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Abstract
South facing large glazing areas have been proven to provide environmental benefits for reducing heating demand. That is why many energy efficient homes have implemented large glazing areas on the south façade. Large windows can also provide positive psychological impacts and wellbeing. However, the idea of designing houses with large glazing has been undermined as they might contribute to discomfort overheating in the summer. As a result, some of the newer energy efficient dwellings have implemented smaller Window to Wall Ratios (WWR). This contrasts with the idea of free heat gain from the sun in winter, which was initially introduced in low energy design standards such as Passivhaus. Amid recent concern about overheating in Passivhaus, this study investigates geometrical implication of façade design to alleviate overheating in new build energy-efficient homes in the UK. The study proposes self-shading façade design as a less conventional approach to passively protecting the house from the excessive solar gain in summer. The findings show that implementing an optimum angle slanted wall can moderate indoor temperature variations between day and night in summer and could potentially act as an effective shading device. The suggested tilted façade is compared alongside other conventional approaches, such as overhangs and reduced WWR, to compare their relative effectiveness in reducing overheating risk. 
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Introduction 
In the past UK development of energy efficient buildings was focussed mainly on the reduction of space heating in winter. However, more recently, the question of summer thermal comfort has been under examination for current and future climate. CIBSE, in their latest report on overheating (CIBSE TM59, 2017) have highlighted the growing concern about residential design and the need for further research relating to the risk of summer overheating. The journal Building Research and Information (BRI) has published a special issue on overheating (Lomas & Porritt, 2017) and illustrated the rising level of concern about overheating even in temperate climates. The trend towards low energy buildings, which has been the focus of contemporary housing developments for the last decade, has brought increased air tightness, higher levels of insulation and thermal storage to the buildings. The environmental design movement urges designers to use passive design strategies and reduce the active design approach to a minimum. Passive design techniques at the early design stage represent important strategies towards decreasing energy demand in buildings. Dwellings should be designed to produce a comfortable indoor environment by adjusting and adapting to the external climate. In the UK, for example, the main concern of applying the German Passivhaus principles of superinsulation and super airtightness was to substantially reduce the requirements for space heating via introducing the “fabric first” approach to the design criteria i.e. using the high levels of insulation to the thermal envelope and effectively isolating the interior environment from the external. To further reduce heating demand, some homes benefit from passive solar gain from large glazing areas in south façades (in the northern hemisphere).
A primary purpose of a building is to act as climatic modifier (CIBSE TM48, 2009). Architecture, in its role as a provider of shelter, modifies the climate and a building’s design has been traditionally shaped by the stresses and opportunities inherent in the regional climate (Pearlmutter, 2007). Socrates, as quoted by Xenophon in Memorabilia (Xenophon, 1923) refers to the arrangements and form of a house according to the summer and winter sun positions to provide a pleasant environment for dwellers. Looking at the climate responsive architecture seen in traditional architectural language one can see that the shape of the houses or shelters was always influenced by the prevailing climate (Lechner, 2014). 
At the design stage the shape of the building is formed as a result of function, cost, aesthetic or other architectural concepts but not usually for moderating solar gain. Cody (2010) writes, “The strategies to optimise the energy performance of [a] building can be architectural in nature and have far reaching consequences for the appearance of buildings”. He regards that the emergence of a specific "form language", which is in direct relation to the energy efficiency, is a potential concept which needs to be studied in depth to understand which design strategy does or does not have a pronounced impact on the overall energy performance of the building. With glazing positioned on a south façade, solar gains can represent a significant component of the free heat gains to offset some of the energy required for heating during the heating months. However, controlling heat gain and balancing heat rejection and heat retention are important to achieve thermal comfort and ovoid overheating. Shading walls and windows are among the most influential design parameters to achieve good indoor conditions (Bellia, et al., 2013; Littlefair, 2018). Several studies have approached energy-related design optimization to mitigate the risk of overheating. These researches investigated constructional material (Ascione, et al., 2010); the provision of shading using attached overhangs and balconies (Hien & Istiadji, 2003); shading and daylight (Torres & Sakamoto, 2007); operable windows as a potential for natural ventilation, location and building orientation (Porritt, et al., 2012); relative compactness and energy use (Depecker, et al., 2001); window to wall ratios (Bellia, et al., 2013) and general overheating concerns (Ji, et al., 2014). Lomas and Porritt (2017) concentrated on the main questions regarding overheating and highlighted the rising level of concern and urgency about overheating in temperate climates. 
Most of these overheating studies have focused on the performance of the building fabric (as designed and as built), the performance of the services (installation and commissioning), and occupant impact (handover and in-use evaluation). A number of well-established passive adaptation measures have been implemented in energy-efficient homes to reduce summer discomfort. Some of these approaches, such as window opening and blinds, are user-dependent, whilst other interventions, such as overhangs, are truly passive and do not require the occupants’ attention. Although thermal mass is not a user-dependent intervention, it typically works in conjunction with night purge ventilation, which is controlled by building users. Much less research attention has been given to the role that the geometric shape of the building could play in controlling solar gain. 
The research presented here looks at a less conventional shading approach, which is architectural in nature, and which could have environmental consequences i.e. reducing overheating. The aim of this paper is to examine geometrical implications as a passive design intervention to reduce overheating - in particular, the use of a façade’s inclination (i.e. slanted walls) for shading. The paper presents the results of a sensitivity analysis of indoor temperatures and thermal comfort conditions in a UK Passivhaus dwelling as a function of building façade inclination and prevailing climatic conditions. Dynamic thermal simulation modelling tests a range of alternative façade designs and calculates the operative temperatures for living rooms. The results indicate that lower average summer time temperatures were observed in the house with a selected inclined façade, whilst the indoor temperatures remain above the Passivhaus comfort threshold during winter. The study notes an increase in heating demand and lower daylight factors compared with the vertically-walled dwelling counterpart. However, such trade-offs may be acceptable in order to reduce summer overheating risks, given health and cooling energy cost considerations.
Background 
Building shape and solar gain
In Architecture the expression ‘form’ can be used in many ways and in very broad terms. The word ‘form’ can be defined as the visible shape or configuration of something [i.e. a building]. This includes shape, proportion, scales, mass (size), rhythm and articulation. Form can refer to the configuration of a building; relative compactness (RC), the proportion of the inner volume to the outside surface and the ratio and the size of the opening which all comprise the form of a building. In this study the term ‘form’ refers to the three-dimension geometrical configuration of the building’s shape. 
Research (Zerefosa, et al., 2012; Capeluto, 2003; Parasonis, et al., 2012; Loonen, et al., 2013) demonstrates that buildings with different external shapes but similar internal volumes can have different energy demands. The results obtained by Parasonis et al. (2012a) show that changes in the shape of the building cause changes in energy demand. Zerefosa et al. (2012) claim that the energy consumption of two buildings with the same materiality, volume, wall area, openings and operating program can differ due to the shape of their external façades. They examined the energy behaviour of a case study in Athens with polygonal and prismatic envelope shapes and concluded that the prismatic form building has lower solar gain compared to its orthogonal counterpart and consumes less energy in an annual cycle. 
The amount of solar radiation that enters a building depends on the external properties of the building’s façade, including its glazing proportion, its g-value (solar transmittance) and its geometrical form.  Protecting windows from excessive heat gain is one of the single most effective interventions for adapting homes to an overheating risk (Gupta & Gregg, 2012; Laouadi, 2010; Ridley et al., 2013). When designing buildings, the relationship between a building component and the position of the sun (as defined by solar altitude and solar azimuth) is important. When designing a shading device, it is also essential to know the solar incidence angle on a plane with a given tilt and the vertical and horizontal shadow angles. The angle between the direct solar beam and a building surface varies with the orientation or inclination of a building component. This will result in different amounts of incident solar radiation being received per unit area of a surface. For instance, for a slanted wall, solar irradiance will decrease or increase depending on the wall inclination angle. The solar heat gains  on a flat surface with a given tilt, can be calculated from Equation 1.

[bookmark: _Ref437200474](1)                                                
where  (m2) is the area of the flat surface,   and  are the direct and diffuse solar irradiances (Wm2) respectively,  is the tilt angle of the surface,  is the orientation angle, is the reflection coefficient from the ground, and  is the equivalent latitude, which depends on location and the specific month. 
Overheating phenomena 
Thermal comfort is defined as the condition of mind that expresses satisfaction with the thermal environment. It can be assessed by subjective evaluation (ANSI/ASHRAE Standard 55, 2017). The UK Building Regulations in the mid-1960s sought to reduce heat loss due to the country’s cold and temperate weather. The building regulations since then have improved and largely focused on heat-retentive design and refurbishment. The Housing Health and Safety Rating System from the Housing Act (2006) states, “a healthy indoor temperature is around 21°C. As temperatures rise, thermal stress increases, initially triggering the body’s defence mechanisms such as sweating. High temperatures can increase cardiovascular strain and trauma, and where temperatures exceed 25°C, mortality increases and there is an increase in strokes. Dehydration is a problem primarily for the elderly and the very young”. Despite the awareness of the risk from high internal temperatures, there are still no universally agreed overheating criteria in the building regulations. This is perhaps because, in the UK, the retention of heating has been the main focus of thermal design and so overheating has not historically been a concern (Lomas & Porritt, 2017). 
For the purpose of this study, three methodologies were used to asses overheating - the Passivhaus standards, the CIBSE Guide A (2015) static comfort criteria and the CIBSE TM52 (2013) adaptive comfort criteria. Table 1 presents the overheating threshold according to Passivhaus and CIBSE guides and Section 4 elaborates on the calculations and criteria used for this paper. The later methodology used in CIBSE TM59 was intended to provide consistency to predicting overheating. CIBSE TM59 (2017) considers both TM52 and CIBSE Guide A as a basis for design comfort criteria. However, it recommends using the adaptive method based on CIBSE TM52 (2013) for homes that have mechanical ventilation with heat recovery (MVHR), with good opportunities for natural ventilation in the summer (similar to the case study used in this paper - see Section 3.2).
[bookmark: _Ref494276452]Table 1. Overheating definitions for living room and criteria used in this paper.
	Source
	Threshold

	Passivhaus Institut (2012)
	Acceptable: 10% of occupied hours* above 25°C for living spaces


	CIBSE Guide A  (2015)
	Operative temperature should not exceed 5% of occupied hours* above 25°C 
Operative temperature should not exceed 1% of occupied hours* above 28°C for living rooms and 26°C in bedrooms 
Regardless of the metrics, operative temperature under free running conditions should not exceed 30°C.

	CIBSE TM52
 (2013)** Category II
(Normal expectation)

	Should pass 2 of the criteria for a given category (hereby Category II)

Criterion 1: number of hours) that, should not exceed 3% of occupied hours* between 1 May to 30 September; 
Criterion 2: severity of overheating: Daily limit for weighted exceedance  degree-hours. 
Criterion 3: upper limit temperature: absolute maximum temperature difference between operative temperature and   of  

Upper limit   
Lower limit   



* Living room is assumed to be occupied from 9 am to 10 pm 
**further details are given in Section 4.4
Monitoring studies on overheating in airtight dwellings   
Several studies have highlighted the benefits of adopting the Passivhaus standards for building developments in the UK. People living in these houses report excellent feedback on thermal comfort. However, they highlighted that they received better thermal comfort in winter than in summer (Mlecnik, et al., 2012; Larch House's tenants, 2012; McGilla, et al., 2014). Zero Carbon Hub (2010) analysed different locations in the UK using computer modelling and found that high insulation levels and reduced air leakage, coupled with enhanced solar gain, decreased space heating demand but increased summer discomfort. 
The Innovate UK's monitoring data (previously known as the Technology Strategy Board) (Technology Strategy Board, 2014) for two Welsh Passivhaus dwellings revealed that passive houses in summer were warmer than average UK standards. These data suggest that very airtight homes are at risk of summer overheating even in the current climate (Dengel & Swainson, 2012). In their monitoring analysis of indoor temperatures in 60 low-energy housing in the UK, McGill, et al. (2017) found that 58% of living rooms had more than 10% of the occupied hours above 25°C and 25% had more than 1% annual occupied hours over 28°C. 33% of the monitoring rooms breached two of the three CIBSE adaptive criteria (based on criterion II). Gupta et al. (2017) found that 30% of the monitored flats breached two of the three CIBSE adaptive criteria (based on criterion I), and 70% of the monitored spaces experienced temperature above 28°C for more than 1% of the occupied hours. Baborska-Narożny, et al. (2017) found widespread overheating, with 44% of bedrooms and 28% of living rooms exceeding the CIBSE Guide A (2015) overheating threshold during occupied hours. Monitoring reports of four airtight dwellings in Cheshire, UK (Wingfield, et al., 2008) found that all homes experienced mean internal temperature of 25°C during July, with peak internal temperature reaching above 30°C. Sameni, et al. (2015) found more than 65% of monitored flats in Coventry, UK, exceeded Passivhaus overheating criteria. However, the prevalence of overheating was lower if the assessment was based on the BS EN 15251 adaptive model. 
[bookmark: _Ref8210808]Methodology 
The principal method used for this study was the dynamic thermal modelling of an existing UK Passivhaus dwelling and then a parametric analysis. Sensitivity analysis approach was adopted to assess the impact of alterations on the dwelling’s south façade. Only the south façade was selected for the study because most low-energy buildings typically encapsulate glazing on their south façades as it is the most dynamic façade.  Three interrelated steps were taken to examine the impact of the tilted south façade (as a shading intervention) on the Passivhaus’s performance and comfort:
i. Pilot Study 
ii. Case study 
iii. Comparative study 
[bookmark: _Ref8139185]Pilot Study
To the best of the authors’ knowledge, the impact of envelope geometry (specifically the tilt) as a shading device has not been studied for a Passivhaus. Therefore, a pilot study was conducted to examine if altering the inclination of the façade might reduce excessive solar gain and act as a shading device. It was also designed to investigate the accuracy of the commercial modelling software used in the study (DesignBuilder) in response to changing the façade inclination. In DesignBuilder’s version 4 and 5 (used in this study) when modifying the inclination of a wall, all the affected internal zones (i.e. all the conditioned or semi-conditioned rooms) should be re-setup; therefore, a single-zone pilot unit was needed to conduct the initial analysis within a reasonable time frame. A hypothetical Passivhaus standard unit in an urban exposure using fabric specifications from an existing UK Passivhaus (namely Larch House, which was later chosen as the case study) was used. The pilot unit was nine metres long, seven metres wide and three metres high as a stand-alone building. Construction materials, building specifications and HVAC system all were set as per the case study’s specifications described in Section 3.2.1. The amount of glazing was calculated based on the window-to-wall (WWR) ratios of Larch House, which comprises of 55%, 11%, 7% and 0% for the south, east, north and west facing façades respectively. 
The angle of inclination represents the angle between the normal (perpendicular) to the window surface and the zenith. For instance, the inclination angle of a window on a vertical wall is 90° ( ), while a window on a flat roof has a 0° angle of inclination (). Figure 1 depicts side elevation of different façade inclinations used in the study. The tilt angle of the south façade was manipulated to test the effectiveness of the façade inclination at 5° intervals starting from = 90°, i.e., a vertical wall, to 55° beyond the vertical i.e. =145°. These were then simulated separately and compared to see their effect on overheating rates. 

[image: C:\Users\ivanlv\Dropbox\PhD\Pics\Pilot 90-145_22.jpg]
[bookmark: _Ref494282325]Figure 1 Side elevation of different façade inclinations tested for the pilot study
Initial simulations of the pilot study (Figure 2) show that the average monthly operative temperature decreases when the tilted walls are introduced. However, during the summer months, the gap between these values is greater than the winter months. The indoor temperature of the pilot unit with the vertical facade dropped by a maximum of 2.1°C in July with respect to the steepest tested facade i.e. 145°, whereas the temperature reduction for January was just 0.4°C (Figure 2). Insignificant differences between consecutive angles were measured above 120° and had little effect on the summer reduction of indoor temperatures. The difference between the vertical facade and the 95° angled facades was also smaller than those within the 100° to 120° Interval. However, these variations remained very close during the heating period. Because the heating system was operating based on the set point of Passivhaus requirement i.e. 20°C, there will be a slight increase on the heating demand. These data demonstrate the impact of the self-shading facades on the overall outcome of thermal comfort in summer. The series plot presented in Figure 3 shows how the effect of the tilt ceased after 115°. Indoor temperatures in the first quarter of the year (Q1. quartiles i.e. January-March) were around 20°C and the minimum temperatures were around 19.5°C regardless of the inclination angle. Similarly, the mean and third quartiles of data do not react to the change in façade inclination. However, the curve indicating maximum temperature show the effect of the tilted walls - avoiding very high day time temperatures through self-shading and moderating daily temperature fluctuations. This means that the standard deviation between hourly temperatures is smaller for those cases with lower maximum temperature (further analysis is given in Table 4 for the case study). 
Figure 4 uses two Passivhaus standard thresholds as a constrained approach to rule out unacceptable applications and reduce the sample size for simulations. These thresholds are the maximum heating demand limit of 15kW/m2 (one of the main criteria for Passivhaus standard) and maximum overheating allowance of 10% (outlined in Table 1). Results for the 110° to 120° slanted walls from the pilot study indicate that these were the best angles to investigate on the case study. However, due to the time constrains only one angle was applied to the case study to be compared with other shading strategies. The middle value of 115° (=115°) was chosen as a possible near optimum angle of inclination to test its effectiveness in reducing overheating for the case study. 
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[bookmark: _Ref494290170]Figure 2 Monthly operative temperatures for 12 façade alternatives - pilot unit
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[bookmark: _Ref494289872]Figure 3 Series plot for pilot unit
[bookmark: _Ref5536618][image: ]
Figure 4 Overheating and heating comparison for different tilt angles

[bookmark: _Ref5492714]Case study
The building chosen for the case study was Larch House in Ebbw Vale, Wales, a three bedroom, 87m2 floor area, timber frame detached house designed to achieve, at the time, the first Code for Sustainable Homes (CSH) Level 6 Passivhaus in the UK (Figure 5). Larch House comprises a living room on the ground floor with south-facing windows, together with windows on the side (east) and at the rear (north). A south-facing kitchen and dining area is located on the west side of the floor plan and a staircase leads to the three bedrooms on the first floor. Larch House’s design was based on a strategy to maximize the benefit of solar heat gains (Ridley, et al., 2014) and achieve an outstanding draught-free construction with an air tightness result of just below 0.2 ach @ 50 Pascal, which surpasses the Passivhaus requirement of minimum 0.6 ach at 50 Pascal. Large south-facing windows and closed-panel timber framing filled with heavily insulation materials were used to minimize heat loss. Similar to many Passivhaus dwellings, the Larch House benefits from large glazing on the south elevation (55% of the façade area). The building uses external roller blinds to prevent summer overheating. The automatic mode of the blinds had been switched off as per occupants’ request to control the blinds manually (Technology Strategy Board, 2014). It is worth highlighting that the metrics for the living room as the main space was analysed in this study (thick red line in Figure 5). 
[bookmark: _Ref517889564][image: larch1][image: E:\1.PhD-Mdrive Uni-2013-2017\7.Thesis writing ph_D.scriv\4.CAD\pics\Plan_01.png]Figure 5 Larch House – south façade and ground floor plan
[bookmark: _Ref494282155]Building model and simulation settings 
The Larch House case study was modelled using the dynamic thermal simulation package DesignBuilder - with integrated EnergyPlus engine - version 4 (and some analysis using v.5). DesignBuilder has been validated by reliable energy calculation standards i.e. EN ISO 13790 Standards (DesignBuilder Test Results, 2012), ASHRAE, and EnergyPlus validation testing result (EnergyPlus, 2014), which verifies the robustness of the software. However, to ensure confidence in the DesignBuilder model, it was necessary to compare the simulation results with the values provided by the Larch House design team, who used the Passive House Planning Package (PHPP) for simulation of the house. Construction materials used for the Larch House case study model and the pilot models are listed in Table 2. The glazing areas were modelled based on the original PHPP file (Larch House PHPP File, 2010). The PHPP file indicated that nearly 55% of the south facade consisted of glazing, of which 68.5% is fixed and 31.5% is openabale. The total windows area for the south façade is 28 m2. Figure 6 depicts and Table 3 summarises the amount and type of glazing used to model the case study.











[bookmark: _Ref494288778]Table 2 The construction materials, and their physical properties, used for Larch House
	Building Element
	
	Construction material
	Thickness (mm)
	U-value (Wm-2K-1)

	External walls
	Layer 1
	Welsh Larch timber cladding
	20
	525
	0.095

	
	Layer 2
	Counter Battens
	32
	
	

	
	Layer 3
	Pavatherm Plus insulation
	100
	
	

	
	Layer 4
	DWD board
	15
	
	

	
	Layer 5
	Knauf Thermal insulation (between studs)
	225
	
	

	
	Layer 6
	OSB board
	18
	
	

	
	Layer 7
	Steico Flex wood fibre insulation (between battens)
	100
	
	

	
	Layer 8
	Plasterboard
	15
	
	

	Ground floor  
	Layer 1
	Formaldehyde foam
	25
	800
	0.076

	
	Layer 2
	FLOORMATE 500-A (insulation)
	120
	
	

	
	Layer 3
	FLOORMATE 500-A (insulation)
	120
	
	

	
	Layer 4
	FLOORMATE 500-A (insulation)
	120
	
	

	
	Layer 5
	FLOORMATE 500-A (insulation)
	120
	
	

	
	Layer 6
	Concrete
	200
	
	

	
	Layer 7
	Floor screed
	60
	
	

	
	Layer 8
	Timber flooring
	15
	
	

	Flat roof  (below pitched roof) 
	Layer 1
	Knauf Thermal insulation (between studs)
	140
	693
	0.074

	
	Layer 2
	Knauf Thermal insulation (between studs)
	140
	
	

	
	Layer 3
	Knauf Thermal insulation (between studs)
	140
	
	

	
	Layer 4
	FLOORMATE 500-A (Knauf Thermal insulation (between studs)
	140
	
	

	
	Layer 5
	OSB board
	18
	
	

	
	Layer 6
	Formaldehyde foam
	100
	
	

	
	Layer 7
	Plasterboard
	15
	
	

	pitched roof (Cold roof)
	Layer 1
	Redland Cambrian reconstituted slate tiles
	10
	175
	0.33

	
	Layer 2
	Timber batten Veltitech Underlay   
	25
	
	

	
	Layer 3
	Timber Truss
	140
	
	

	In between floor slab
	Layer 1
	Floor finish (first floor)
	15
	256
	0.176

	
	Layer 2
	Chipboard
	22
	
	

	
	Layer 3
	Ecojoist with loose fill insulation in between joists
	219
	
	

	
	Layer 4
	Plasterboard and skin (ground floor ceiling)
	15
	
	

	Windows/glazing
	Layer 1
	Clear glass 
	8
	50
	0.86-0.76

	
	Layer 2
	argon fill 
	13
	
	

	
	Layer 3
	Clear glass 
	8
	
	

	
	Layer 4
	argon fill 
	13
	
	

	
	Layer 5
	Clear glass
	8
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[bookmark: _Ref494289203][bookmark: _Toc454801312][bookmark: _Toc489392169]Figure 6 Glazing input: South (left), East (middle) and North (right) elevations
[bookmark: _Ref494289170]Table 3 Glazing input for the model
	Window No
	Position
	Orientation
	Type
	Area (m2)
Inc. frame
	U-Value
((Wm-2K-1)

	1.1
	G Floor
	South
	Fixed
	3.6
	0.73

	1.2
	G Floor
	South
	Operable
	3.6
	0.73

	1.3
	G Floor
	South
	Fixed
	2.7
	0.75

	1.4
	G Floor
	South
	Operable
	2.7
	0.75

	2.1
	1st Floor
	South
	Fixed
	1.3
	0.79

	2.2
	1st Floor
	South
	Operable
	1.4
	0.78

	2.3
	1st Floor
	South
	Fixed
	2.7
	0.75

	2.4
	1st Floor
	South
	Fixed
	4.6
	0.72

	2.5
	1st Floor
	South
	Fixed
	1.3
	0.79

	2.6
	1st Floor
	South
	Operable
	1.4
	0.78

	2.7
	1st Floor
	South
	Fixed
	2.7
	0.75

	1.5
	G Floor
	East
	Fixed
	3.7
	0.75

	2.8
	1st Floor
	East
	Fixed
	0.7
	0.90

	1.6
	G Floor
	North
	Operable
	0.7
	0.89

	1.7
	G Floor
	North
	Operable
	1.4
	0.82

	2.9
	1st Floor
	North
	Operable
	0.7
	0.90

	2.10
	1st Floor
	North
	Operable
	1.3
	0.84



MVHR and natural ventilation
[bookmark: _Hlk32066852]For the simulations in this study a Mechanical Ventilation with Heat Recovery (MVHR) system similar to the one used in Larch house was selected. The MVHR system works by transferring heat from the warm extracted stale air to the cooler fresh incoming air.  The incoming air is filtered and heated (recovery) to provide heating to the living spaces using supply terminals. Windows in the model were closed from October till March and ventilation was operating only using the MVHR system with a minimum 0.3 air changes per hour. However, in the summer natural ventilation was operating by opening the windows (cross ventilation). Nonetheless, air infiltration was defined by a constant ACH value set to 0.2 ach-1 @ 50 Pascal independent of the occupancy schedule. The heating set point, which operates like a heating thermostat, was set at 20°C operative temperature. If the temperature in the space is below 20°C, then heating is required to operate to ensure the minimum temperature of 20°C for Passivhaus is reached during occupied periods. Similar to the Larch House, the MVHR system does not include mechanical cooling for the summertime.
Weather file for simulations
Larch House was accurately modelled in DesignBuilder. In accordance with the research’s main objective, the house was then moved (virtually) to London where overheating is a major concern. It is acknowledged that perhaps for the London climate there would be a different set of design considerations; however, the Idea was to test the effectiveness of the proposed strategy for a very airtight Passivhaus with large south-facing glazing in an area of the UK where the climate is more likely to create overheating issues. Therefore, a current weather file London was used for the simulations in this paper. 
Comparative Study; Design Selection
[bookmark: _Hlk32067642]The pilot study predicted the potential of geometrical implications in reducing the overheating risk. The proposed tilt of 115° for the south façade (established in Section 3.1) was implemented for the Larch House case study model. A self-shading façade (=115°) was tested against conventional passive design methods to reducing overheating. As a consequence, four design arrangements are chosen as follows. 
· [bookmark: _Hlk32067603]Design A: The original Larch House with 55% WWR on the south façade and external roller blinds as the shading strategy
· Design B: The original Larch House with no external roller blinds but with a reduced window to wall ratio (26%) on the south facade as an intervention to reduced overheating - a conventional intervention
· Design C: The original Larch House with 55% WWR, no external roller blind and overhang of 1.2m on southern windows as the shading strategy- a conventional intervention
· Design D: The original Larch House with 55% replaced vertical south facing walls with no external roller blind and inclined walls i.e. the tilted façade of 115°  as the shading strategy - the proposed intervention 
These design arrangements were compared to see the effectiveness of the proposed geometry on reducing overheating when compared to the more conventional methods. Design “A” represents the large south glazing with external roller blinds as per existing case study of Larch house. Design “B” represents an optimum WWR of around 26% according to the Passivhaus Institute, and Design “C” represents an optimum overhang depth of 1.2m (Passipedia, 2014)
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Figure 7. Case study model and alternative façade designs in DesignBuilder (from left to right; Design A, B,C and D)
[bookmark: _Ref8829494]Simulations and Results 
Impact of façade design on solar gain
Figures 8 and 9 show the solar gains received by the alternative Larch House designs for the winter and summer solstices respectively.  Both figures show there is a small solar gain difference between all four designs during the early hours of the morning when the sun mainly hits the eastern wall. However, during noontime and early afternoon, there is a significant drop in solar heat gain for all alternative cases (Designs B, C and D). This is when the angle of incidence is higher, and the sun’s direct radiation is mainly on the south wall (see Figure 10). 
                      [image: ]
[bookmark: _Ref8204903]Figure 8 Solar gain through windows (W) for the winter solstice for the four design alternatives 
Figure 8 also shows the reduction of solar gain that occurred during the winter solstice early morning and afternoon for Design B. The reason is that less diffuse solar radiation is entering through the smaller glazing area of Design B, whereas all the other design options have large glazing WWR (55%), and consequently they receive similar amounts of diffuse solar radiation. From late morning to late afternoon a lower solar gain happened for the self-shading façade of 115° (Design D) compared to Designs A and C. 
Figure 9 shows that the variations in solar gain for the four designs during the summer solstice was more complex than for the winter solstice. There is little difference in solar gain for the first few hours after dawn, but as the high summer sun moves through the southern area of the sky, then the benefits of the tilting façade (D) and the horizontal shading (C) can be seen, with the gains actually being less for C and D than for the smaller but unshaded glazing area of B.
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[bookmark: _Ref517962438]Figure 9 Solar gain through windows (W) for the summer solstice for the four design alternatives
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[bookmark: _Ref8210555]Figure 10 Sun on the east (left), south (middle) and west (right) façades of the Larch House case study
Figure 11 shows the annual solar gains for the four designs. For the purpose of this exercise only (i.e. the data shown in Figure 11) the external blinds for Design A were switched ‘off’ and did not operate. Figure 11 shows that summer solar gains dropped for all alternative designs B, C and D compared to A. Although the winter solar gains were also reduced for alternative design arrangements, Design C received the highest winter solar gain among the alternative designs. Design B, received significantly smaller solar gain than the original case A. When comparing all four designs, design B received the lowest solar gain both in summer and winter. Among the alternative designs, Design C received a relatively higher solar gain in winter. Similar to Design B and C, the proposed shading geometry i.e. design D, showed potential effectiveness in blocking the solar gain in summertime while it received a higher solar gain than Design B in winter. 

[bookmark: _Ref494300232]Figure 11 Annual solar gains for the four design alternatives
Indoor operative temperatures 
[bookmark: _Hlk32072701]The modelled hourly operative temperatures for the four design types based on a year of analysis are presented in Figure 12. Design A experiences the highest temperatures during the annual cycle and temperature of 28°C and higher occurred during summer (June-August) and shoulder months (May and September). Temperatures of 28°C and more occurred not only during warm spells but also when the outside temperature was well below heating switch-on temperature. These were also times when the solar altitude is lower than in summer and the occupancy schedule in DesignBuilder shows smaller ratio window opening rates compared to summer months. The highest number of hours when the indoor temperatures were between 25°C - 28°C occured for Designs A and C. 
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[bookmark: _Ref494303063]     Figure 12 Scatter plots of hourly operative temperature for a year (8760 hours) for Designs A, B, C and D 
Temperature variation 
Although this study focused on the summer thermal comfort, it also considered the whole year energy performance to get a holistic view. Table 4 present statistics regarding the variations of the operative temperature inside the living room of all four tested designs. The bigger the coefficient of variation the greater the variability in the data. For instance, outside temperature has a coefficient variation of 55.29, which means there is a large variation between a variable (i.e. very cold to hot temperature). Buildings are climate modifiers (CIBSE TM48, 2009) designed to stabilise the indoor temperature at a comfort range during the year (i.e. 20-25°C) which means a smaller coefficient variation (CoefVar) of operative temperature. The values presented in Table 4 show Design D has the lowest CoefVar and standard deviation in operative temperature throughout the year so it achieves a less fluctuating indoor temperature. The original design of the house (Design A) shows a relatively higher standard deviation from the mean value. Larch house (i.e. Design A) reached a peak temperature of 32.5°C inside the house, whereas the peak maximum operative temperature of Design D (inclined façade) was 29.0°C. The self-shading strategy proved to have moderated the indoor temperature variations between day and night in summer and could potentially act as an effective shading device. This is also supported by the simulated operative temperatures plotted against outdoor dry bulb temperatures in Figure 13. The self-shading design better responded to changes in outdoor conditions, and thus achieved a higher correlation R2 value. 



[bookmark: _Ref494301313]Table 4 Variation of internal temperatures (⁰C) for different house designs during the whole year  
	Whole year

	Variable
	Mean
(⁰C)
	StDev
	Variance
	CoefVar
	Minimum
	Median
	Maximum

	Outside
	Hourly Dry Bulb Temperature      
	10.86
	6.00
	36.05 
	55.29
	-5.69
	10.48
	28.40
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	Hourly Operative Temperature      
	22.83    
	2.37     
	5.65   
	10.41   
	20.00   
	22.44   
	32.49
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	Hourly Operative Temperature      
	22.24
	1.91     
	3.65    
	8.59   
	20.00   
	22.09   
	29.77
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	Hourly Operative Temperature      
	22.31    
	1.98     
	3.94     
	8.90   
	20.00   
	22.12   
	29.77
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	Hourly Operative Temperature      
	21.92   
	1.83     
	3.36    
	8.36   
	19.99 
	21.82   
	29.00
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[bookmark: _Ref518031806]Figure 13 Simulated indoor air temperatures against outdoor air temperatures for Designs A, B, C and D 
[bookmark: _Ref8294327]Prevalence of overheating using static and adaptive comfort criteria 
Figure 14 compares overheating rates of the original case (Design A) against selected façade designs and the consequence on the heating demand. Overheating was reduced for all design interventions (B, C and D) and the lowest overheating was for Design D (inclined façade). However, the heating demand increased for Design D. The increase in heating demand for Design C was small. Heating demand was reduced for Design B which experienced a lower overheating risk than Design C. Although Design B has the lowest environmental impact it may have some negative impact on occupants’ sense of psychological comfort, provision of daylighting and natural ventilation. These factors feature the “spirit lifting” mentioned by Heerwagen (2000) that promote positive emotional functioning in the interior environment and serve as a buffer to discomforts and stresses. It is also believed that residential buildings with bigger windows are popular amongst buyers and are valued by prospective owners for their views (Ge, 2002).
The occurrence of temperatures above 28°C for Design D () was greatly reduced, which eliminated overheating (for an upper threshold of 28°C) and temperature frequency above 25°C was halved to a narrow range to the limit of lower threshold of 25°C (i.e. 10%). On the other hand, the heating demand for the same case was increased by 20%. 

[bookmark: _Ref491546437]Figure 14. Annual total heating demand and percentage of living room operative temperature above 25°C and 28°C
The final part of this study considers the prevalence of overheating in the four designs to test the effectiveness of each approach. Assessing overheating is complicated because comfort is subjective, it depends on both environmental and human factors and can be influenced by the duration and timing of the high temperatures. Overheating analysis in this work is based on three methodologies - the static (i.e. non adaptive) of Passivhaus criteria and CIBSE Guide A 2015 criteria and the adaptive criteria presented in CIBSE TM52. Analysing overheating based on the two later criteria is also in line with the CIBSE TM59 (2017) recommendation to consider both TM52 and CIBSE Guide A as a basis for design comfort criteria. According to Passivhaus Standards (Passivhaus Institute, 2015) overheating is “acceptable” for a Passivhaus if the operative temperatures during annual occupied hours do not exceed 25°C for more than 10% of the time. However, CIBSE Guide A (2015) considers that the target comfort temperature should be between 23°C -25°C, and in warm weather 25°C is acceptable but not for more than 5% of the occupied hours. Furthermore, operative temperatures of above 28°C should not occur for more than 1% of occupied hours for the living room to comply with CIBSE Guide A.    
Adaptive comfort criteria based on CIBSE TM52 require a house to meet two of the three following criteria: 
· Criterion 1. Hours of exceedance: this refers to the number of hours that operative temperature exceeds the maximum acceptable temperature by 1K or more, which should not be more than 3% of occupied hours from the beginning of May until the end of September. 
· Criterion 2. Daily Weighted Exceedance We: this refers to the severity of overheating within any one day, the level of which is a function of both temperature rise and its duration. This criterion sets a daily limit for acceptability, for which the weighted exceedance should be ≤6. 
· Criterion 3. Upper Limit Temperature Tupp: this sets an absolute maximum daily temperature for a room, beyond which the level of overheating is unacceptable. It requires the internal operative temperature not to exceed the external running mean by more than 4K i.e. Tupp ≤ (Tmax + 4) °C, where Tmax is found from Equations 2 and 3.   

[bookmark: _Hlk32075457][bookmark: _Hlk32076066]                   							                (2) 

       	                                                (3)
	
 is the external daily mean temperature for the previous day, and   is is the external daily mean temperature for the day before and so on for the last 7 days. 
Table 5 shows the results of the overheating analysis for the four designs using the three methods of assessment. None of the designs can meet the Passivhaus criterion, while Designs B, C and D meet two of the three CIBSE Guide A requirements. Although CIBSE TM52 only requires two of its three criteria to be met (which B and D do), only Design D, with the inclined façade, meets all three criteria. 
  
	[bookmark: _Ref517979712]Design
	(Passivhaus Institut, 2015)
	            (CIBSE Guide A , 2015)

	CIBSE TM52 Category II (Normal expectation)

	
	Warm threshold
	Warm threshold 
	Hot threshold 
	Absolute maximum
	Criterion 1
	Criterion 2 
	Criterion 3
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28.2%>10%
Fail
	
28.2%>5%
Fail
	
2.9%>1%
Fail
	
19 hrs
Fail
	
8.3%
Fail
	
13 days
 Fail
	
9 hrs
Fail
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13.8%>10%
Fail
	
13.8%>5%
Fail
	
0.4%<1%
Pass
	
0 hrs
Pass
	
2%
Pass
	
2 days 
Fail
	
0 hrs
Pass
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14.9%>10%
Fail
	
14.9%>5%
Fail
	
0.5%<1%
Pass
	
0 hrs
Pass
	
2.8%
Pass
	
3 days 
Fail
	
0 hrs
Pass
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12.2%>10%
Fail
	
12.2%>5%
Fail
	
0.1%<1%
Pass
	
0 hrs
Pass
	
1%
Pass
	
0 days
Pass
	
0 hrs
Pass


 Table 5 Prevalence of overheating in the four designs

Conclusion 
In this design simulation study the energy performance and overheating discomfort of four identical Passivhaus dwelling models with different south facing solar control arrangements have been evaluated using current London climate. The study investigated the potential of a form-based shading strategy to reduce overheating. A particular focus was the optimum inclination of a south-facing façade to use geometry to self-protect a building and mitigate the possible overheating risks in a very airtight UK Passivhaus dwelling. Overall, the study found that a self-shading strategy of 115° tilted south façade (𝑇𝑖𝑙𝑡ϴ𝑠𝑜𝑢𝑡ℎ=115°) is effective in alleviating overheating risk in London.
Overheating in the Passivhaus case study mainly occurred due to the high solar gain through large south facing windows. It is believed that multiple interventions are required to eradicate overheating in Passivhaus. The findings from this study suggest that one of the most effective single interventions that could control the overheating risk in Passivhaus is external shading. It was concluded that self-shading forms could be thought of as a design concept for an effective shading strategy. 
The results of the sensitivity analysis summarised in Table 5 underline the importance of envelope geometry. All external shading strategies studied in this paper were successful in reducing overheating, However, the lowest overheating rate is achieved for the proposed self-shading geometry which passed the majority of overheating criteria set by Passivhaus, CIBSE Guide A 2015 and CIBSE TM52. The reduced window to wall ratio also was a successful application in reducing overheating and recorded the lowest energy demand for heating. However, the overhang approach was a better choice in receiving solar gain in winter. There is a significant reduction in operative temperatures in summer when using a self-shading façade whereas the operative temperature did not significantly drop in winter. The relationship between the heating load and overheating risk was an inverse correlation for the overhang and tilt strategy, but heating load and overheating rate were both reduced for the reduced window to wall ratio approach.
The study shows that self-protecting building design can be an effective shading intervention, especially in a warming climate. The concurrent increase in the heating demand as a consequence of self-shading façade was noticeable but this increase may be an acceptable trade-off compared to the reduced summer overheating risk. This approach will probably be more sensible under future weather scenarios with more extreme summers and can be implemented to large scale buildings with large glazing area. 
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