Assessing the performance gap of two dynamic thermal modelling software tools when comparing with real-time data in relation to thermal loss
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Abstract 

Managing thermal loss is a key topic that needs further investigation as it has a direct link to reducing the energy load in buildings. One of these thermal loss management methods can be the use of shading devices.
Dynamic thermal models normally used at the early stages of the building design can play an important role in the decision-making process regarding the use of shading devices. This paper presents the results of a real-world study assessing the potential of using a sealed cellular blind as a passive energy conservation method, where the real-world results are compared with the simulated results generated with environmental design solutions limited thermal analysis software (EDSL Tas) and integrated environmental solutions virtual environment (IES VE). During the real-world study, a positive impact of having blinds was seen whereby the window surface temperature increased and office heating energy consumption was lowered. Both software tools were able to predict a similar trend of results for the window surface temperature in with and without blind scenarios whereas for energy consumption although in the presence of a blind a consistent correlation is seen between measured and calculated values but not without a blind. This can be attributed to the inability of the software tools in demonstrating the effect of in filtration in the absence of a blind or shading device i.e., a clear window scenario.
Practical Application
:
The performance gap analysis regarding thermal loss between dynamic thermal
models and real-world settings within buildings can enhance the predictability of the building energy software tools used by designers. Early design inputs within buildings can prevent costly building re-work to improve the building’s energy performance. This can also improve the understanding within the building industry of the importance of reducing thermal loss through the use of shading devices and ensuring the software tools used to model these devices are as close to real-world settings as possible.
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1. Introduction 

The built environment sector contributes to more than 60% of global energy consumption and statistics indicate that more than half of carbon dioxide is emitted from buildings (1,2). Taking this proportion into consideration, it is clear that the focus should be on reducing building energy consumption levels (1,2). As part of the Climate Change Act 2008, the UK committed to reducing carbon emissions by 80% in 2050 compared to 1990 levels (1) which was amended in 2019 to 100% making the UK a “Net Zero Emitter” (3). Despite this pledge, the Climate Change Risk Assessment report in 2017 and also the Sixth Carbon Budget 2020 highlighted that the UK had very few guidelines in place for existing buildings to enable them to adapt to higher and lower temperatures (4,5). Therefore, action is needed to find innovative ways to reduce heat loss in existing buildings and make the existing stock of UK buildings more climate resilient (6). One of the key improvements that can be made towards the energy efficiency of buildings especially during winter is balancing the reduction in heat loss (which includes having more efficient insulation and a considerable reduction in infiltration) with the benefits of solar gains received by a building (7).
There are various methods to reduce heat transfer from buildings including glazing optimisation such as vacuum glazing, gas-filled glazing, triple vacuum glazing and multilayer glazing; methods for frame optimisation can also make a difference in thermal retention within a building (8,9). One method which has been investigated in various studies is the use of shading devices which can act as an extra layer of insulation for windows resulting in reduced heat loss whilst maintaining solar gain when needed. Although the impact of shading devices on thermal retention has been investigated in many studies, the majority have been heavily reliant on simulation results or experimental research studies that have been conducted in very controlled laboratory-like settings which are not always representative of the real-world conditions (10–12).
Despite various studies showcasing the benefits of shading devices use in buildings whether through simulated results or controlled environment experiments(10–14), they seem to be less prevalent in UK buildings compared to their more widespread use in Europe which can be due to many factors (15). One of the key factors that has limited the use of shading devices is their limited consideration at early design stages when dynamic thermal models are developed. It is optimal to include shading devices from early design stages to realise the greatest benefits. It is essential then to ensure the integrity of these models and building energy software programs and that the input data used by the building designers are as close as possible to real-world performance. There have been very few studies conducted that highlight the differences between simulated results and real-world values; however, in 2018, a research paper compared the real-time data, measured from a London apartment using various shading devices, with the simulated results generated by IES VE. Although this research study focused on overheating it highlighted discrepancies between the simulation and reality (16) and highlighted the ever-existent disparity between simulated results and real-world results.
This paper focuses on the comparison of results between the dynamic thermal models of a shading device when using DTM software tools (including EDSL TAS and IES VE) and real-world results of an actual installed shading device in relation to heat loss (window surface temperature and energy consumption), which ultimately illustrates how shading devices are an effective method in tackling heat loss in buildings. Within this test, the selected shading device was an internal sealed cellular blind installed on a single glazed window. This paper included a sensitivity analysis on the simulated software results in relation to the shading device, in addition an assessment of the impact of glazing temperature on occupants’ thermal comfort was conducted. The findings ultimately raise the question of whether the gap between simulated and real-world scenarios can be made smaller to promote more effective use of these devices.


2. Real-world Data Collection

The test room was situated in an east facing (110°) office, located on the 7th floor of the London South Bank University Tower Block, situated in central London, UK (51.4978° N, 0.1012° W) (Figure 1).
[image: A high angle view of a building

Description automatically generated with medium confidence]
[bookmark: _Ref92741066]Figure 1: Aerial photograph of Tower Block, London South Bank University. The red square shows the location of the test room. North is the top of the photo. Google Maps 2021.
[bookmark: _Toc70177931][bookmark: _Toc80819316]
2.1. Layout and Construction

Figure 2 shows the room and window geometry where the height of the room is 2.66 m (3.03m without the suspended ceiling).
[image: Diagram
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[bookmark: _Ref69729226][bookmark: _Toc87995864][bookmark: _Toc80819548][bookmark: _Toc88055779]Figure 2: Room and window sizes. Please note that the sizes in this picture are not to scale
The ceiling, flooring and all internal party walls were all connected to other rooms/parts of the building with only one exposed external wall. Table 1 presents the construction elements of the test room which are all based on assumptions and observation. 
[bookmark: _Ref92742936]Table 1: Construction elements of the test room.
	Building Element
	Description

	Floor
	Concrete floor

	Ceiling
	Suspended ceiling

	Internal wall
	Concrete wall without insulation

	External wall
	Concrete block with precast concrete panels

	Door
	Plywood- 20 mm thickness

	Window
	Single glazed window with aluminium frame



2.1.1. Shading Specification

[bookmark: _Hlk76128103]The shading device used in this test was an internal sealed cellular blind with a side-channel to reduce the air permeability of the blind through the perimeter gaps which refers to the gap between the blind and the window reveal. The cellular structure has three insulating air layers enabling a more energy-efficient setup (17) (Figure 3). Visible reflection of this blind was 0.63, solar reflection was 0.57 and both visible and solar transmissions of this blind were zero.
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[bookmark: _Ref97764811]Figure 3: Cellular dimout blind. Left: cellular structure of the blind. Right: representing the blind when it is sealed using side channels



2.2. [bookmark: _Ref69757684][bookmark: _Toc70177935][bookmark: _Toc80819320][bookmark: _Toc88055683]Methodology 

[bookmark: _Hlk76128046][bookmark: _Hlk87206905]The real-time data collection process was conducted for the duration of 22 nights where the main data collection occurred overnight (17:00 to 08:00 the following day). The real-time data collection was split into two scenarios, one being 11 nights with the blind installed (extended) and the other 11 nights without the blind present (blind drawn up) where no individual was present in the room. According to CIBSE Guide A, the recommended comfort criteria for offices in winter is 21-23 °C (18). As this test was conducted during March 2021, the heating setpoint was set at 24 °C to increase the temperature difference between internal and external environments.

2.3. [bookmark: _Ref92745671]Measuring Parameters and Equipment

2.3.1. Indoor Parameters

The window glass and blind surface temperature values were measured using insulated thermocouples (type TX-1/0.3mm PFA). Sensors were installed on the internal side of the window glass and blind to enable measurement of the average surface temperatures. These thermocouples were all connected to a data logger (Datataker DT500) with an accuracy of ±0.16% (19). This data logger was then connected to a laptop enabled with a data capture software where the data was saved and formed a data monitoring system. In addition, using the same variant of insulated thermocouples, the indoor dry-bulb air temperature was measured by three sensors and three different heights in the middle of the room; the average of these values was taken to represent the room air temperature and avoid the effect of stratification. 
[image: Graphical user interface
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Figure 4:Internal data monitoring system

Prior to data collection, the thermocouples and the monitoring system were calibrated at 10-second intervals for temperatures ranging between 2°C to 40°C. This was achieved via a temperature-controlled Grant W28 stirred water bath with a temperature stability of ± 0.004°C which also included a built-in temperature controller and electric heater. An equation was derived using the calibration results for each sensor. Utilising the derived calibration equations of each sensor, the corresponding results were then calibrated. 
To maintain the internal room temperature, a 3kW thermostatically controlled electric turbo convector heater equipped with a timer was utilised. This heater was connected to an RS PRO power metering socket which had the capability to save the cumulative energy consumption value in kWh with the resolution of ±0.01 kWh.
To ensure correct identification of the uncertainty of each sensor, an uncertainty analysis was conducted. Afterwards, the uncertainty analysis was performed for each parameter using the uncertainty propagation law (20):

Where u(X) is the uncertainty of the sensors for location X and uT is the uncertainty of the individual sensor in location X. So, the total uncertainty for glass surface temperature measurement was ±0.10°C, total uncertainty for internal dry-bulb air temperature was ±0.15°C and for blind surface temperature, this was ±0.12°C. 

2.3.2. Outdoor Parameters

Three sensors were installed on the weather station stand which includes a dry-bulb air temperature sensor (rht+ probe with the accuracy of ±0.2 °C), a solar radiation sensor (CMP 3 pyranometer with the sensitivity of 5-20 mV) and an illuminance sensor (SKS 310 pyranometer). This weather station was positioned outdoor, and the external sensors located on the weather station were calibrated in advance by the manufacturer and connected to a battery-operated Skye data logger (DATAHOG2) to enable the data to be saved (Figure 5).
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[bookmark: _Ref92742590]Figure 5: External weather Station


3. Dynamic Thermal Model
An 8-floor building was modelled in two software tools to simulate the closest condition to the test environment (real-world case study) especially in relation to replicating how high up the test room was from the ground (7th floor) (Figure 6). This allows consideration of the influence of adjacent rooms and floors on the thermal behaviour of the test room. To ensure a more accurate comparison, the geometry and orientation of the modelled room are made the same as the real-world case study. 
[image: Diagram, engineering drawing
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[bookmark: _Ref92742811]Figure 6: Example 3D model of the test room located on the 7th floor of Tower Block modelled in EDSL Tas
3.1. [bookmark: _Toc83647995][bookmark: _Toc88055703]Construction Material and Properties

The construction properties and materials of the test room were assigned according to the CIBSE TM 53, CIBSE Guide A and through observation as stated in Table 1 (21). Table 2 showcases the thermal transmittance values of the building elements used in the dynamic model.
[bookmark: _Ref92743087]Table 2: Thermal transmittance of the building elements used in dynamic thermal model generated with EDSL Tas and IES VE
	Building Element 
	U-value (W/m². ºC)

	Internal floor/ceiling 
	1.11

	External wall
	0.60

	Internal wall
	0.59

	Window (without blind)
	5.81

	Door
	1.82


[bookmark: _Toc83647996][bookmark: _Toc88055704]

3.1.1. Shading Specification

Table 3 presents the input which the software package requires to enable modelling of the shading devices in terms of solar gain and thermal performance. The reference to “input” data means it is either directly sourced from the shading manufacturer or assumed by the modeller (22).

[bookmark: _Ref87712081][bookmark: _Toc87720906][bookmark: _Toc88055859]Table 3: Software input values for modelling shading devices
	Input parameter
	Unit
	Values

	Solar / Visual properties
	Solar transmittance
	-
	0

	
	Solar reflectance
	-
	External: 0.57

	
	
	
	Internal: 0.57

	
	Light transmittance
	-
	0

	
	Light reflectance 
	-
	External: 0.63

	
	
	
	Internal: 0.63

	Thermal performance properties
	Thickness
	mm
	20

	
	Conductivity
	W/m.°C
	0.04

	
	Emissivity
	-
	External: 0.1

	
	
	
	Internal: 0.1



Thermal conductivity and emissivity of the blind used in the test were not provided by the respective manufacturers. The emissivity of the cellular blind, which is a ratio between 0 to 1, was assumed as 0.1 which represents a low emissivity surface and high thermal resistance (23). According to the European Solar Shading Organisation (ES-SO), the default value for the conductivity of an internal single layer roller blind is 0.1 W/mK, as most materials are thin and of a similar thickness (24). However, as the blind used in this study was a multi-layer thermal insulating cellular blind with high capability in reducing the heat transfer through the blind, the thermal conductivity was assumed as the low value of 0.04 W/mK. When using EDSL Tas, the blind is considered as a transparent layer within the window construction and the distance between the blind and the window glass was specified as a layer of air with a thickness of 100 mm. 
The required inputs for shading devices in IES VE are different from EDSL TAS. For this case study, according to the manufacturer, solar transmittance and absorptance values  were zero and 0.57, respectively. By substituting these values in the equation below provided by IES VE, shading coefficient (SC) is calculated as 0.37 and short-wave radiant fraction (SWRF) is equal to zero.

Where T is solar transmittance and A is solar absorptance. The short-wave radiant fraction (SWRF= T/SC) is calculated by dividing solar transmittance by the shading coefficient (SWRF= T/SC) (25). 

3.2. [bookmark: _Toc83647997][bookmark: _Toc88055705]Internal Gains, Infiltration and Heating System 

Prior to the real-world test, the air permeability of the room was assessed through a blower door test which provided the value of infiltration to be 1.89 Air Change per Hour (ACH). As the window and door were closed during the test, the ventilation was considered to be zero in the simulation. During the test, the room was unoccupied, and the lights were all turned off. The monitoring system including a laptop and a data taker were working 24 hours a day to store the captured data from the sensors. Consequently, the equipment gain i.e. the internal monitoring system (laptop and data logger) was assumed as 5 W/m2 in the model (18).
The heating system used in the test room was an electric heater which was working from 17:00 to 08:00 the following day to maintain the temperature at 24°C. The heating system schedule and setpoint considered in the model were set to the same values as the real-world case study.

3.3. [bookmark: _Toc83647998][bookmark: _Toc88055706]Weather File
When comparing the simulation results with the real-world data collected during the test, the simulation weather file needed to represent the real weather conditions during the test period to reduce the discrepancies between the real and simulated measurements. A custom weather file was generated using the real-time weather data which were either measured on-site (located 10m far from the test room) or derived from the nearest weather station measured by the Met Office (Kew Gardens, St James’s Park and Heathrow weather station).

4. Results and Discussion

4.1. Real-world Case Study

4.1.1. [bookmark: _Toc70177949][bookmark: _Toc80819329]Thermal Images 

In order to better visualise the effect of a cellular internal blind on heat transfer during the heating season, a thermal camera (model FLIR ONE PRO LT) was used to capture infrared photos. Figure 7 and Figure 8 show the effect of the blind on the inside surface temperature which increased from 13.6°C to 22.5°C (8.9°C difference). Considering the average room temperature of 23°C, when there is no blind the difference between the blind surface temperature (window) and the room temperature is close to 10°C which also highlights the importance of efficient thermal symmetry within the buildings. CIBSE Guide A states if there is > 10°C difference between the vertical wall and the internal room temperature then thermal discomfort will be experienced(18).
It should be highlighted that localised discomfort can be evident when an occupant is positioned adjacent to the cold glazing through the process known as thermal (longwave) radiant heat exchange.  This could have a significant impact on an individual’s well-being in addition to the local air temperature. 


[image: A picture containing text, monitor
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[bookmark: _Ref92743918]Figure 7:Thermal image captured with blind showing the blind area with a surface temperature of 22.50 °C
[image: A picture containing text, electronics, circuit
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[bookmark: _Ref92743934]Figure 8:Thermal image captured without blind showing the glass area surface temperature of 13.60 °C

4.1.2. [bookmark: _Toc70177950][bookmark: _Toc80819330]Real-world Results

Real-time data were collected for eleven days with a blind installed and eleven days without a blind during March 2021 to illustrate the effect of the blind on energy consumption and window surface temperature. Table 4 presents the wind velocity and differential dry-bulb air temperature (internal and external) (ΔTin-out) in with and without blind scenarios which shows that there is no significant difference in the external conditions between these scenarios.
[bookmark: _Ref97765030]Table 4: Descriptive analysis results of external condition
	
	Blind
	Mean
	Std. Deviation
	N

	ΔTin-out (°C)
	With Blind
	17.97
	2.32
	11

	
	Without Blind
	16.19
	1.98
	11

	Wind (m.s-1)
	With Blind
	2.10
	0.75
	11

	
	Without Blind
	2.49
	2.41
	11



It was observed that energy consumption had been reduced considerably in the presence of the blind (Figure 9). The results show that during the presence of the blind, energy consumption was approximately 51% lower than when there is no blind (based on the comparisons between the 11-day average energy consumption, with and without blind).
[image: Chart, line chart
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[bookmark: _Ref92744705]Figure 9:Energy consumption and window/glass surface temperature, while the internal air temperature was maintained at 24°C during the night


For thermal comfort consideration purposes, the internal surface of the window was assessed. This means that when there was no blind, the internal side of the glass was considered as the window surface and in presence of the blind, the internal side of the blind was considered as the window’s surface. So, the window surface temperature was approximately 34% higher in the presence of a blind (warmer) which means the average glass surface temperature (the glass behind the blind) was reduced by approximately 34%. This means the blind has acted as an insulating layer (Figure 9).



4.2. Dynamic Thermal Model Results

To investigate the results of the dynamic thermal model produced in EDSL TAS and IES VE, the hourly simulated results are compared with the real-world data from the case study. It is important to note that these values are analysed from 18:00 to 08:00 the following day to allow overnight values to be considered. Although the heating system was active / operational from 17:00, the results are considered from 18:00 in both the simulations and the real-world study to negate the impact of thermal mass within the first hour after turning the heater on. This means the thermal mass of the elements within the room are not adversely affecting the results and a more stable temperature is maintained.
Comparisons were made by using parameters such as surface temperature and energy consumption against time plots and by considering the mean error () to measure the errors (differences) between software predictions and real-time measurements results as below:
				 	
In this analysis Error (Et) is calculated as below:
						
Where Et is the error at hour t(°C), Pt is the predicted value at hour t (°C), Mt is the measured value at hour t (°C) and n is the total number of hours in the comparison period (26).

4.2.1. [bookmark: _Toc83648000][bookmark: _Toc88055708]Window Internal Surface Temperature 

One of the parameters investigated was the internal surface temperature of the window (°C), with and without a blind. In this section, as the blind is considered part of the whole window system, the internal surface of a window in the presence of a blind, represents the internal surface of the blind itself and when there is no blind, the internal surface of the window is considered as the glass surface. Figure 10 presents the simulated internal window surface temperature results in EDSL TAS, IES VE and the real-world measured values. To make comparisons between the modelled results and the real-world data collected, the uncertainty of the real-world surface temperature measurement was calculated as  ±0.10°C for the glass surface (without blind) and ±0.12°C for blind surface temperature (with blind) in Section ‎2.3. It is observed in Figure 10 and Figure 11 that the predicted/simulated internal surface temperature of the window with a blind reflected a similar trend to the measured values. When the blind was extended the window surface temperature was higher than when there was no blind present. 

[bookmark: _Ref92745410]Figure 10:Window Internal Surface Temperature- Measured vs Simulated 



[bookmark: _Ref92745461]Figure 11:Window Surface Temperature Mean Errors

4.2.2. [bookmark: _Toc83648002][bookmark: _Toc88055710]Energy Consumption

The energy consumption required to maintain the temperature at 24 °C during the test period is simulated using the models generated by EDSL TAS and IES VE. The cumulative energy consumption was measured in the real-world setting with the resolution of ±0.01 kWh. As it is illustrated in Figure 12, the simulated energy consumption did not follow the same pattern as the measured values. The differences between the simulated and measured values are presented in Figure 13 which shows that the simulated values have very little fluctuation and do not showcase the reduction in energy consumption when a blind is extended the way the measured values highlighted.

[bookmark: _Ref83232102][bookmark: _Toc83648024][bookmark: _Toc87995914][bookmark: _Toc88055829]Figure 12: Energy Consumption - Measured vs Simulated


[bookmark: _Ref83232452][bookmark: _Toc83648025][bookmark: _Toc87995915][bookmark: _Toc88055830]Figure 13: Energy Consumption Mean Errors
4.2.3. Sensitivity Analysis

A sensitivity analysis was performed to evaluate the effect of total room infiltration and blind input parameters (shade to glass distance, shading emissivity and shading conductivity) when they were altered (increased or decreased) within the software, on the results from the simulated model including the window internal surface temperature and energy consumption in the presence of blind scenarios.
Each of the parameters were altered within both software tools to better understand whether this alteration had any impact on the surface temperature and energy consumption when compared to the base model (without alteration). Once this comparison was performed, the percentage of the variance of results (increase or decrease) compared to the non-altered model was obtained. As an example, the room infiltration (ventilation heat loss) which was measured to be 1.89 ACH during the real-world test (base-case model), was reduced in both software tools and set at 0.25 ACH i.e., the default value in the software to ascertain the impact of this fluctuation on the simulated model in terms of window internal surface temperature and energy consumption. For EDSL TAS, this alteration was considered for the shading conductivity of the window as well whereby it was increased from 0.04 W/mK (base-case model) to 2 W/mK. The alteration was then applied to both emissivity and shade to glass distance (m) whereby emissivity was increased from 0.1 (base-case model) to 0.9 and shade to glass distance was considered both at maximum (0.3 m) and minimum (0.01 m) values in relation to 0.1 m (base-case model).  This was investigated in the presence of a blind  as shown in Figure 14, the impact on this reduction was mainly seen on energy consumption which varied by approximately 47% in EDSL Tas and 65% in IES VE and no or less than 20% impact on window surface temperature or heat loss was seen. 
In IES VE, four calculated input values are specified for shading modelling whereby only additional thermal resistance is considered key for reducing heat loss. The other three factors including Daytime resistance, Shading coefficient and short-wave radiant fraction are mainly considered for daytime simulations. Analysing the nighttime resistance shows that reducing nighttime resistance to zero could alter the energy consumption by approximately 12% and decrease the window internal surface temperature by approximately 35%.
Reviewing the results in Figure 14 shows that altering shading fabric parameter values such as conductivity,emissivity and nighttime resistance could affect the window surface temperature, which is an element to consider when assessing thermal comfort. However, these elements did not have a significant impact on energy consumption in the room in the model and altering certain input values did not seem to have any impact on the results. For instance, increasing the shade to glass distance for more than 0.1 m did not alter the results in EDSL Tas.
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[bookmark: _Ref92746268]Figure 14: Effect of parameters used in sensitivity analysis on window surface temperature and room energy consumption in the presence of a blind

5. Conclusion

The results from the real-world study highlighted that using an internal sealed cellular blind has the potential to reduce the energy consumption required to maintain the internal dry-bulb air temperature at 24 °C from 17:00 to 08:00, by 51% in the presence of a blind. Additionally, having the blind increased the window surface temperature by 34%. This increase had a positive impact on thermal comfort as due to the exchange of long-wave radiation between the occupant (if present) and the window area, the higher surface temperature can improve thermal comfort in colder seasons.
Results reached after comparing real-world measurements and values derived from EDSL TAS and IES VE thermal modelling of the shading device showcased that the models followed the similar pattern of the real-world trend in relation to window surface temperature but struggled to showcase the reduction impact of shading devices when a blind is introduced in relation to energy consumption. After conducting a sensitivity analysis on the input data for the shading device modelling within EDSL TAS and IES VE software tools, it was noted that factors such as room infiltration (total room ventilation) have a more significant impact on window surface temperature and especially room energy consumption. Both software tools were unable to specifically factor in and include the room infiltration impact in the prediction and model in the presence of a blind, and therefore the inclusion of a blind did not reduce the energy consumption as much as the real-world test. Due to the window surface temperature value being relevant to a specific area of the test room (window),elements such as the blind fabric or material played a bigger role in altering window surface temperature. Considering EDSL TAS is more suited and equipped to include these factors (blind fabric/material) in its model, there was a closer match between the thermal model and real-world measurements in relation to the window surface temperature in comparison with IES VE results.
Further studies and investigations are essential to identify various elements that affect the thermal retention capabilities of shading devices. This includes using different types of shading devices and at different durations i.e., during the day where solar radiation is taken into account. Also, a comparison of the results between the measured real-time data and the predicted results of the thermal dynamic models is essential to test the ability of software packages in modelling the shading devices concerning thermal retention.
More extensive investigation into the effect of shading devices on heat loss both in real-world settings and in simulated models is recommended especially with regard to energy consumption because (for example) EDSL TAS and IES VE were unable to predict the effect of the blind similar to the real-world measurements. This can be tested with a different type of heating system using various software packages with a focus on energy consumption levels throughout the test.
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Window Surface Temperature - Measured vs Simulated

Measured Temperature	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	Without Blind	With Blind	14.575663484375001	13.086132261398811	13.729126590744047	14.601730556011901	12.381392512589287	12.675599454494046	15.702612626636903	14.212509899404761	14.608250307589289	15.638821495535717	14.302776843452381	21.996621042470235	21.789119898511906	21.112389508333333	21.04719295264881	20.851724349642858	21.417627395357147	21.110468118035715	21.76126614901786	21.614258148511905	21.041330198214286	20.469648180654762	EDSL Tas Simulated Temperature	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	Without Blind	With Blind	11.975333333333332	10.515999999999998	12.698666666666666	13.172000000000001	10.793333333333329	11.412000000000001	14.024666666666667	11.741333333333333	12.752000000000001	13.486666666666668	12.82	19.044666666666664	19.042666666666666	18.849999999999998	18.899999999999995	18.736000000000001	19.600000000000005	19.320666666666668	19.993999999999996	20.268666666666668	20.173999999999999	19.495333333333335	IES VE Simulated Temperature	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	Without Blind	With Blind	8.9206666666666656	7.855999999999999	10.534666666666665	11.817999999999996	8.9619999999999997	9.6019999999999985	11.509333333333334	9.4533333333333314	10.525333333333332	11.238	10.373999999999999	17.307333333333336	17.36866666666667	17.227333333333331	17.208666666666666	17.025999999999996	18.811333333333334	18.706	19.302666666666667	20.572000000000003	19.314666666666664	19.750666666666664	Nights


Temperature (°C)




Window Surface Temperature Mean Errors

EDSL Tas	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	22	Without Blind	With Blind	-2.6216395037499991	-2.6551004673055556	-1.2018528796944457	-1.2735514722777774	-1.6280475667500001	-1.3072704491944445	-1.7572142698611097	-2.5573241177777772	-1.9151761020833327	-2.321364930833334	-1.5930035938888887	-2.9677630163055548	-2.6916553302777801	-2.1861372544444437	-2.1780658108055539	-2.1687863096666651	-1.7459747139999993	-1.7404922734999984	-1.8164639324166669	-1.3216688002777786	-0.97836195166666684	-0.92952601694444448	1.5028955569444442	IES VE	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	22	Without Blind	With Blind	-5.676306170416666	-5.3151004673055571	-3.3658528796944451	-2.6275514722777782	-3.4593809000833331	-3.1172704491944434	-4.272547603194444	-4.8453241177777784	-4.1418427687499992	-4.1418427687499992	-4.0390035938888884	-4.7050963496388878	-4.3656553302777805	-3.8088039211111093	-3.8693991441388875	-3.8787863096666655	-2.5346413806666659	-2.3551589401666653	-2.5077972657500007	-1.0183354669444455	-1.8376952850000003	-0.67419268361111118	4.4377230180555554	Measured	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	22	Without Blind	With Blind	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Error (°C)




Energy Consumption - Measured vs Simulated

Measured Energy	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	30.79	32.08	29.08	23.06	28.02	26.12	23.13	24.08	25.53	26.7	24.97	13.27	13.14	14.62	14.19	14.2	13.98	14.5	11.6	11.262	10.220000000000001	14.07	EDSL Tas Simulated Energy	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	14.817929999999999	16.177479999999999	11.2264	11.94839	12.986329999999999	12.484950000000001	10.938789999999999	13.065570000000001	12.437860000000001	10.00212	11.39268	13.012740000000003	12.86063	13.264780000000002	13.294150000000002	13.175829999999999	11.507580000000001	11.3866	10.133199999999999	9.5715299999999992	9.2263500000000001	11.224819999999998	IES VE Simulated Energy	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	16.593999999999998	17.6373	13.955500000000001	13.384	15.0029	14.611000000000001	13.178000000000001	15.082500000000001	14.3651	12.6653	13.9063	13.8588	13.729399999999998	14.268500000000001	14.345499999999999	14.614100000000001	12.380800000000001	12.314199999999998	10.478	9.8945999999999987	9.4935000000000009	11.8681	
Energy consumption (kWh)




Energy Consumption Mean Errors

EDSL Tas	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	-15.97207	-15.902519999999999	-17.8536	-11.111609999999999	-15.033670000000001	-13.63505	-12.19121	-11.014429999999997	-13.092140000000001	-16.697879999999998	-13.577319999999999	-0.25725999999999694	-0.27937000000000012	-1.3552199999999974	-0.89584999999999759	-1.0241699999999998	-2.4724199999999996	-3.1134000000000004	-1.466800000000001	-1.6904700000000012	-0.99365000000000059	-2.8451800000000027	IES VE	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	-14.196000000000002	-14.442699999999999	-15.124499999999998	-9.6759999999999984	-13.017099999999999	-11.509	-9.9519999999999982	-8.9974999999999969	-11.164900000000001	-14.034699999999999	-11.063699999999999	-0.93799999999999883	-0.93730000000000047	-1.8783999999999992	-1.3712999999999997	-1.112899999999998	-3.1258999999999997	-3.7125000000000004	-2.6492000000000004	-2.8942999999999994	-2.2535000000000007	-3.7288000000000014	Measured	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Error (kWh)
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