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Abstract

:

Metrics are instrumental in design assessments. Solar performance metrics help designers to evaluate solar access in cities. Metrics should be used early in the urban planning stages in order to enable sustainable urban development with greater access to solar energy. Currently, solar assessments at this design stage are limited in practice; established methods or routines are lacking, and so are suitable metrics. This paper reviews the relevant literature to provide a critical overview of solar metrics commonly used in building performance assessments. The review defines key metric formulation principles—valuation, time constraint, and normalisation—which should be considered when designing a performance indicator. A new taxonomy of solar performance metrics is provided. Metric definitions, suitability, and limitations are discussed. The findings highlight the need for reliable, low-complexity metrics and adequate methods for early solar assessments for urban planning.
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1. Introduction


Sustainable buildings should employ solar strategies to reduce the use of primary energy and to produce renewable energy on site. The European directive 210/31/EU on energy performance of buildings [1] requires all new buildings to be nearly zero-energy buildings (nZEB)—namely, exhibiting high energy performance with increased contribution in locally sourced renewable energy. Adequate solar access in urban environments supports energy-efficient strategies which are instrumental in achieving nZEB [2]. Sunlight affects key aspects of the building performance—heating, cooling, lighting, and on-site energy production. Balancing the benefits (reduced energy use for heating and lighting, electricity generation) with adverse effects of sunlight (urban heat island, increased need for cooling) is a difficult task for architects and urban planners [3].



Decisions made in the early stages of building life are most impactful [4]. Solar access is defined at the level of urban planning when street layouts and building masses are shaped. At this design stage, often called massing [5], the building form and spatial layout constitute the only design variables [6], since there is limited knowledge about more sophisticated building properties, while the climate and built context are given. Hence, the task of planning new neighbourhoods with high performance and quality objectives meets several challenges, among which appropriate assessment methods and informed selection of suitable metrics are imperative [7,8,9,10].



Several metrics and performance indicators exist to quantify, describe, and assess an urban design, but there is no consensus yet as to which metrics are the most appropriate in solar access evaluations and which could be used as performance indicators in the urban planning stages. Furthermore, the metrics and respective thresholds applied in legislation seem inconsistent [11]. In Europe, there is no standard dedicated to solar access in urban planning; the daylighting provisions included in the EN 17037 standard [12] are the closest yet to solar access stipulation, but they focus primarily on the conditions indoors, hence require more advanced design inputs, which are unknown at the urban planning stage. At this level, little is known about the floor layouts of buildings, thus the European daylighting standard appears inadequate for early design phases. Nault et al. [13] conducted the first comprehensive review of early design evaluation metrics and indicated that there is a need to further explore the potential of simple and computationally light metrics as performance indicators. Because of limited expertise and high computational load, solar design assessments are sporadically performed in the urban planning practice [14,15]. Thus, many researchers have advocated easy, efficient, and comprehensible evaluation metrics for the early planning stages; metrics that must prove adequate for the size of urban area and the limited level of detail with few established design parameters [13,16,17,18].



This paper presents an overview and a critical assessment of solar design metrics for urban planning applications. A new taxonomy of solar urban design metrics is proposed. It can assist practitioners and researchers in the selection of metrics for solar design assessments.



The goal of this review is to systemise the knowledge on how metrics can be constructed, formulated, and presented to effectively communicate design evaluation results. Metrics which are formulated in a systematic way and whose relation to the performance is validated might ultimately become performance indicators.



This review stands as a part of a larger research on solar access in neighbourhoods. International experts of the International Energy Agency (IEA) Solar Heating and Cooling (SHC) Task 63 “Solar Neighbourhood Planning” [10] collaborate with local urban planners in effort to find suitable solar design methods. The main goal of this review is to compile the state-of-the-art knowledge on metrics used in solar assessments of urban designs. The present paper focuses predominantly on metrics used in the northern latitudes, while the wider research targets the local Swedish context.




2. Method


A review of literature was conducted using an integrative narrative-based approach [19]. Scopus was the selected database for citation searches as it contains an extensive catalogue of indexed peer-reviewed publications and provides a broad coverage in relevant disciplines [20].



The search keywords and concepts used in citation searching are presented in Table 1. Each concept consists of synonymous keywords. Initially, a narrow search, aiming for low recall and high precision, was conducted to find the most relevant publications that could be used and to help further formulate a more complete search query. It included only the underlined keywords from concepts 1 and 2 from Table 1. Then, a refined search query was developed using relevant keywords and synonyms forming concepts 1–3, which were based on the reviewed citations retrieved by the initial search. The first listed word in each concept is the main keyword for that concept, and the rest are inclusive synonyms, which were added to the string with a Boolean operator ‘OR’. The query excluded ‘power plant’ to cull articles related to large scale energy generation. The search was limited to peer-reviewed journal articles and returned the total of 135 documents of which 40% were deemed relevant. Papers focusing on the following areas were excluded: (i) systems and technologies; (ii) materials and/or building components; (iii) driven by country-specific regulations; (iv) aspects other than solar access and solar performance, for instance, socioeconomic issues.



The final collection of articles for the review included shortlisted publications from the conducted database searches supplemented by additional selection of relevant articles found through backwards and forwards citation searching. The starting point was the shortlisted article collection, and the citation library grew in a snowballing process. Furthermore, in order to place the review of metrics for urban solar assessments into a legislative context, examples of regulations for solar access in urban planning focussing on the Swedish context are also discussed in this paper. For this purpose, additional information available in grey literature and legislative documents was retrieved by direct searches via a web browser search engine.




3. Results


The first three subsections (Section 3.1. Use of metrics; Section 3.2. Formulation of metrics; Section 3.3. Taxonomy) consist of a general overview on the construction and types of metrics for design assessment purposes. The fourth subsection (Section 3.4) presents a more detailed report on the types of metrics used for assessing urban designs. Several metrics were further discussed to review their suitability, and validity.



3.1. Use of Metrics


Metrics can be classified in respect to their functions, presentation methods, and characteristics (Figure 1).



Metrics were found to fulfil one of three functions, which are here categorised as:




	
Comparative;



	
Conforming;



	
Quantified.








The comparative function is used to evaluate multiple design proposals aiming to find the option with the best score of a selected metric. Comparative metrics can benefit from normalisation, as this enables fair numeric comparisons between different designs and projects. For instance, a radiation total can be divided over the usable building floor area to provide a normalised value and a comparative function.



The conforming function requires that a metric of a given design meets a certain threshold; for that, it is not only crucial to know which metrics can be used to assess a neighbourhood design, but also what benchmarks should be applied to reach certain solar performance criteria. Conforming function may be obtained by using performance benchmarks, which pertain to, e.g., the economic feasibility of a solution. An example of that can be a planned implementation of active solar systems on building surfaces. Surfaces that receive less radiation than a given feasibility threshold would be rejected. Such a metric would typically be expressed as area quantity or a fraction of the total area.



Lastly, the quantified function may be used when it is imperative to know the absolute value of simulated parameters, for example, the total roof irradiation for a photovoltaic (PV) system. For a quantified function, the metric might be given as a total incident radiation for a given analysed surface.



Furthermore, we identify two distinct ways of presentation that are frequently used to convey the results of metric-based analyses (Figure 1):




	
Visual;



	
Numeric.








In visual assessments, the results are typically communicated using some graphical aids. Examples could be printouts with spatial grid-based images containing model geometry with resulting metrics presented in a numeric form or as a coloured hatch. Such visualisations usually include a legend and a suitable colour scheme. The respective 3D model must be presented in a carefully chosen view; for instance, top view may be good for showing results on the ground surface, but a perspective view may be suitable to display facades. In the numeric method, the design receives one number for a given metric or indicator. Floor Area Ratio (FAR) is an example of a purely numeric indicator because it provides a single record for a given design variant, and the results cannot be presented spatially. The opposite example of a purely visual metric is the sun path diagram [21]. Yet, most metrics can be presented using either of these methods. The advantages of the visual assessment method include better spatial understanding of the solar access potential and the ability to spot critical areas that may need improvement. On the other hand, a numeric analysis can be advantageous as it is easier to apply design criteria thresholds and to compare different designs. However, potential numerical metrics for early design urban planning must prove to be valid predictors of solar access for the final design, which is currently not the case [13,22,23].




3.2. Formulation of Metrics


The characteristics of metrics identified in Figure 1 are further explored in this section (Figure 2). Metrics are characterised by the way in which they are valuated, which time constraint is considered in calculations, and which method of normalisation that is used, if any. The metric characteristics should thus be viewed as prescribed metric formulation principles. A non-exhaustive list of examples of the metric characteristics can be found in Figure 2. One or more characteristics can be relevant, e.g., valuation can be based on the mean value principle and also be given a criterion threshold.



A design metric is not just simply a result of steady-state calculations or time-based simulations; it is rather created based on the resulting data and by informed decisions, applying the aforementioned formulation principles that are shown in Figure 2. In that sense, there may be many metrics that convey the same information but in different ways.



For example, data received from an annual solar radiation simulation on building surfaces typically consists of a list of cumulative radiation values—one for each grid point—which is given in kWh per square meter surface area of the analysed geometry (Figure 3A), and which can be presented in a visual form (Figure 3B). The first choice concerns the time constraint, and sometimes it must be made even before the simulation begins. The simulation in this example (Figure 3) returned cumulative values for the entire simulation year, so the preselected time constraint was set to annual. However, the simulation could have been set to return cumulative values for only a selected period of time, or it could return a list of hourly irradiation values for every hour of the analysis period per each analysis grid point. The next choice is related to the post-processing of the data. In order to quantify surface irradiation with a metric, depending on the purpose of the analysis, i.e., what kind of information the metric is intended to convey, it may be desired to formulate the result as a mean value for the whole analysed geometry given in kWh/m2 [24] as shown in Figure 3C; or as a total, using for instance a special formula with a variety of assigned design factors or reduction factors [25], as shown in Figure 3D. Formulas, such as the one in the example, may be used to compensate for a low level of detail in the model and to provide a more accurate result. As a matter of fact, a metric based on radiation simulations does not necessarily need to have an energy unit. For instance, performance thresholds can be applied to consider only the parts of a surface that receive the desired amount of radiation [26]. A numeric metric can thus be formulated as a percentage of the entire surface area that meets or exceeds an irradiation threshold cumulatively over one year, or visualised using the model, as seen in Figure 3E. In such a case, the metric valuation is based on threshold compliance, with min-max normalisation applied to the area, and the time constraint of the whole simulation year.



Using the principles of metric formulation in a purposeful way can ensure effective communication of analysis results. Metrics must have the ability to capture the quality and performance potential of a design, but they also have a certain design assessment function: comparative, conforming, or quantifying. The way a metric is constructed, using the formulation principles of valuation, time constraint, and normalisation, must match the intended communicative function of the metric. For example, average values and spatial normalisation methods enable straightforward comparisons between different designs and projects, whereas the metric valuation and normalisation method presented in Figure 3E is appropriate for the conforming function. The quantifying function, on the other hand, is often used as a purely technical outcome that may help to calculate system performance, but it does not directly communicate design quality. The selection of time constraint usually concerns the kind of design consequence the metric is supposed to communicate. For example, a common strategy is to use a reference day or a period that can help assess the yearly extremes, e.g., solstices. Annual metrics are usually adopted to provide an overall view on the solar performance using a typical meteorological year [29].




3.3. Taxonomy


When an evaluation metric is acknowledged and validated in terms of its good correlation to the performance, it becomes a performance indicator. Some metrics may be used to merely characterise a design, for example, FAR which communicates built density of a design. However, the metric must prove that it corelates well with the performance goal (for example, high façade irradiation) to become a performance indicator. Usually, it is the higher complexity metrics, such as a climate-based heating demand, which are used as performance indicators. The simpler metrics lack validation to be recognised as performance indicators because their use comes with higher risk of uncertainty and inaccuracy [13]. Studies about energy systems in district applications tend to use key performance indicators (KPIs) to evaluate and select best system proposals [30,31]. In a study of open spaces in cities, the mean ground sky view factor (SVF) was applied as an environmental performance indicator [32]. Another study looked at implications of urban density and used façade area with sky exposure factor between 20% and 40% as a performance indicator which was normalised by gross floor area [33]. Chen and Norford [6] used five performance indicators, including solar, ventilation, and connectivity potential. All five performance indicators were normalised by the gross floor area of the massing designs. Another optimisation study considering energy and daylight performance of neighbourhood typologies used load match index and spatial daylight autonomy as performance indicators and applied respective benchmarks in design evaluations [34]. Previous applications show that metrics used as performance indicators are typically formulated using a normalisation technique and valuated based on performance thresholds.



Building on a previous review by Nault et al. [13] and considering the complexity of data inputs, four main classes of metrics are identified:




	
Geometrical (G);



	
Latitudinal (L);



	
External climatic (EC);



	
Internal climatic (IC).








From the conducted literature review on metrics used in urban planning assessments and critical analysis thereof, the most common solar performance metrics were identified and grouped into metric categories. The results are presented in Table 2.



Groups of metrics were developed based on metric input information such as the simulation type and other parametrical similarities of the metrics, whereas the classes distinction (i.e., the four main metric categories) was based on the overall complexity of the site and climate input information. Site and climate inputs indicate information such as building geometry details, location, sun path, annual solar radiation, and other specific climate-related factors. Each higher metric class builds on information input of the previous class; thus, the complexity increases.



Typically, the level of detail of the modelled geometry would have to increase for the higher complexity metric classes, but there are exceptions. For example, daylight factor (DF) is a relatively simple G metric that does not need climate nor location information; however, it requires high level of detail in modelling of the façade and window elements, and of the interior spaces, including the information about surface reflectance [35]. Conversely, energy use can be simulated for a very basic geometry model, as many inputs are typically simplified anyway [36]. In this case, the geometry level of detail does not need to be sophisticated, but there is an added input complexity in the additional operational information that is required, including operational schedules and internal loads.




3.4. Description and Critical Analysis of Selected Metrics


In this section, selected metrics of the four classes (see Table 1), which were frequently used in research according to the conducted literature review, are presented and discussed.



3.4.1. Geometrical Metrics


G metrics are calculated using information about the urban and site layout and form, without any location-specific information such as latitude or climate. They are sun-less, meaning they do not account for insolation, radiation, or local sunpath; hence, they have been used for a variety of urban design purposes and not only for solar access analysis. G metrics are, furthermore, isotropic, which means that for a given design they will remain the same regardless of orientation and geographical location. Consequently, the time constraint attribute does not apply to these metrics.



Some G metrics, such as VSC, SVF, or DF, have been grouped as ‘View of the sky dome’ metrics (see Table 2) because their calculations are based on the spatial relation of the geometry to the open sky, and for that, they use a digital model of a standardised sky dome. The sky dome is divided into several sky patches, the number of which depends on the selected sky density. The commonly used sky subdivisions are the low resolution Tregenza sky [37] and higher resolution divisions based on the continuous sky concept [35] including the Reinhart model [38]. The division of the sky dome enables time-efficient simulations. VSC and DF metrics use the standard CIE overcast sky [39]. The luminance distribution of the standard CIE overcast sky model is such that the zenith sky patch gives three times the illuminance level at the horizon [40]; this sky represents the worst-case scenario, and it is hardly found in reality. The SVF metric uses a special weighing function for sky patches instead of the overcast sky model and assigns more weight to sky patches closer to the zenith, according to the projection of the sky view onto a plane [41]. The weights of the sky patches for SVF calculations are isotropic but change with altitude.



The European daylighting standard (EN 17037) states three-fold compliance criteria for levels of view out quality, one of which is associated with morphological spacing and massing, namely the outside distance of view [12]. In a dense urban setting, neighbouring buildings might restrict the view distance from a window. The standard recommends three view distance thresholds: 6 m for minimum, 20 m for maximum, and 50 m for high view out level. This morphological constraint can be applied in the urban planning stages, and although it is not strictly a metric, it can be viewed as an important geometrical restriction that should be considered early in the design. The remaining two criteria, however, come at later stages of the design process, as they refer to the layers of the view and the view width which are inherently reliant on the exact window placement and room layout.



	
FAR






Floor Area Ratio (FAR), illustrated in Figure 4a, is a G metric expressing compactness or urban density as a ratio of gross floor area of buildings to their site area [42]. It has also been called floor space index [43] or plot ratio [44]. It has been widely used as a measure of density in various urban studies [26,33,34,45,46,47]. Figure 4b displays some possible variations in building shape and height for two example values of FAR.



Many studies investigated FAR performance correlations. The relationship of FAR to daylight penetration in neighbourhoods was found to be strongly negative in respect to vertical daylight factor, also known as vertical sky component (VSC) [48]. Due to possible variations in site coverage and building heights and forms, the same FAR of multiples designs received different level of solar availability, varying up to 30% [49], which may indicate that FAR is not a good standalone metric to be used as a performance indicator. There is, however, an indication of strong correlation between FAR and solar potential [24]. FAR has also been widely used in studies about microclimate [50,51,52]. It has been seen to correlate well with food self-sufficiency measures in cities [44]. In urban planning practice, there are some cities that use FAR as a control variable to regulate maximum density and prevent congestion [53,54]. The relevance of FAR in performance assessments has been acknowledged in research, which implies a good potential for future application, possibly in conjunction with other metrics.



	
VAR






Volume Area Ratio (VAR) is a morphological G metric that is very similar to FAR. It is a ratio of the volume of buildings to the site area (Figure 4a). The VAR metric has also been known as a built urban density measure [16,55,56]. Studies showed that VAR has good association with indoor daylight availability [56], and that it correlates with irradiation levels on facades [55]. Morganti et al. demonstrated that VAR correlated with solar performance, understood as cloudless annual irradiation of facades, with level of R2 = 0.53 [43]. There is an indication that the VAR metric has a promising potential as an early-stage design indicator in urban assessments [24]. Its function as a control value or density recommendation is still debatable, because if we assume a fixed VAR but modify other morphological parameters (i.e., shape), a better solar performance can be achieved [55]. Its potential use in conjunction with other metrics should be further investigated.



	
S/V ratio






Surface-to volume (S/V) ratio has been used in research as a measure of building compactness [57,58,59]. It may also be called building aspect ratio [43]. The metric was originally introduced as an inverse (V/S) [60]. Example values of the metric can be found in Figure 5. For high compactness levels, smaller values of the metric are desired, while large values express low compactness. The S/V ratio metric showed low correlation with PV-generated electricity from building envelope and with energy use [18]. A common implication of the S/V ratio metric for the building design performance is the reduced heat loss from the building envelope the higher the compactness. However, the S/V ratio is never used as a lone performance indicator, because if the sole design objective would be to maximise compactness, then a significant loss of daylight and sunlight indoors would occur [59]. It can be seen in Figure 5 that bigger volumes with larger edge dimensions yield lower S/V values, i.e., higher compactness, as the centre of gravity of the forms moves further away from their external boundaries.



Ratti et al. [59] advocated the use of a passive to non-passive zone ratio instead of the S/V ratio, where a passive zone is the floor area immediately next to the external building perimeter, equal (in buffer thickness) to twice the ceiling height; and the non-passive zone is the remaining inner floor area of the building. A passive zone is assumed to have a possibility to be passively daylit and ventilated, making it more energy efficient. The proposed zone ratio remains in conflict with the compactness advantage as understood by the S/V ratio metric.



As demonstrated, building compactness in terms of S/V ratio may not be effective in urban planning studies. Instead, what might be interesting, especially in terms of solar access optimisation, could be to look at the relation between the exposed surface area and site area, following the concept of FAR and VAR metrics. Chiatzipoulka et al. [55] used a metric called ‘complexity’, which expressed the ratio of total façade surface area to the gross site area. It was shown to have a negative impact on solar availability. However, it should be noted that the metric representing solar availability lacked normalisation per used floor area, and because of that, the effect might have been inflated. Suitable morphological metrics involving external surface area should be further explored as they can potentially bring valuable of information to the early-stage urban design assessments.



	
H/W ratio






Building height to open space width (H/W) ratio [46,61] or its inverse [57] have been used in studies of urban form, particularly of urban canyon, and its influence on energy consumption and/or solar potential. It can also be called aspect ratio, for instance, when it refers to courtyard spaces [62]. It is a widely used metric in courtyard microclimate studies [63,64,65]. Notably, the studies focussing on microclimate advocate for higher H/W [65], whereas those that looked at façade solar potential support lower values for increased solar access [46]. Evidently, there is a conflict between the two objectives. The H/W metric has been also linked with indoor daylighting; DeKay [54] demonstrated a relationship between the H/W metric and DF which suggested that the H/W ratio of 0.6 can lead to a mean DF of 3%, and H/W = 1.5 gives a DF average of 1%. However, the findings were limited to urban canyon design typologies and certain test room dimensions. While the H/W metric is easily applied in studies of courtyard and street canyons, it has lower applicability in studies of hybrid and more complex urban districts. It is because the metric is only two-dimensional and assumes that the buildings are of the same height. It may be sufficient for analysis of a single building, but it falls short in application in larger neighbourhoods.



	
OSR






Open Space Ratio (OSR) is a G metric that expresses a ratio of site open space area (excluding footprints) to gross floor area [66]. OSR has been seen in urban morphology research investigating the impact of urban typology on solar potential [67], energy use [26], and microclimate [50]. This metric could be a relevant substitute for H/W ratio metric in urban studies of larger areas, as it combines the ratio of outside area and building morphology, and is three-dimensional. It has also an added meaning; in residential neighbourhood analysis, it communicates how much of outdoor public space is available for residents and occupants per unit of indoor floor area.



	
SVF






Sky View Factor (SVF) measures, at a given point on a horizontal surface, the ‘fraction of the overlying hemisphere occupied by sky’ [68]. An open flat field has a SVF equal to 100%. SVF can be obtained using simulation software where the hemisphere or the sky dome is usually divided into a number of sky patches. There are a few methods of calculating the SVF, assuming different weights of the sky patches [41,69]. A common method is the cosine-weighted SVF definition [33], in which the sky patches closer to the zenith have more weight than those closer to the horizon.



Studies have indicated relevance of SVF in urban design evaluations. A correlation of R2 = 0.79 to solar availability on facades was demonstrated in a study which simulated solar radiation assuming cloudless annual conditions [43]. Findings from another study concurred that SVF correlates well with solar irradiation of facades, especially considering only the diffuse solar radiation component that showed a nearly perfectly linear correlation to SVF [16]. Furthermore, SVF has shown to have a significant effect on urban microclimate and has been closely associated with urban heat intensity (UHI) [70,71,72]. In fact, the SVF metric originated from urban climatology studies [68]. The connection of SVF to daylight, sunlight, and microclimate is evident, which suggests that it has a high potential for urban planning applications. For the metric to become a reliable indicator of urban design performance, further investigation into SVF and suitable benchmarks is necessary.



	
VSC






Vertical Sky Component (VSC) is a simple G metric that is calculated for a vertical façade surface and is used to predict the daylight penetration indoors, without having to introduce information about the interior layout and properties. It is calculated at a single point on a façade as a ratio of illuminance that arrives at the given point to the total illuminance received by an unobstructed horizontal surface, assuming the CIE overcast sky conditions and no reflections [73].



Good correlation between VSC and DF has been demonstrated [74]. VSC is given as a predictor of daylight in Building Research Establishment (BRE) daylighting guide [73]. Bournas [56] studied VSC among some geometric attributes that may affect indoor daylighting scores and found that VSC had a significant effect on compliance to the reviewed daylighting criteria. The correlation between VSC and DF is perhaps unsurprising since both metrics are in fact geometry-based; they both use the CIE overcast sky model, except that VSC measure stops at the façade level and thus does not account for window properties and internal layout. Due to the lack of model complexity required, VSC could be a prospective choice for early design assessments with focus on daylighting.



	
DF






Daylight factor (DF) is a measure that expresses a ratio of illuminance at a point located on a horizontal plane indoors to the total illuminance of an unobstructed horizontal plane located outside, assuming the CIE overcast sky [75]. When it forms a metric, it is often presented as an average DF per room, or as a point value for a standardised control point location within a room [76]. Both metrics (average DF and point DF) require knowledge about window placement on facades, window properties (e.g., transmittance), internal layout (room boundaries), and surface reflectances. Although site and climate inputs for the DF metric calculation are relatively simple, the complexity of aforementioned input information, which is typically unknown in the urban planning stages, implies that the metric might not be suitable for early design assessments. A relevant substitute metric for the early-stage assessments might be the VSC metric, as it was seen to correlate well with DF [56,74].




3.4.2. Latitudinal Metrics


L metrics are created from the information about the site geometry and the position of the sun in the sky due to the latitude location, and thus, they typically reflect the solar access aspects of a design. Building orientation matters for L metrics, and it is imperative for passive solar design [77]. The metrics remain relatively simple, as clouds and radiation are neglected. The calculation is based on the spatial relation between urban geometry and solar vectors, which represent the direction of the solar rays when the sun is up, assuming a theoretical cloudless sky condition. The analysis checks if selected sun vectors are intercepted by an obstruction before they reach a given point in the analysed geometry grid. Solar vectors are calculated based on a geographical reference. The conditions governing sun positions and sun vectors are perpetual; this type of information is not subject to temporal modifications or external influence, e.g., climate change.



Calculating solar access in a 3D modelling space has multiple analysis purposes. The simulation of direct sunlight hours group of L metrics can be used to determine building masses with the solar envelope method [78,79]. It has been used in estimation of solar energy potential [80]. Architects often use point-in-time shadow plots to visually assess shadowing and solar access of an urban area [4].



The time constraint of L metrics is usually either a certain period or a selected reference date. According to the BRE guide, the so-called ‘shadow plots’, which can result from L metric calculations, should be performed for 21 March—spring equinox [73]. Equinoxes are special in a way that the daytime duration is the same everywhere on Earth (12 h), which makes this reference date suitable for design comparisons across the globe. Equinoxes also give an averaged solar access information for a given location, as the date falls exactly in between the two winter and summer extremes: the solstices. However, 8 February, 21 February, and 21 December have also been used as standard reference dates in previous research [81]. Some of these dates also appear in many of the present solar access regulations [11].



	
Shading mask






Shading mask is a visual type of metric that is presented on a stereographic projection of a sky dome and the local sunpath—commonly known as the sunpath diagram [82]. Shading mask is drawn for a single point looking upward. The sky dome projection is shaded by surrounding obstructions, which are projected onto the image in a fisheye perspective. Thus, shading masks have also been known as fisheye catchments [83]. They can be either generated using a computer 3D model or captured directly on site. The sunpath lines that are covered by obstructions in a shading mask image represent the times in a year when solar access to the analysis point is restricted. This method is commonly used to display shading of a single point located on the ground or on the façade [12,21].



The shading mask metric is advantageous in being able to display shading over the entire year, but the downside is that it is carried out only for a single point. Multiple shading masks for different points on an analysis surface can be combined into a single multishading mask [84,85], which provides the benefit of assessing shading of the whole area in the whole year. It indicates which times of the year the space can be overlit or overshaded and is computed by superimposing shading masks taken from many points on the analysis grid.



Stereographic sunpath projections have also been used as sunlight availability protractors [82,86]. They display probabilities of sunshine marked on the sunpath as average sunlight duration. However, because the metric provides probability of sun shining at certain times in a year, it involves climate-dependent data and therefore, should be considered an EC metric.



	
APS






Area of Permanent Shadow (APS) is a metric that was first introduced in an older version of the BRE guide: ‘Site layout planning for daylight and sunlight: a guide to good practice’ [87]. The recommendation stated the following ‘It is suggested that, for it to appear adequately sunlit throughout the year, no more than two-fifths and preferably no more than a quarter of any garden or amenity area should be prevented by buildings from receiving any sun at all on 21 March’. Naturally, the term ‘permanent’ refers to areas that are completely shaded during the entire winter season (from equinox to equinox). It proved problematic in application because points which receive only minutes of sunlight can still comply, yet are not sufficiently sunlit. Therefore, the recommendation was removed from the following and latest version of the guide, and instead of APS, BRE now suggests using a threshold of two hours of direct sunlight on ground (see ‘Two-hour area’).



An example analysis of the APS metric in an enclosed square courtyard ground surface (Figure 5) reveals an intrinsic relationship: for a given building geometry, the value assumed by the metric is different depending on the orientation of the courtyard building, and follows an exponential function shown in Figure 6, as APS45° = (APS0°)2. It occurs because solar access to a courtyard, which is here expressed by APS area, is dictated by the highest position of the sun on the reference day, i.e., solar altitude at noon. Concurrently, it was found that the orientation of the same courtyard geometry does not affect cumulative solar radiation received by the facades of the courtyard. It is, therefore, indeed questionable whether the metric is adequate for quantifying solar access. Moreover, the metric has not been found in scientific literature.



	
Two-hour area (ground)






The latest edition of the BRE guide ‘Site layout planning for daylight and sunlight: a guide to good practice’ recommends that ‘at least half of a garden or amenity area should receive at least two hours of sunlight on 21 March’ [73]. The metric is based on threshold compliance, and the results are normalised by min-max fraction of the analysis area that complies. BRE advise to draw a two-hour sun contour on the analysed surface for further visual examination. The metric is based on a single reference day, the spring equinox, which consists of twelve sun vectors in an hourly-based computer simulation. The metric has not been found in scientific literature. In general, little attention has been paid so far to the evaluation of cloudless direct sunlight access on ground surfaces.



	
Sunlight exposure (façade)






Façade sunlight exposure quantifies the connectedness of building apertures to the sunpath, and when formulated into a metric, it may, for example, express information about the proportion of the façade area that receives certain duration of cloudless direct sunlight on an approved reference day. Such a measure is used in the Swedish and European daylighting standard SS EN 17037 [12] under the recommendation for exposure to sunlight in dwellings. The stipulation reads that at least one habitable room in a dwelling should receive a minimum of 1.5 h of direct sunlight (assuming cloudless sky) on any one date between 1 February and 21 March. It suggests that the European authorities issuing the directive considered sunlight important for ensuring pleasant indoor quality of dwellings.



Indeed, there are multiple benefits of sunlight, including positive impact on health [88], wellbeing [89,90], and hygiene [91]. Residents have indicated therapeutic benefits of sunlight as the most liked effects of sunlight [92].



There are also adverse effects of sunlight to consider, namely glare and overheating [93]. Negative effects of sunlight indoors can be accounted for by the metric called Annual Sunlight Exposure [94], which expresses a percentage of analysed indoor area that receives over 1000 lux for more than 250 h in a simulation year. However, ASE is rather an IC metric as it involves full climate-based annual simulations and requires internal modelling and thus is less suitable for urban planning purposes (see Section 3.4.4).




3.4.3. External Climatic Metrics


Adding on to the information about the geometry and location, EC metrics also use information provided in a local weather data file. It is typically carried out in a simple and selective way, hence their distinction from more advanced IC metrics that often use multiple weather parameters at a time. EC metrics are also limited to external assessment of surfaces and conditions, whereas the IC metrics describe the performance from a more complex indoor perspective. EC metrics assume simplified weather data, boiling it down to a model or to an equation, whereas IC metrics use a time-based (typically hourly) simulation. Thus, the computations of IC metrics are much more sophisticated and require late design variables, such as system schedules or material properties. Furthermore, weather parameters used for EC metrics can be translated into simple climate models, e.g., a cumulative radiance sky model, where every patch of the sky dome is assigned a cumulative radiance value from a given period of time [95]. Weather parameters can be also used in a static formula, like in the calculation of maximum urban heat island (UHI) temperatures [96].



	
APSH






Annual Probable Sunlight Hours (APSH) is a metric used to evaluate the sunlight availability of a façade surface at a single point. It was used in the BRE guide [73] and the British code of practice [97]. APSH checks for availability of sunlight considering the average cloudiness of the local climate. The 1999 BRE guide [98] introduced a graphical method of calculating the APSH involving the use of sunlight availability indicators. An indicator was marked with 100 points, each representing 1% of annual probable sun. The sunshine duration values could be obtained from a reference book [99]. Calculation and graphical interpretation methods were introduced. The number of unobstructed dots on the sunlight indicator make up the percentage score for the APSH metric. The method of calculating and plotting the sunlight availability indicator was originally manual; however, an automated APSH calculation method has been developed as a plugin for SketchUp [100]. The British code [97] recommends that a window surface receives at least a quarter of all APSH, and that at least 5% fall on the geometry during the winter months (21/9–21/3).



	
UHI






Urban heat intensity (UHI) is a metric that pertains to the unwanted effect of abundant sunlight access and overheating of urban spaces (known as the urban heat island effect). The UHI equation (Equation (1)) derived by Theeuwes et al. [96] calculates the severity of temperature increase in an urban space in relation to the rural area with a zero-level increase using (i) view of the sky dome G-metric—SVF, (ii) vegetation coverage of the area—veg, (iii) selected weather parameters—Mrural. The meteorological rural weather variable (Mrural) is calculated using parameters from a simulation weather data file: wind velocity, solar radiation, and air temperature.


UHImax = Mrural × (2 − SVF − veg)



(1)







In the UHI equation, only SVF and vegetation coverage can be modified by means of design, as site-specific climate cannot be altered. SVF accounts for the ability of an area to undergo radiative cooling, and it can only really be manipulated in the planning (massing) stages of new developments. Vegetation coverage is equally important in heat dissipation of urban spaces because of the cooling benefit in transpiration of foliage. Unlike SVF, vegetation fraction of an area can be increased at a later stage of development, for instance by dedicating more urban spaces to greenery or by turning regular roof finishes into green roofs.



Urban microclimate is affected by urban heat island effect, which can be exacerbated by urban morphology. Microclimate analysis using simulations can be complicated and time-consuming. The UHI metric enables a quick and simple method to assess overheating issues in an urban area and to perform initial design assessments.



	
Solar irradiation






Irradiance appears to be the most common type of information used to quantify solar access in built environments. It has been widely used in solar potential research [25,83,101,102,103] and in validations of other simpler metrics [16,24,45,55]. It is a reliable measure of solar potential because it connects to real time-based climate; yet it does not require complex simulations nor is it computationally intensive. The computation ceases at the external surface layer of the built environment, therefore in the taxonomy (Table 2), irradiation-based metrics fall under the EC metric class.



Irradiance is a measure of solar radiation flux coming directly from the sun beams and indirectly as diffused light on the sky dome. It is implemented in solar radiation simulations using solar information from a weather data file. When a surface is exposed to irradiance over a period of time, then the geometry receives certain amount of irradiation. Prior to simulations of surface irradiation, a computer-based sky model must be generated. It contains either hourly or cumulative period-based values of irradiance (W/m2) or radiation (J/m2), which are then used to compute the solar radiation amount that reaches a given analysis point in a 3D model. Cumulative radiative sky models contain for each of the sky dome points (sky patches) an aggregate solar radiation energy value for the entire analysis period. The use of such models in simulations can save computational power and reduce simulation time. Furthermore, it is imperative to set a desired level of computational accuracy for modelling and for radiance simulations. It is done by adjusting various simulation settings such as sky model division, number of ambient bounces, or surface grid resolution. Normally, the models are created from climate data which includes realistic values with a mix of sunny, intermediate, and cloudy skies. However, it is possible to assume artificial sky conditions such as the cloudless sky [43]. Though, a metric based on such initial conditions would be closer in principle to the G- or L-metric class.



Metrics formulated from solar radiation simulations have a good suitability and usability in evaluations driven by solar design objectives, as irradiation is directly linked to solar performance aspects. This is especially true in the case of estimating solar energy potential for on-site electricity generation [104,105]. For this purpose, performance thresholds are often used, which have to do with financial feasibility aspects of solar installations. Commonly used target values for annual irradiation are 600 kWh/m2 [16,106] or 800 kWh/m2 [13,17,24] for facades, and 1000 kWh/m2 [17,24,34,107] for roofs. The benchmark values tend to be lower for solar thermal applications [13,17]. Furthermore, reduction factors can be applied to account for window-to-wall ratio or fenestration design (e.g., balconies) when precise information about surface elements is unknown or insufficient [25].



Surface irradiation results can be presented directly in a visual form, but to form a numeric metric, the results must be transformed using the aforementioned formulation principles: normalisation, time constraint, and valuation. There are infinite ways of presenting and formulating the results depending on the purpose, which can be for instance: passive solar heating [24,108], active solar systems [109,110,111], urban heat island [112], or food and energy self-sufficiency [44]. The previous example in Figure 3 illustrates some possible ways of constructing an irradiance-based metric. The challenge of the analyst lies in the selection of suitable formulation characteristics to generate the metric which should communicate the simulation results adequately to the design evaluation aims. Spatial normalisation is a common strategic choice in irradiance-based metric formulation [3,6,26]. It has the advantage of making the metric comparable across different designs and projects. Additionally, normalising the irradiance by the living space floor area gives a metric a better communicative power, with the potential of expressing self-sufficiency.




3.4.4. Internal Climatic Metrics


IC metrics often serve as performance indicators as they pertain directly to the quantifiable design objectives or criteria used in energy, daylighting, and comfort assessments. There is certainly a direct link between the performance and the IC simulated metrics due to their level of simulation complexity and realism of expression. However, they may not be suitable for early design stages as they require much more sophisticated inputs than the simpler metrics presented in this paper [13]. The latter do not require the design to reach a high level of external and internal modelling detail, and instead stop at the exterior level of buildings.



IC metrics are computationally demanding; therefore, they often come into design considerations late in the development process. Moreover, they require the input of internal layouts and other scheduled or non-scheduled inputs that have a great impact on the IC metrics but are not yet established during the massing stages, whereas the context-dependent solar access is. It is usually after the massing stages are concluded and the context geometries are established that the internal layouts undergo further planning.






4. Discussion


This review proposed a taxonomy with four classes of solar performance metrics in urban planning. Amongst those, the internal climatic (IC) metrics may not be suited for urban planning stages despite their accuracy in performance assessments. As an example, we can look at the Swedish Planning and Building Act [113], which regulates the detailed development plan (DDP). Swedish municipalities are responsible for producing such a DDP, which contains initial massing of future developments and is setting spatial constraints for urban areas. In the plan, a municipality must determine the extent and function of public spaces and of planned neighbourhoods (including building footprints and roof shapes). They may also state the planned proportion and size of the apartments. To ensure good solar access in the massing stages within the scope of a DDP, decisions should be informed and driven by solar performance assessments. The DDP, however, does not provide enough internal geometry information and other building properties needed for complex performance assessments using IC metrics; yet, the DDP may provide sufficient geometry constraints to calculate the less complex metrics pertaining to the solar access of the neighbourhood areas, allowing to make early urban planning inferences. The present review showed that for that purpose, the lower complexity metrics appear to be more appropriate.



Such metric(s) are not yet available, although efforts are being made. For instance, a new aperture-based daylight modelling approach was recently proposed [114]. Instead of assessing metrics calculated for internal building grid, the method looks at the size of building apertures. This simple geometrical information provides an understanding of the connection between the building interior and the view out (sky, ground, and obstructions), linking the G metrics to the IC ones. While the approach is of great interest, its validation is still missing.



Urban planners have a limited expertise in solar evaluations and lack relevant methods, tools, and indicators [14,22]; thus, they urgently need reliable, yet simple methods that can be integrated into their planning routines. Urban planners have also shown a preference for visual methods of metrics presentation and expressed the need for simple evaluation techniques that would yield fast and accurate results.



However, it is important to mark that there is no clear indication of adaptable metrics which could be applied consistently in assessments of different neighbourhood typologies. For example, there is an important distinction between neighbourhoods comprising of low-rise and/or high-rise buildings. Many types of neighbourhoods are potentially possible [115], and different geometric variations may yield deviating results. The scope of this paper, however, is not limited to a specific neighbourhood type, size, or density; the presented solar metrics can be applied to any kind of urban design. Nonetheless, this review advocates further validation of solar performance metrics using multiple design patterns. Previous studies have typically used one of two methods to evaluate performance metrics with respect to different densities and urban typologies: assuming artificial design cases [26,49,67], or using real case studies [6,24,55].



This review showed that efforts had been made to establish simple solar metrics as urban planning phase performance indicators; however, consistent methods and prescribed indicators for solar performance evaluations at the urban planning level are still lacking. Despite promising correlations to complex IC metrics, simple metric benchmarks have not yet been defined. It is also not clear how the simpler metrics correlate with each other. Future research should focus on this knowledge gap and aim at expanding the understanding of suitable solar metrics as well as demonstrating their application methods in solar evaluations of urban designs. This knowledge will further assist urban planners in their efforts and might also promote regulatory consensus in solar access legislation.




5. Conclusions


In this paper, a review of metrics used in solar performance assessments in the urban planning and early design stages was presented. Aiming to systematise the knowledge on metrics, we identified and discussed:




	
The main assessment functions of metrics (comparative, conforming, and quantified);



	
The metric formulation principles (valuation, time constraint, and normalisation);



	
The presentation methods (visual and numeric) with examples;



	
The metric taxonomy, containing classes (G, L, EC, and IC) and groups of metrics;



	
Popular metrics used for solar urban planning assessment purposes.








The information provided here can be further used by practitioners and researchers alike as the review offers guidelines on the use of metrics in design evaluations. It was indicated that using the principles of metric formulation in a purposeful and appropriate way can ensure effective communication of analysis results.



Systematically formulated metrics, which have been validated in relation to performance, may be used with confidence as KPIs. The review showed that performance indicators are typically formulated using a normalisation technique and valuated based on performance thresholds. Potentially, multiple metrics might be aggregated to form a single performance index using bespoke weighing factors. However, such methodology should be applied cautiously as reducing the data to one index hides important information, which can weaken comprehension. To increase reliability of metric-based assessment methods, potential metrics must be validated and further studied. Indeed, there is a need to find ways of incorporating simple numeric metrics as well as visual display methods into early design assessments.



Future work should aim to fill this gap in order to increase the confidence in the use of metrics for design evaluations. It is imperative to unveil the relationship between various complexity metrics and to analyse the feasibility and consequences of using the lower complexity metrics for decision making purposes in the urban planning stages. Building on the present research, future work should aim to (a) evaluate solar metrics for neighbourhood assessments to increase understanding about their role and correlations; (b) establish metric thresholds and solar performance criteria; (c) establish workflows and assessment method for solar access evaluations in early planning stages.
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Figure 1. Identification of metric functions, presentation methods, and characteristics. 
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Figure 2. The three metric characteristics that should constitute the metric formulation principles, including commonly found examples. 






Figure 2. The three metric characteristics that should constitute the metric formulation principles, including commonly found examples.



[image: Buildings 12 00393 g002]







[image: Buildings 12 00393 g003 550] 





Figure 3. Example of creating different metrics from the same annual solar radiation simulation data. The model was drawn in Rhinoceros [27], and the simulation was performed with Ladybug 1.3.0 [28]. (A) list of values for every analysis grid point resulting from the annual solar radiation computation; (B) visual presentation of solar radiation metric; (C) radiation metric computed as an average; (D) radiation metric based on a formula; (E) normalised radiation metric based on threshold compliance. 
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Figure 4. (a) Visualization of two twin morphological metrics, FAR and VAR, and their calculation methods. (b) Relationship between FAR and total floor area for an assumed plot size 50 × 50 m2. The graph contains examples of single building forms that can be created on the plot to abide by FAR equal to 1 and 2. 
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Figure 5. Exemplary values of surface to volume (S/V) ratio for different building shapes and sizes. 
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Figure 6. The graph presents a universal relationship between the values of the area of permanent shadow (APS) metric depending on the orientation of a square closed building courtyard. The 0° orientation has facades facing the cardinal directions. 
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Table 1. Concepts and keywords that were used in a citation search query string in Scopus. The first item of each concept (in bold) is the main keyword, followed by its synonyms and similar keywords. The underlined keywords were used in the initial database scoping.
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Concept 1

	
Concept 2

	
Concept 3






	
↑

OR

↓

	
solar access

solar potential 

solar performance 

solar availability

solar envelope

solar planning

solar design

	
metric

indicator 

requirement

recommendation

ordinance

legislation

	
neighbourhood

urban

public

building

city

cities

district




	
← AND →








Keywords in bold capture the main distinct concepts, of which the rest of the keywords are synonymous. Keywords that are underlined were used in initial scoping of a citation database.
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Table 2. Taxonomy of metrics in solar urban design. Metrics were divided in classes: G, L, EC, and IC. Each class consists of metric groups (underlined) and includes a few commonly used metrics that are further discussed in this paper. Other metrics exist but are used less frequently.
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Geometrical (G)

	
Latitudinal (L)

	
External Climatic (EC)

	
Internal Climatic (IC)






	
Morphological ratio 



	-

	
FAR (floor area ratio)




	-

	
VAR (volume area ratio)




	-

	
S/V ratio (surface to volume ratio)




	-

	
H/W ratio (height to width ratio)




	-

	
OSR (open space ratio)






View of the sky dome

	-

	
SVF (sky view factor)




	-

	
VSC (vertical sky component)




	-

	
DF (daylight factor)







	
Direct sunlight hours 



	-

	
APS (area of permanent shadow)




	-

	
Two-hour area




	-

	
Sunlight exposure






Sun path diagram

	-

	
Shading mask







	
Weather-data-based 



	-

	
APSH (annual probable sunlight hours)




	-

	
UHI (urban heat intensity)






Solar irradiation

	
Energy use *

Daylighting *

Thermal comfort *

Visual comfort *
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* These metric groups do not fit in the context of this review thus were not discussed here.
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