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Impact of building shading on solar energy potential of rural clusters: a case study of Nanjing, China
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Abstract. Rural building clusters have significant prospects for solar energy application. However, the unclear impact of building shading on solar radiation distribution impedes their effective utilization. To address this issue, we conducted case studies in three villages with diverse morphologies in Nanjing. Employing a 12.5 m resolution digital elevation model (DEM), 3D building models, and hourly radiation simulation, we investigated the annual accumulated solar irradiance of these villages with and without building shading. The results showed that the impact of mutual shading is more substantial on facades than on rooftops. Without the shading, the façade annual accumulated solar radiation is 29.8% to 55.5% higher. While for rooftops, this ratio is only 2.9% to 4.7%. For different oriented surfaces, west-facing rooftops and facades are the most sensitive. Neglecting building shading leads to overestimations of 4.0%-20.8% and 37.0%-84.8% for the solar irradiance on them, respectively. Furthermore, the morphological disparity of villages would interfere with the impact of building shading. This study contributes to a more accurate assessment of solar energy potential in rural areas, which is vital for constructing a sustainable society.
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Introduction
Utilizing solar energy is regarded to be a critical solution for curbing climate change, due to the abundance, accessibility, and safety of this energy. Particularly in rural areas that have a large number of low-rise buildings and ample vacant land, solar energy applications possess promising prospects. In recent years, numerous studies have paid attention to this field, especially for building-integrated solar energy systems [1,2]. For instance, Sun et al. [3] utilized high-resolution satellite images to identify the flat and pitched rooftops of villages in northern China and estimated the corresponding PV power potential. Zhong et al. [4] and Yang et al. [5] used satellite images and vector-building footprints to reveal the possible rural rooftop PV power capacity of coastal cities in southeastern China. However, it is necessary to point out that due to the lack of 3D building models, the impact of building shading is generally ignored in these studies. Although the low-rise characteristic of rural buildings can support this simplification to a certain extent, its precise consequences have not been unveiled. In light of this, this study employed three villages in Nanjing as cases and preliminarily quantified the impact of building shading on the solar energy potential of rooftops and facades with different orientations.
Study area and methodology
Study area
This study focused on Nanjing, a metropolis in eastern China. Due to the subtropical monsoon climate, Nanjing has an annual average temperature and precipitation of 15.4 oC and 1200 mm, respectively, with the sunlight hours being about 2000 h per year. By the end of 2021, Nanjing accommodates a residential population of 942.3 million and spans an area of 6587.04 km2 [6]. This huge population incurred a great demand for energy. For instance, in 2021, Nanjing’s electricity usage reached 68.4 TWh, accounting for about 9.6% of the total electricity use of Jiangsu province (the higher-level administrative region encompassing Nanjing) [7]. This exerts great stress on the city’s sustainable development and drives it to seek a clean energy transition.
Among various clean energy, solar energy was deemed to be the promising one for this city, especially in its rural areas. With a nearly 1.96 million household population and 66.5 m2 per capita floor area in these regions, rural buildings of Nanjing have approximately 130 km2 of floor area, which provides substantial space for solar energy technologies (e.g., PV panels) application. For example, according to the report of [5], rural buildings in this city can generate a total of 6.83 TWh annual rooftop PV power, taking up 10.8% of the city’s electricity usage in 2021. Therefore, selecting Nanjing as a study area is valuable for exploring rural solar resources to achieve sustainable development.
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Fig. 1. The selected three villages. a) Location, b) Satellite image, c) 3D characteristic
In this work, three villages distributed in different geographical locations were selected as case studies, as shown in Fig. 1a and b.  With the 12.5 m resolution digital elevation model (DEM) downloaded from Alaska Satellite Facility (ASF, https://asf.alaska.edu/) and the three-dimensional (3D) building models developed according to [8], their morphological characteristics were described in Fig. 1c. It can be observed that the total floor area of these villages ranges from 11874.68 to 32874.59 m2, while the main building orientations are all southeast. The average terrain variation within a village varies from 0.73 to 5.59 m. These discrepancies allow us to rigorously analyze the impacts of building shading on solar energy potential, particularly for considering the interference of morphology.
Solar radiation simulation with and without building shading
With the 12.5 m resolution DEM and 3D building models, this study employed Ladybug Tools to calculate the annual accumulated solar radiation distribution of villages. Ladybug Tools is a specialized integrated platform for building physics analysis. It includes four main modules: Ladybug, Honeybee, Dragonfly, and Butterfly. Among these, Honeybee is dedicated to simulating building energy performance, e.g., air conditioning system design and indoor daylight assessment, by invoking related simulation engines, such as EnergyPlus and Radiance. The backward ray tracing method adopted in Radiance enables Honeybee can accurately calculate the solar radiation distribution on building exterior surfaces in high spatiotemporal resolution. Here, we utilized Honeybee to conduct the simulation.
Initially, the DEM and 3D building models were fed into Rhino, a 3D design software. Then the rooftops and facades of these building models were discretized into parallel grids. After importing the typical weather file of Nanjing, Radiance was invoked to simulate the distribution of solar radiation on each grid with a timestep of 1 h. By aggregating the results of these grids, we ultimately derive the annual accumulated solar radiation distribution of rooftops and facades. Notably, this process was repeated twice, one for considering building shading by taking each building as the context, while the other was for ignoring building shading where only topography was set to the context. Detailed settings of these simulations are summarized in Table 1.
Table 1. Parameter settings of solar radiation simulation.
	Parameters
	Settings
	Descriptions

	Grid size
	2 x 2 m
	The sizes of discretized grids

	Reflectance
	Rooftops: 0.48, Facades: 0.35, Ground: 0.26
	The proportion of solar radiation reflection

	Ambient Bounce
	3
	The maximum number of sky diffuse bounces within a village

	Recipe type
	rfluxmtx
	The recipe adopted to calculate solar radiation

	Detail level
	high
	The quality of model parameters


Results and discussions
Annual accumulated solar radiation distribution in rural building clusters
Fig. 2 shows the annual accumulated solar radiation on rooftops and facades of each village when considering building shading. It can be seen that the total amounts of radiation on rooftops and facades are close to each other with a ratio of approximately 50% vs. 50%. In village I, the annual accumulated solar irradiances of rooftops and facades are 13.86 and 12.22 GWh (1 GWh equals 10^6 kWh), respectively. While for village III these values are 9.63 and 8.52 GWh, respectively. This depicts that rooftops and facades of rural building clusters have nearly equivalent prospects for solar energy application. Furthermore, among differently oriented building surfaces, south- and north-facing rooftops and south- and west-facing facades have the highest annual accumulated solar irradiance, they jointly contribute to over 60% of the total solar radiation in each village, indicating they should be given priority when exploring rural solar resources.
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Fig. 2. Annual accumulated solar radiation of three villages. (R: rooftop, W: façade, E: east-facing, N: north-facing, S: south-facing, W: west-facing)
Impacts of building shading on rooftop and façade solar energy potential
Fig. 3 illustrates the annual accumulated solar radiation distribution of each village with and without building shading. It can be seen that the impact of building shading on facades is higher than on rooftops. In Fig. 3a, after excluding building shading, the annual accumulated solar radiation of total facades increased by 2.54 to 8.31 GWh, whilst the corresponding increment for rooftops is only 0.31 to 0.71 GWh. Fig. 3b depicts the relative variations of solar radiation of them. In line with Fig. 3a, the growth degree of facades is more significant. When building shading is ignored, solar energy potential on this type of surface rises by 29.8% to 55.5%, far surpassing the ratio of 2.9% to 4.7% of rooftops. Additionally, it is observed that village type has an interference with the impact of building shading. In Village I, the overestimated percentage for façade solar irradiance exceeds 50%, while for Village II and III, the overestimations are less than 40%. This may be attributed to their morphological disparities. As shown in Fig. 1c, compared to Village II and III, Village I holds more easterly orientation and flat terrain. Therefore, in future evaluation of the effect of building shading, the impact of village morphology should be taken into account.
Specific to orientations of rooftops and facades, Fig. 3c and d show that west-facing surfaces are most easily influenced. In the three villages, when building shading is ignored, the annual accumulated solar radiation of west-facing rooftops and facades is overestimated by 4.0% to 20.8% and 37.0% to 84.8%, respectively. Particularly for Village I, the overestimation error is highest. Hence, when utilizing west-facing surfaces to deploy solar energy systems, the impact of building shading must be considered, even if they are rooftops.
Finally, this study has some limitations that need to be addressed. First, vegetation in rural areas (e.g., trees and grass) was not included in these 3D village models, causing a certain error in their impact evaluation. Second, a higher temporal-resolution assessment (e.g., monthly and daily) on building shading impact should be implemented to guide the deployment of solar energy systems in practice.
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Fig. 3. Annual accumulated solar radiation of three villages with and without building shading. a) Absolute variations of rooftops and facades, b) Relative variations of rooftops and facades, c) Absolute variations for different orientations, d) Relative variations for these orientations
Conclusions
With the studies of three villages in Nanjing, this work found that the impact of building shading on solar energy potential is more significant on facades than on rooftops. Ignoring this shading, the annual accumulated solar radiation of facades would be overestimated by 29.8% to 55.5%, while for rooftops this error is only 2.9% to 4.7%. Among various oriented surfaces, west-facing rooftops and facades are the most sensitive. The overestimations for them can reach maximums of 20.8% and 84.8%, respectively. Additionally, village morphology exerts interferences with building shading. Therefore, their effect should be considered in future studies
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Note: TFA: total floor area, MBO: Main building orientation, ATV: average terrain variation
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ID Name TFA /m
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MBO ATV /m Remark

I Zhoulang

village

17296.44 21.7o

south by 

east

0.73

Min terrain 

variation

II Beisheng

village

32874.59 6.32o

south by 
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3.00

Moderate terrain 

variation

III Danian

village

11874.68 9.48o

south by 

east

5.59

Max terrain 

variation
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Rooftop: 13.86  Façade: 12.22

Unit: 10^6 kWh

Rooftop: 24.22  Façade: 23.70

Unit: 10^6 kWh

Rooftop: 9.63  Façade: 8.52

Unit: 10^6 kWh
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