠𝑖,𝑛−1−𝑛 +

𝛿𝑛

𝜆𝑛
                                              Eq. (2) 

Where, 𝛿 is the thickness of each layer (m); 𝜆 is the thermal conductivity of each layer (W/mK); 
𝑛 is layer number for each PWI panel; 𝑅𝑠𝑖  is interior surface resistance between layers (m2K/W), 
which is given by Eq. (3) (Engineers March 2015): 

𝑅𝑠𝑖 = (
6𝐸ℎ𝑟

5
+ ℎ𝑐)−1                                                                                                                              Eq. (3) 

Where, 𝐸 is the emissivity factor, ℎ𝑟 is the radiance heat transfer coefficient (W/m2K); ℎ𝑐  is the 
convective heat transfer coefficient (W/m2K). 

 
Figure 24 - Structure of panel 1(Left: Axonometric view; Right: Cross-sectional view) 

Table 5 - Specifications of panel 1 

No.1 Thickness (cm) Thermal 
conductivity 
(W/mK) 

R-value (m2K/W) 

XPS insulation 3 0.031 0.968 

Breathable membrane  0.6 0.029 0.207 

VIP panel 2.5 0.008 3.125 

Breathable membrane  0.6 0.029 0.207 

XPS insulation 3 0.031 0.968 

Fibreglass Mesh N/A N/A N/A 

Primer 0.1 0.2 0.005 

Silicon coat render 0.7 0.16 0.044 

Matt (made with water-
dispersed siloxane) 

0.1 0.7 0.001 

Total 10.6 

 

5.524 
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Figure 25 - Structure of panel 2 (Left: Axonometric view; Right: Cross-sectional view) 

Table 6 - Specifications of panel 2 

No.2 Thickness (cm) Thermal conductivity 
(W/mK) 

R-value (m2K/W) 

XPS insulation 3 0.031 0.968 

Breathable membrane  0.6 0.029 0.207 

Starch aerogel 2.5 0.024 1.042 

Breathable membrane  0.6 0.029 0.207 

XPS insulation 3 0.031 0.968 

Fibreglass Mesh N/A N/A N/A 

Primer 0.1 0.2 0.005 

Silicon coat render 0.7 0.16 0.044 

Matt (made with water-
dispersed siloxane) 

0.1 0.7 0.001 

Total 10.6 

 

3.441 

 
Figure 26 - Structure of panel 3 (Left: Axonometric view; Right: Cross-sectional view) 

Table 7 - Specifications of panel 3 

No.3 Thickness (cm) Thermal conductivity 
(W/mK) 

R-value 
(m2K/W) 

XPS insulation 3 0.031 0.968 

Breathable membrane  0.6 0.029 0.207 
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Silicon-aerogel 1.3 0.013 1.000 

Breathable membrane  0.6 0.029 0.207 

XPS insulation 3 0.031 0.968 

Fibreglass Mesh N/A N/A N/A 

Primer 0.1 0.2 0.005 

Silicon coat render 0.7 0.16 0.044 

Matt (made with water-dispersed 
siloxane) 

0.1 0.7 0.001 

Total 9.4 

 

3.399 

 

 
Figure 27 - Structure of panel 4 (Left: Axonometric view; Right: Cross-sectional view) 

Table 8 - Specifications of panel 4 

No.4 Thickness (cm) Thermal conductivity 
(W/mK) 

R-value 
(m2K/W) 

XPS insulation 3 0.031 0.968 

Breathable membrane  0.6 0.029 0.207 

Silicon-aerogel 1.3 0.013 1.000 

XPS insulation 3 0.031 0.968 

Fibreglass Mesh N/A N/A N/A 

Primer 0.1 0.2 0.005 

Silicon coat render 0.7 0.16 0.044 

Matt (made with water-dispersed 
siloxane) 

0.1 0.7 0.001 

Total 8.8 

 

3.193 
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Figure 28 - Structure of panel 5 (Left: Axonometric view; Right: Cross-sectional view) 

Table 9 - Specifications of panel 5 

No.5 Thickness 
(cm) 

Thermal conductivity 
(W/mK) 

R-value (m2K/W) 

XPS insulation 3 0.031 0.968 

Silicon-aerogel 1.3 0.013 1.000 

XPS insulation 3 0.031 0.968 

Fibreglass Mesh N/A N/A N/A 

Primer 0.1 0.2 0.005 

Silicon coat render 0.7 0.16 0.044 

Matt (made with water-
dispersed siloxane) 

0.1 0.7 0.001 

Total 8.2 

 

2.986 

 

Five PWI panel prototypes are manufactured using different insulation cores, as shown in Figures 
24-28. The U-value of the prototype was evaluated using the TEC-driven calibrated hot box built 
at the University of Nottingham. As can be seen in Figure 29, by following closely ISO 12567 
standards, the sample was installed at the specimen area of the calibrated hot box. It was tested 
under the standard temperature differences of 30 ℃, with the cold side temperature of -5 ℃ 
and hot side temperature of 25 ℃. The testing period is counted for consecutive 72 hours in 
steady conditions. The testing rig condition is shown in Figure 30, where the air temperature 
sensors are installed 10 cm away from the testing panels. Besides, 5 temperature sensors are 
installed on both hot and cold external surfaces of testing panels. The heat flux sensors are also 
adhered to the centre of the hot side surface of the panel. However, the air speed in the hot and 
cold side were fixed at 0.3 m/s and 1.5 m/s respectively. Using the calibrated hot box, we could 
estimate the total heat transfer coefficient from the hot and cold surface of the PWI prototypes. 
The values were then used as the input parameters for the computer simulation. To derive the 
absolute error, the Kline–McClintock second power law as given in NCEES (National Council of 
Examiners for Engineering and Surveying) (2001) is used. These errors were represented by the 
error bars of the associated curves. Additionally, the guideline in ISO 12567 was also being 
referred to evaluate the error from indoor testing. 
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Figure 29 - The concept and structure of hot box 

 
Figure 30 - The testing rig condition 
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4 Results and discussion 

4.1 Bio-aerogel insulation panel 

As shown in Figure 31, the average U-value with the starch-based aerogel insulation panel is 
reduced from 0.23 W/m2K (original wall) to 0.16 W/m2K, with fluctuation range floated between 
0.13 W/m2K  and 0.20 W/m2K. The thermal conductivity of the starch-based aerogel insulation 
panels is calculated as 0.024 W/mk is slightly higher than the theory value of 0.023 W/mk. 
However, the K-value is varied from 0.013 to 0.069 W/mk. 

Besides, the internal air temperature with 100mm distance from the panel (average 30.97℃) is 
1.92℃  higher than that with 30mm distance (average 29.05 ℃ ). And the external ambient 
temperature with 100mm distance from the panel (average 3.03℃) is 0.18℃ lower than that 
with 30mm distance (average 2.86℃). 

 
Figure 31 - U-value of interior wall with starch-based aerogel insulation panels (72 continuous nights) 

Figure 32 indicates the thermal comfort improvement with starch-based aerogel insulation 
panels under the external ambient temperature (100mm distance) of approximately 3.0℃. It is 
found that the internal and external 30mm air temperature difference with insulation panel is 
approximately 26.19 ℃, which is 4.56℃ improved compared with the 30mm air temperature 
difference of approximately 21.63 ℃  without the insulation panels. Therefore, the internal 
insulated air temperature (30mm wall distance) increased by 1.19℃ compared with the original 
one without insulation materials. 
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Figure 32 - Thermal comfort with starch-based aerogel based vacuum insulation panels (72 continuous 

nights) 

 

4.2 PV vacuum glazing unit 

In terms of efficient building sector, there is a great potential for building-integrated PV 
technologies (BIPV) to offer potential energy savings of a building by generating solar energy 
resources captured via the building materials itself. According to the electricity efficiency 
described in Figure 33, the maximum solar electricity efficiency occurred with 3.7% when solar 
radiation reaches approximately 520W/m2. 

 
Figure 33 - Solar and electricity conversion efficiency with testing of PV VG-4L 

In order to clearly demonstrate the solar electricity conversion efficiency trend with the 
increasing of the solar radiation, the relationship between the solar radiation and the electricity 
conversion efficiency is concluded in Figure 34(a) and (b), which can furtherly be used in the 
future modelling with building retrofit project. Besides, it is noted that the impact of temperature 
change to the PV electricity conversion efficiency is not considered. In Figure 34(a), the average 



D4.9 Results of lab testing of technologies  

 

09/04/2024  37 

 

 

 

PV electricity conversion efficiency increased from 0 to 1.08% with increasing rate of 0.15% under 
solar radiation lower than 320W/m2. However, the average PV electricity conversion efficiency 
increased from 1.05% to 3.90% with increasing rate of 1.52% under solar radiation varied from 
320W/m2 to 550W/m2. Therefore, it is figured out that the PV electricity conversion efficiency 
increasing rate is changed from 0.15% to 1.52% with solar radiation varied between 0-320W/m2 
and 320-550W/m2, respectively. The function of solar PV electricity conversion efficiency (f(s)) 
with solar radiation (s) is illustrated below: 

f(s) = {
0.15% × s + 0.6, 0 < s < 320
1.52% × s − 4.0, 320 ≤ s < 550

 

 

(a) PV electricity conversion efficiency with solar radiation below 300W/m2 

 

(b) PV electricity conversion efficiency with solar radiation above 300W/m2 

Figure 34 - PV electricity conversion efficiency with solar radiation 

Figure 35 (a) (b) and (c) indicates the measured U-value with air temperature of both internal 
and external side. The measurement is carried out in three successive days from 27th June to 30th 
June in 2021. Besides, there are approximately 10 ℃  difference between the internal and 
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external ambient air temperature. According to the heat flux and air temperature difference of 
internal and external sides, the U-value is calculated with an average of 0.60 W/m2K, which has 
error difference of 5.3% compared with U-value of 0.57 W/m2K in theory.  

 

(a) U-value test of PV-VG on 27th June 2021 

 

(b) U-value test of PV-VG on 28th June 2021 
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(c) U-value test of PV-VG on 29th June 2021 

Figure 35 - U-value of PV VG-4L in different time periods (a) (b) (c) 

 

4.3 PCM panel 

The initial testing showed that S27 was the most efficient PCM to use in our application and 
therefore this was selected for testing moving forward, as shown in Figure 36. 

 
Figure 36 - Test results 

Blister panels were identified as better option than pouches due to Increased heat transfer area 
and less prone to damage. A manufacturer was identified and instructed to produce prototypes 
using S27 PCM material, as shown in Figure 37. 
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Figure 37 - Blister PCM Panel prototype 

The blister panel design was found problematic for filling, robustness and cost effectiveness 
therefore a cheaper and more robust prototype, a HDPE encapsulated panel (Figure 38) was 
developed and manufactured by PCM Products. 

 
Figure 38 - Thin Ice Panel 

38 Panels with S27 PCM were supplied to University of Nottingham for laboratory scale testing. 

A set of 14 PCM panels were allocated in the SRB room in UoN with a total weight of 49.81kg, 
3.55kg each, as shown in Figure 39. The testing room has a total area of 5.49 m2 and each panel 
measures 49 x 24 cm. The area covered by the PCM panel corresponds to 1.4 m2 representing 
25% of the area. The panels were tested under different conditions to determine the impact on 
the room. The measurements were taken with a Data logger and 5 thermocouples. 

 
Figure 39 - Test room 

The radiator was used to preheat the room for 24hrs before testing, after this period the radiator 
was turned off, with room temperature shown in Figure 40. 
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Figure 40 - Room temperature without PCM and Radiator for heating 

 
Figure 41 - Room temperature comparison 

It was observed that the S27 was able to maintain higher temperatures, whereas the room 
without PCM presents a 1.7°C temperature decrement, with room temperature shown in Figure 
41.  
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Figure 42 - Room pre heated and then heating turned off for duration of test 

A second test was conducted. It is observed a maximum temperature difference of 3.3°C after 
11.2 hrs. The test was repeated with two radiators to increase the room temperature, in this case 
the panel temperature is 26.9°C when the room temperature is of 38.33°C, with the temperature 
distribution shown in Figure 42. 

4.4 Solar assisted heat pump 

Figure 43 summarized the testing results of the SAHP system COP under variation of solar radiation 

from 0-700W/m2, wind velocity from 0-2m/s, supply both the DHW and space heating. 

 
Figure 43 - Summary of system COP 

Solar radiation (𝐺𝑡), environment temperature near the solar panel (𝑇′𝑎) and wind speed (𝑉) are 

combined in a single parameter and then used to describe the 𝐶𝑂𝑃𝐻. This parameter is the plate 

temperature of the solar thermodynamic panel (𝑇𝑝), which is presented as below:  
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𝑄𝐶 = 𝐴 [𝜂0𝐺𝑡 − 𝑈(𝑇𝑝 − 𝑇′𝑎)] 

𝑇𝑝 = (1 − 𝐹𝑅) [𝑇′𝑎 +
𝜂0𝐺𝑡

5.7 + 3.8𝑉
] + 𝐹𝑅𝑇3 

Figure 44 presents the 𝐶𝑂𝑃𝐻 as function of 𝑇𝑝 and the respective linear correlated equations for 

the four pilots. The mean squared error (R2) of the linear regressions are 0.946, 0.956, 0.973 and 

0.920, respectively for UK, Greece, Portugal, and Spain.  

The general 𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐻 correlation, which is the mean of the four correlations, as shown below: 

𝐶𝑂𝑃̅̅ ̅̅ ̅̅
𝐻 = 0.069𝑇𝑝 + 2.825 

This correlation can be used to obtain the performance of the solar assisted heat pump for different 

climate conditions (solar radiation, environment temperature and wind speed). 

 

Figure 44 - Linear regression of COPH as function of Tp for the four different pilots. 

The energyPRO software is used to simulate the integrated PV-SAHP-TS system energy flow from 
energy source to energy demand via the integrated system, as shown in Figure 45. The 
energyPRO is the leading software for modelling and analysing complex energy projects with 
combined supply of electricity and thermal energy (process heat, hot water and cooling), which 
is used for detailed technical of both existing and new energy projects in a very user-friendly 
interface providing the user with a clear overview of the project. The software offers a long range 
of technical and economic reports including graphical presentation of the simulated operation 
which provides an overview and in-depth understanding of the dynamics in a complex energy 
system. 
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Figure 45 - Energy flow work simulation process in energyPRO software 

DHW and space heating demands of the selected four pilot buildings are simulated from the ICE-
IDA with results summarized in Table x. The required SAHP heating capacity is sized in the 
EnergyPro simulation software, which differs from the sole SAHP and PV-SAHP-TS integrated 
systems, as shown in Table 10 and Table 11. It is noticeable that the SAHP sizes are reduced 
evidently in the PV-SAHP-TS integrated system with 4.1 - 5.6 kW compared with the other one 
with 7 – 26 kW, resulting from that the peak heating demand of the SAHP system is mitigated by 
the discharge process of the thermal storage tank. Besides, the SAHP system is 100% operated 
during efficient solar radiation period in the integrated system. Moreover, the imported 
electricity from the grid is significantly reduced by 27%, 50%, 57% and 61% in the integrated 
system of UK, Greece, Portugal and Spain pilot buildings accordingly, due to the increasing PV 
electricity generation.  

The heating COP is increased sharply in the integrated system due to the reduced electricity 
consumption of the whole system. As illustrated in Figure 46, the annual heating COP of the sole 
SAHP system remains at an almost constant value ranging from 3.4 to 3.6, independent of the 
ambient climate context. However, it is increased by 72%, 100%, 135% and 156% of the four pilot 
buildings accordingly with the range from 6.2 to 9.2. 

Table 10 -Building heating demand and imported electricity with sole SAHP system 

Pilot 
location 

DHW 
heating 
demand 

Space 
heating 
demand 

Annual 
heating 
demand  

Required SAHP 
heating 
capacity 

Imported 
electricity 
from the grid 

UK 4.5MWh 5.9MWh 10.4MWh 11kW 8.1MWh 

Greece 2.8MWh 1.4MWh 4.2MWh 20kW 1.2MWh 

Portugal 1.2MWh 1.2MWh 2.4MWh 7kW 0.7MWh 

Spain 3.2MWh 6.9MWh 10.1MWh 26kW 2.8MWh 
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Table 11 - Building heating demand and imported/exported electricity with PV-SAHP-TS system 

Pilot 
location 

Annual 
heating 
demand  

Required 
SAHP 
heating 
capacity 

Hot 
water 
storage 
tank 

Solar 
peak 
power 

Imported 
electricity 
from the 
grid 

PV exported 
electricity 

UK 10.4MWh 6kW 800L 4.1kW 5.9MWh 2.9MWh 

Greece 4.2MWh 5kW 400L 5.6kW 0.6MWh 8.9MWh 

Portugal 2.4MWh 2.8kW 200L 5.6kW 0.3MWh 9.2MWh 

Spain 10.1MWh 7kW 800L 5.2kW 1.1MWh 8.1MWh 

 

 
Figure 46 - Heating COP of sole SAHP and PV-SAHP-TS integrated systems 

4.5 Ground source heat pump 

The Figure 47 shows the averaged results for each moisture factor. There is a clear and obvious 
trend that increased moisture factors lead to increased thermal conductivity. This would suggest 
that if electroosmotic flow can be implemented in the Efficient Geotech solution, there are 
significant heat transfer benefits which could be obtained.  

The cross marks show the thermal conductivity of the enhanced soils. It suggests that clay soils 
have the most to gain from being enhanced, with a thermal conductivity improvement of +0.88 
W/mK (+93%). There were improvements in all types of soils tested. 
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Figure 47 - averaged results for each moisture factor 

Besides, tests were also conducted with 3kW and 6kW heating capacity under rated heating 
output at B0/W35 and B0/W55 with BS EN14511 testing standards. Besides, the Brine 
temperature is based on 0°C in / -4°C out. The energy performance is shown in Table 12. 

Table 12 - Energy performance results of 3kW and 6kW heating capacity 

Thermal heating capacity  3.0kW 6.0kW 

Performance data - rated heating output at B0/W35 BS EN14511 

Power consumption 0.8kW 1.6kW 

Co-efficient of Performance 4.05 3.84 

Design flow rate kg/min 9.2 18.4 

Pressure drop kPa at design flow rate 5 16 

Heating water based on 30°C in / 35°C out 
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Design flow rate l/min 8.62 16.88 

Pressure drop kPa at design flow rate 1.0 0.64 

Max flow temperature °C 65  65  

Heating water based on 30°C in / 55°C out 

Co-efficient of Performance 2.99 2.97 

Seasonal space heating energy efficiency 112% 111% 

 

4.6 Evaporative cooling unit 

For validation, the model is adjusted to the same experimental condition and the measurements 
and numerical results are compared. The measured and modelled air outlet temperature and 
relative humidity were compared for three different inlet air mass flow rates, which are: 𝑚̇𝑎 =
57 m3/h, 114 m3/h and 171 m3/h. The solution mass flow rate was fixed to 2 litters per minute 
with a concentration of 40%. Table 13 to Table 15 present the comparison between experimental 
and numerical for different inlet temperature of solution 𝑇𝑠,𝑖𝑛 and different inlet temperature 

𝑇𝑎,𝑖𝑛 and relative humidity of 𝑅𝐻𝑎,𝑖𝑛 air. 

Table 13 - Comparison between measurements and numerical for 𝑚̇𝑎 = 57 m3/h. 

Inlet conditions Experimental Numerical Error (%) 

𝑇𝑠,𝑖𝑛 

(°C) 

𝑇𝑎,𝑖𝑛 

(°C) 

𝑅𝐻𝑎,𝑖𝑛 

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 
𝑇̅𝑠,𝑜𝑢𝑡 𝑇̅𝑎,𝑜𝑢𝑡 𝑅𝐻̅̅ ̅̅

𝑎,𝑜𝑢𝑡  

23.2 29.8 72.8 25.0 27.9 72.3 25.6 27.6 67.5 2.5 1.2 6.6 

21.3 29.4 73.0 23.3 26.0 70.7 24.2 26.7 66.4 3.9 2.5 6.1 

17.4 29.3 73.6 20.0 25.3 67.3 21.5 25.2 64.2 7.4 0.3 4.5 

17.6 29.3 72.3 22.4 25.0 63.6 21.5 25.3 63.8 3.9 1.1 0.3 

14.2 29.4 74.1 19.5 25.0 66.5 19.2 24.2 62.9 1.3 3.4 5.5 

16.9 29.4 72.1 22.3 25.3 63.8 21.0 25.1 63.3 5.6 0.7 0.9 

15.0 29.4 72.3 21.4 24.5 62.0 19.7 24.4 62.4 8.0 0.4 0.7 

12.7 29.4 74.8 19.5 24.4 64.2 18.2 23.6 62.6 6.8 3.3 2.5 
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9.2 29.4 74.9 16.5 23.7 59.9 15.5 22.4 61.7 6.0 5.8 3.0 

13.6 29.3 73.2 22.0 23.9 65.0 18.7 23.9 62.2 15.1 0.2 4.2 

 

Table 14 - Comparison between measurements and numerical for 𝑚̇𝑎 = 114 m3/h. 

Inlet conditions Experimental Numerical Error (%) 

𝑇𝑠,𝑖𝑛 

(°C) 

𝑇𝑎,𝑖𝑛 

(°C) 

𝑅𝐻𝑎,𝑖𝑛 

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 
𝑇̅𝑠,𝑜𝑢𝑡 𝑇̅𝑎,𝑜𝑢𝑡 𝑅𝐻̅̅ ̅̅

𝑎,𝑜𝑢𝑡 

20.9 29.8 72.5 23.3 27.4 71.5 24.9 27.9 68.7 7.0 1.8 3.9 

23.8 29.4 72.5 27.6 27.9 70.1 26.4 28.2 70.0 4.5 1.0 0.2 

18.9 29.3 71.1 23.4 27.9 66.3 23.3 27.0 67.2 0.4 3.1 1.4 

14.6 29.2 72.7 20.4 27.2 69.7 20.7 26.0 67.3 1.6 4.5 3.5 

15.0 29.3 71.9 20.9 27.5 69.3 21.0 26.1 66.8 0.2 5.1 3.6 

19.6 29.5 71.5 26.1 27.5 68.6 23.9 27.3 67.7 8.5 0.6 1.4 

20.3 29.4 71.0 26.8 27.2 69.7 24.2 27.4 67.6 9.7 0.7 3.0 

19.4 29.4 70.9 26.0 27.5 68.7 23.6 27.2 67.3 9.1 1.1 2.1 

14.0 29.2 72.3 20.7 26.9 68.8 20.3 25.8 66.9 2.0 4.0 2.7 

13.0 29.1 74.0 19.9 26.9 69.6 19.8 25.5 67.9 0.7 5.2 2.5 

17.5 29.4 70.7 24.4 26.7 67.2 22.5 26.8 66.6 7.9 0.4 0.9 

19.4 29.5 71.2 26.3 27.1 68.9 23.7 27.3 67.4 9.8 0.7 2.1 

9.3 29.4 71.3 16.8 26.2 66.8 17.1 24.8 65.9 1.8 5.0 1.3 

18.5 29.5 71.9 26.4 27.3 69.2 23.3 27.1 67.6 11.9 0.7 2.3 

13.0 29.4 73.0 21.0 25.5 66.1 19.8 25.7 67.2 5.6 0.9 1.8 

14.4 29.2 71.6 22.6 25.9 67.1 20.5 25.9 66.5 9.4 0.0 0.9 

15.2 29.2 71.7 23.7 26.6 70.0 21.0 26.1 66.7 11.4 2.0 4.6 

 

Table 15 - Comparison between measurements and numerical for 𝑚̇𝑎 = 171 m3/h. 

Inlet conditions Experimental Numerical Error (%) 

𝑇𝑠,𝑖𝑛 

(°C) 

𝑇𝑎,𝑖𝑛 

(°C) 

𝑅𝐻𝑎,𝑖𝑛 

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 

𝑇𝑠,𝑜𝑢𝑡 

(°C) 

𝑇̅𝑎,𝑜𝑢𝑡 

(°C) 

𝑅𝐻̅̅ ̅̅
𝑎,𝑜𝑢𝑡  

(%) 
𝑇̅𝑠,𝑜𝑢𝑡 𝑇̅𝑎,𝑜𝑢𝑡 𝑅𝐻̅̅ ̅̅

𝑎,𝑜𝑢𝑡  
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22.8 30.2 71.7 26.2 28.8 71.2 26.5 29.0 69.8 1.1 0.8 2.0 

17.3 29.9 69.2 22.5 27.4 71.5 23.0 27.8 66.9 2.3 1.5 6.4 

16.9 30.1 72.2 22.8 27.9 70.7 23.3 27.9 69.1 2.1 0.2 2.3 

17.7 31.0 71.4 23.7 28.0 71.3 24.2 28.8 68.5 2.1 2.9 3.8 

16.5 30.2 71.4 23.3 27.7 68.9 23.0 27.9 68.4 1.3 0.9 0.6 

14.7 29.9 70.0 21.6 26.9 71.2 21.6 27.3 67.2 0.1 1.5 5.6 

13.5 29.9 70.2 21.4 27.0 70.8 20.9 27.1 67.3 2.4 0.6 4.8 

11.2 30.3 70.6 19.3 27.1 69.3 19.7 27.1 67.6 2.3 0.2 2.4 

12.9 31.0 69.9 21.3 26.8 69.7 21.2 27.9 67.1 0.7 4.1 3.8 

12.1 30.0 70.4 21.7 27.0 69.8 20.1 27.0 67.5 7.4 0.2 3.4 

 

 
Figure 48 - Effect of inlet air temperature on outlet air humidity and solution temperature 

It is figured out from Figure 48 that both air and solution mean outlet temperatures increase with 
the increment of the inlet air temperature under different humidity ranging from 55% to 75%. 
However, the growth rate is relatively rapid for solution mean outlet temperature with the 
increasing humidity than that of airside. For the air mean outlet temperature at five different 
humidity, the minimum and maximum temperature differences are 0.5 ℃  and 0.8 ℃ , 
respectively. For the solution mean outlet temperature at five different humidity, the minimum 
and maximum temperature differences are 1.7℃ and 3.5℃, respectively.   
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Figure 49 - Effect of inlet air relative humidity on outlet air humidity and solution concentration 

As depicted in Figure 49, two distinctive zones of mean air outlet relative humidity (increasing 
and decreasing zones) are determined within which 𝑅𝐻𝑎,𝑖𝑛  equals 𝑅𝐻𝑎,𝑜𝑢𝑡  at 60% of inlet air 
humidity level. In the increasing zone, the inlet air humidity is less than that of the outlet 
humidity, and vice versa in the decreasing zone (i.e., 𝑅𝐻𝑎,𝑖𝑛 =55%, 𝑅𝐻𝑎,𝑜𝑢𝑡=58%). Moreover, the 
inlet air relative humidity is proportional to its outlet humidity with the air temperature rise. 
Nonetheless, the relationship between inlet air relative humidity and mean outlet solution 
concentration shows dissimilarities where the mean outlet solution concentration air inlet 
humidity declines with the inlet humidity rise, with minimum and maximum concentration 
differences of 0.47% and 0.63%, respectively.  

 
Figure 50 - Effect of air mass flow rate on outlet air temperature/humidity and solution concentration 

It is discovered from Figure 50 that both air and solution mean outlet temperatures escalate with 
the increasing air mass flow rate at 40% concentration indicating a higher cooling capacity, where 
the minimum and maximum temperature differences between air and solution are 2.05℃ and 
2.38℃, respectively. Specifically, the outlet temperature increases speedily with a relatively 
smaller air mass flow rate, whereas increasing steadily with a larger value. Unlike the variation 
trend of outlet temperature, the solution outlet humidity decreases with the increasing air mass 
flow rate causing a comparable concentration decline, while outlet humidity at the airside 
ascends with the air mass flow rate, which is an unacceptable and unreasonable scenario. 
Therefore, an optimised air mass flow rate has been found as 57m3/h to cope with the issue.  
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Figure 51 - Effect of solution mass flow rate on outlet air temperature/humidity and solution concentration 

It is discovered from Figure 51 that both air and solution mean outlet temperatures decline with 
increasing solution mass flow rate at 40% concentration, where the minimum and maximum 
temperature differences between air and solution are 0.53℃ and 6.85℃, respectively. Likewise, 
the air outlet humidity decreases with the increasing solution mass flow rate causing the 
concentration reduction. In addition, the optimised solution mass flow is 1 l/min.  

  
Figure 52 - Effect of solution inlet temperature on outlet air temperature/humidity and solution 

concentration 

It is figured out from Figure 52 that both air and solution mean outlet temperatures increase with 
the surge of solution inlet temperature with the minimum and maximum temperature 
differences of 1.57℃ and 4.04℃, respectively. Similarly, the relationship between solution inlet 
temperature and outlet air humidity shows the same variation trend as the former parameter. 
Both air and solution side outlet air humidity rise with the increasing solution inlet temperature. 
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Figure 53 - Effect of solution concentration and inlet air temperature on outlet relative humidity. 

The solution concentration has low impact on the outlet temperature of air. As the 
abovementioned descriptions in Figure 53, the increasing and decreasing zones are ascertained. 
Erro! A origem da referência não foi encontrada. illustrates the relations between the air inlet 
and outlet mean relative humidity under different solution concentration circumstances (35% 
and 45%). Albeit the increasing trends are identical to that of 40% concentration, the optimised 
solution concentration is chosen as 40% since the decreasing zone expands with the increasing 
concentration, which leads to higher expenses and more system complexities.  

The thermal COP  and Electrical COP with different inlet temperature and relative humidity are 
calculated with results in Table 16 and Table 17, respectively. 

Table 16 Thermal COP  for different inlet temperature and relative humidity 

𝑅𝐻𝑎,𝑖𝑛 (%) 
 

𝑇𝑎,𝑖𝑛 55 60 65 70 75 
 

25 0.09 0.11 0.12 0.14 0.16 

𝐶𝑂𝑃𝑡ℎ 

27 0.12 0.14 0.16 0.18 0.20 

29 0.16 0.18 0.20 0.22 0.24 

31 0.19 0.22 0.24 0.26 0.29 

33 0.23 0.26 0.29 0.31 0.34 

 

Table 17 Electrical COP for different inlet temperature and relative humidity. 

𝑅𝐻𝑎,𝑖𝑛 (%) 
 

𝑇𝑎,𝑖𝑛 55 60 65 70 75 
 

25 1.57 1.83 2.10 2.36 2.62 

𝐶𝑂𝑃𝑒𝑙𝑒𝑐 27 2.07 2.37 2.66 2.96 3.25 

29 2.61 2.94 3.27 3.60 3.92 
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31 3.19 3.56 3.92 4.28 4.64 

33 3.81 4.21 4.61 5.01 5.41 

 
Moreover, the hybrid system COP formulation is correlated as the relation with both inlet air temperature 
and relative humidity as shown below and Figure 54. 
𝐶𝑂𝑃 = (0.0034 × 𝑇𝑎,𝑖𝑛 − 0.0331) × 𝑅𝐻𝑎,𝑖𝑛 + (0.0929 × 𝑇𝑎,𝑖𝑛 − 3.6587)  

 

Figure 54 - Hybrid system COP with variables of inlet air temperature and relative humidity 

 

4.7 Window heat recovery 

The temperature distribution before and after each heat pipe measured during the experiments 
and obtained from the numerical model for four different test conditions are presented in Figure 
55.  
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Figure 55 - Comparison between experimental and numerical results for different test conditions 

There are some minor differences between measurements and numerical results, but it can be 
considered that the numerical model can predict reasonably the outlet temperature of air (the 
most important) on each side. The comparison between outlet temperature for the four test 
conditions obtained from experimental (Exp.) and numerical (Num.) are presented in Table 18. 

Table 18 -Comparison between measured and modelled outlet temperature 

 
Test 1  Test 2  Test 3 Test 4 

Exp. Num. Exp. Num. Exp. Num. Exp. Num. 

𝑇𝑎𝐶𝑖𝑛 (°C) 15 15.3 13.4 14.6 

𝑻𝒂𝑪𝒐𝒖𝒕 (°C) 19.0 19.2 22.5 22.9 26.0 26.7 34.9 35.1 

𝑇𝑎𝐻𝑖𝑛 (°C) 20.4 25.5 32.6 45.9 

𝑻𝒂𝑯𝒐𝒖𝒕 (°C) 15.6 16.2 17.1 18.0 17.9 19.2 22.9 25.4 

According to the results presented in Table 18, the maximum difference between measured and 
modelled outlet temperature is always on the hot side, which are 3.8%,  5.3%, 7.3% and 10.9%, 
respectively, for tests 1, 2, 3 and 4. This difference increase when we increase the temperature 
range, which can be explained due to thermal losses not accounted for in the numerical model.  

Temperature differences from 10 °C, 20 °C to 30 °C are investigated with the ventilation rates 
raised between 10 and 60 m3/h, as shown in Figure 56. It is figured out that the thermal 
effectiveness is similar in the range of 94.5% and 95.7% when a low ventilation rate of 10 m3/h. 
However, the thermal effectiveness decreases between 69.5% and 77.3% when the ventilation 
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rate rises to 60 m3/h. Thus, the thermal effectiveness declining rates are calculated as 0.06%/°C, 
0.14%/°C, 0.22%/°C, 0.285%/°C, 0.345%/°C and 0.39%/°C with varied ventilation rates of 10 
m3/h, 20 m3/h, 30 m3/h, 40 m3/h, 50 m3/h and 60 m3/h, respectively. Meanwhile, it is also figured 
out that the ventilation rates have the most significant impact on the improvement of thermal 
effectiveness, which reveals that the heat transfer coefficient has noticeable degradation with 
the rise of the ventilation rate from 10 m3/h to 60 m3/h. The thermal effectiveness is dropped by 
18.4%, 22.4% and 25.0% with the rise of ventilation rate of 50 m3/h when the temperature 
differences are 10 °C, 20 °C and 30 °C, respectively. 

 
Figure 56 - Impact of maximum temperature difference on the thermal effectiveness with ventilation rate 

varied between 10 to 60 m3/h 

It is figured out that the increase of heat pipe numbers has a significant impact on the 
improvement of thermal effectiveness, as shown in Figure 57, which reveals that the heat 
transfer coefficient has a noticeable upgrade when the heat pipe layers increase from 𝑁𝑝 = 2 to 

𝑁𝑝 = 3, with total heat numbers increasing from 6  to 9. Results indicate that the thermal 

effectiveness is upgraded from 94.5% to 97.0% when a low ventilation rate of 10 m3/h. However, 
the thermal effectiveness decreased between 69.5% and 83.9% when the ventilation rate rises 
to 60 m3/h. Thus, the thermal effectiveness decreasing rates are calculated as 1.25%/layer, 
2.6%/layer, 4.05%/layer, 5.25%/layer, 6.35%/layer and 7.2%/layer with varied ventilation rates 
of 10 m3/h, 20 m3/h, 30 m3/h, 40 m3/h, 50 m3/h and 60 m3/h, respectively. 
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Figure 57 - Impact of heat pipe numbers on the thermal effectiveness with ventilation rate varied between 

10 to 60 m3/h 

 

4.8 Solar PV/T unit 

Figure 58 presents the hourly variations of effective PV module temperature (TPV) and water 
temperature Tw with the ambient temperature, Ta and incident solar radiation, I. It is shown that 
the PV module temperature throughout the operation remains higher than the water 
temperature as expected. The increase in water temperature circulating through the heat 
exchanger reaches up to 16°C throughout the testing. Figure 58 (b) illustrates the degree of 
polyethylene heat exchanger influence over the electric power conversion efficiency of the PV 
modules, Șpv. For with Polyethylene HE case, the increase of cell efficiency as a result of passive 
cooling off via water circulation would lead to an increase on power conversion efficiency, Șpv. 
On the other hand, higher cell temperature would cause a substantial decrease on the cell 
efficiency, Șpv. Nevertheless, it was found that for both cases examined in this study, the cell 
efficiency, Șpv is always better off with Poly HE case than without Poly HE case. This implies that 
from the viewpoint of the first law of thermodynamics, the “with Poly HE” case would be a better 
choice for PV systems to enhance the overall energy output of PV panels. Figure 58 (c) shows the 
variation of useful heat through circulating water with a mass flow rate of 0.0493 kg/s. The useful 
heat generated by the polyethylene heat exchanger roof unit ranges between 2.23 kW and 4.33 
kW for the given test period. 
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Figure 58 - a) Hourly variation of PV, ambient, water temperatures and incident solar radiation, b) effect 

of poly HE on power conversion efficiency and c) Useful heat gain 

 

4.9 Prefabricated Panels 

The U-values and R-values of the five PWI panels are calculated according to both experimental 
results and numerical calculation, with comparison conducted for validation, as shown in Table 
19. According to Table 19, the error of U-value and R-value lie in the interval of 0.68 % to 6.39 % 
and 0.35 % to 6.04 %, respectively, indicating the accuracy of calculation results with maximum 
error less than 10 %. It is found that when combining the silicon aerogel wrapped by the 
breathable membrane, the R-value error of the Panel 3 is 0.35 % smaller than that without 
breathable membrane in Panel 4 and Panel 5, indicating a higher interior surface resistance and 
tighter air gaps existence due to well contact. Besides, for Panel 1, the combination of breathable 
membrane and VIP also have a lower R-value in experiment, also indicating a lower interior 
surface resistance and larger air gaps existence due to poor contact. However, Panel 2 and Panel 
5 illustrate higher experiment performance with 2.47 % and 0.35 % error. By analysing the error 
and panel structures, it is figured out that both starch aerogel and silicon aerogel wrapped by the 
breathable membrane could improve the actual panel performance due to well contact between 
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layers. Besides, the testing temperature distribution of 5 panels is shown in Figure 59. According 
to Figure 59, it is found that the highest internal surface temperature achieves 22 ℃ using Panel 
1 with the core of VIP due to highest R-value (5.236 m2K/W) and the lowest achieves 8 ℃ using 
Panel 5 with the lowest R-value (2.816 m2K/W).  

Table 19 - Validation of U and R values 

Panel 1 Num. Exp. Error 

U-value (W/m2K) 0.181 0.191 5.52% 

R-value (m2K/W) 5.524 5.236 5.21% 

Panel 2 Num. Exp. Error 

U-value (W/m2K) 0.291 0.298 2.41% 

R-value (m2K/W) 3.441 3.356 2.47% 

Panel 3 Num. Exp. Error 

U-value (W/m2K) 0.294 0.296 0.68% 

R-value (m2K/W) 3.399 3.387 0.35% 

Panel 4 Num. Exp. Error 

U-value (W/m2K) 0.313 0.333 6.39% 

R-value (m2K/W) 3.193 3 6.04% 

Panel 5 Num. Exp. Error 

U-value (W/m2K) 0.335 0.355 5.97% 

R-value (m2K/W) 2.986 2.816 5.69% 

  
(a)                                                                                           (b) 

 

                                                   (c)                                                                                          (d) 
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(e) 

Figure 59 - Testing temperature distribution of (a) panel 1; (b) panel 2; (c) panel 3; (d) panel 4 and (e) 
panel 5 
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5. Conclusions 

The innovative technologies have been tested under controlled conditions, including bio-aerogel 
insulation panel, PV vacuum glazing unit, PCM panel, solar-assisted heat pump, ground source 
heat pump, evaporative cooling unit, window heat recovery, solar PV/T unit and prefabricated 
panels. The achieved results were used to modify the design of technologies. Among them, the 
performances of the innovative technologies have been validated, with different climatic and 
operating conditions. Besides, the solar-assisted heat pump, ground source heat pump and 
evaporative cooling unit have been optimized with improved energy performance. This 
deliverable will be used for prototypes and real products manufacture and will be described in 
the deliverable D4.10. 
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