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Abstract 

Buildings, being responsible for 40% of energy consumption in the European Union, have been 

subjected to legislation in order to reduce consumption, achieved through the search of greater energy 

efficiency and the use of renewable energy. To this end several solutions have been sought out, 

especially the installation of photovoltaic panels and solar collectors. Traditionally these panels have 

been placed on the roofs, although there are already examples of placement on facades. 

In the performance of these systems the incident solar radiation is one of the variables with greater 

expression; as such the study of the parameters that condition said radiation is of the utmost 

importance. Thus, in order to assess in more detail the incident solar radiation it was analyzed the 

impact of the geographical environment and the urban context, on the roofs and facades of a section 

of downtown Lisbon. This area, with a replicable type of morphology, is very suitable for procedural 

modelling allowing the generation of a three-dimensional model and the test of different geographical 

and building environment configuration, based on their attributes. 

For this purpose four radiation models were applied (Area Solar Radiation, Incident Solar Radiation, 

Solar Exposure Graph and the model of Kumar et al. (1997)), their results compared, for the winter 

and summer solstice, and identified their limitations. The influence of the urban context and the 

geographical area were evaluated in five different scenarios: geographic area of approximately 1,3 

km² and 0,03 km², with and without built environment, and the building decontextualized. Different 

surface materials for the facades of the surrounding buildings were also considered. 

From comparing the results it can be concluded that there is a dependency relationship between the 

simulation results and the size of the geographical area, increasing however the computational time. 

From this compromise results that the consideration of a smaller area (0,03 km²) that includes all the 

obstructions to the radiation is the most suitable solution for simulation studies, since the results are 

very similar (5%) to those obtained from a larger geographical area (1,3 km²) with a clearly smaller 

simulation time. Comparing the simulation results in this area and isolated block there was a 

difference in the order of 400% which demonstrates the importance of the inclusion of the 

geographical environment and the urban environment in the simulation of the incident radiation in 

buildings. 

These results are important not only for studies of thermal, visual and energy performance of 

buildings as well as in durability and pathologies studies in facade coatings. 
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1. Introduction 

The design of buildings with low energy requirements experienced a growth in demand since the 

70´s, after the oil crises and the consequent energy crises that followed. The renewed interest in 

renewable energies led to advances in several areas, among them Architecture, resulting in the 

development of pioneer housing projects (Moita, 1987). This tendency persisted through the 90’s and 
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by then Europe became the leading expert in this type of project design, producing housing employing 

high tech solution to collect energy and maintaining thermal comfort, resulting at times in unaffordable 

solutions (Hastings and Wall, 2006). 

With the financial crisis felt in Europe and around the world the European Commission started the 

Europe 2020 initiatives in order to stabilise the Union. Launched in 2010 it aims to provide sustainable 

growth by the end of 2020 by establishing targets. For climate change and energy sustainability it’s 

necessary to raise to 20% the energy from renewable sources and also to increase by 20% energy 

efficiency (Comissão Europeia, 2012). 

The United Nations Environment Programme claims that buildings are responsible for 40% of total 

energy consumption present in each country resulting in the creation of legislation by the European 

Union to ensure the reduction of energy usage. This measure led to the construction of Nearly Zero 

Energy Buildings that have low energy requirements and should be able to obtain the missing energy 

in situ. In order to achieve this alternative energy solutions are sought out. Among the most applied, 

thanks to the range of solutions and the lowering prices, are the installations of solar panels. 

The best location for the installation of active solar systems depends on several parameters such as 

terrain relief and the building environment, for that purpose, to determine solar potential a digital 

surface model must be obtain (Freitas et al., 2014). The detail and range of the digital surface model, 

as well as the radiation model, are directly correlated to quality of the results. 

 

2. Solar Potential 

Solar energy originates from thermonuclear reactions at the core of the sun resulting in a heat wave 

that allow its surface to reach 5500ºC. Irradiated energy is emitted from the sun at an intensity of 

6600W/m² through electromagnetic waves, reaching the edge of earth’s atmosphere with 1370W/m². 

This value is called solar constant. Before this energy reaches the earth surface it must go through the 

atmosphere, ensuing in a lost of intensity do to atmospheric dispersion, reflection and absorption 

(Moita, 1987). Therefore the amount of atmosphere solar beams must cross to reach the surface 

determines the quantity of energy lost. Hence solar position in the celestial dome is essential and 

indicated by solar azimuth angle and solar altitude angle. The inclination of the surface being analysed 

relative to the sun is also a factor. 

Solar radiation that arrives at the surface can be divided in three categories: direct, diffuse and 

reflected. Direct radiation describes solar radiation travelling from the sun to the surface of the earth 

without obstacles and is the strongest component among the three. Diffuse radiation describes solar 

radiation that has been scattered by molecules and particles in the atmosphere but that has still made 

it down to the surface of the earth. Reflected radiation has been reflected off of non-atmospheric 

source such as the ground and urban elements. 

Solar radiation models estimate the extent of radiation that arrives at specific spot at the earth’s 

surface by direct or indirect means by taking into consideration geographic, meteorological and 

temporal factors. Thus, at an urban scale a digital surface model (DSM) is required, by combining the 

digital terrain model (DTM) with buildings and urban elements present. 
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2.1 Digital Surface Model 

There are two methods to obtain a DSM in urban environment: i) through the acquisition of a 3D 

point cloud that allows geometric reconstruction of the surveyed elements; ii) by means of procedural 

and/or parametric modelling. Usually in the first approach de data is acquired by aerial photography 

surveys, unmanned aerial vehicle (UAV) or light detection and ranging (LIDAR) system. In the second 

approach, the 3D models are built based on attributes stored in a geodatabase, and are generally 

referred to as 3D GIS / CIM models (Gil et al., 2011). Lacking the rigor in form that is obtained from 

LIDAR its quality is defined by the information that characterizes it, allowing the creation of models 

expeditiously with volumetric forms easily manipulated. This method is best applied in an urban 

environment with clear repetition and symmetry of the architectural elements in order to best capture 

the local identity (Aliaga, 2012).  
 

2.2 Solar Radiation Model 

There are several models available for the analyses of solar radiation, specialised in different levels 

of geographic coverage and volumetric consideration, leading to 2.5D and 3D approaches.  

For 2.5D models for each planimetric position (x,y) there is a corresponding elevation value (H), for 

that reason it’s impossible to identify distinct elements from the different planes that compose the 

object represented. As such, it’s not possible to distinguish radiation values for those planes, resulting 

in models with only one solar radiation value for each location (x,y). This approach is most adequate 

for non urban scenarios or roof tops analyses.  

In 3D models the object is defined by a set of points with three-dimensional coordinates (x,y,H), 

where for each pair (x,y) it can correspond different values of altitude (H). From this point cloud the 

surfaces that encompass the entity are derived. Each surface has a normal vector for orientation and 

inclination information. In these models solar radiation values are calculated for each surface allowing 

different values at different altitudes for the same (x,y) position. 
 

Considering that, for the construction of the city model, a procedural modelling approach was 

chosen; and the selected solar radiation models must be compatible with possible export formats from 

software used (ESRI CityEngine).  

In the 2.5D approach the tool Area Solar Radiation implemented in ESRI ArcGIS, was used, it 

represents global radiation (direct plus diffuse) measured in Wh/m² in a raster representation of the 

model. This tool was used by Santos et al., 2011 and Chow et al., 2014 with LIDAR and 3D area 

model respectively.  

For the 3D approach the software selected was Ecotect, allowing the measurement of solar radiation 

with Incident Solar Radiation, that calculates incident solar radiation, direct and diffuse, for each 

element selected; and Solar Exposure Graph, that also calculates solar radiation, but presents only 

the sum total for the selected elements, and in addition, determines the reflected radiation from 

surrounding tagged elements (Marsh, 2004).  

As alternative, in a 3D approach, solar radiation is calculated using Kumar et al. (1997) radiation 

model. As used in Redweik et al. (2011). This model uses only the sun position in the celestial dome 



 4 

and doesn’t take into consideration meteorological factors of place and season in question being only 

adequate for clear sky conditions. Making this model less accurate, however with its well defined 

formulas, it can be reproduced straightforwardly after the determination of a shadow map. 

 

3. Methodology 

Since the main goal of this thesis is to evaluate the influence of terrain relief and building 

environment in facade and roof sun exposure, it will be necessary to have a digital terrain model or a 

digital surface model around the elements to be analysed. The proposed methodology involves two 

steps: i) Building the 3D city models and ii) applying the solar radiation models. 
 

The geographic data, for the construction of the 3D city models, should include:  

 Contour lines and height points to build the digital terrain model;  

 Building footprints and attributes (including the number of floors, floor height, colour and surface 

material);  

 Street network. 
 

Due to the nature of the work it is necessary to define levels of detail for the urban elements and 

dimensions of urban context. In relation to detail levels, this is a variable that constricts time of 

simulation and accuracy of results. For that reason it was pertinent to create the following levels of 

detail (Figure 1):  

i) volumetric representation of the buildings, obtain by the extrusion of the implantation polygon, 

having as basis height floor and number of floors;  

ii) partition of surfaces (facades and roof tops) in to panels grill;  

iii) facade parameterization using the variations between floor height and there own characteristics, 

in specific architectural details and surface materials.  
 

The choice of the detail depends on the type of solar radiation model being used: for a 2.5D 

approach the facade details are ignored, making the volumetric form the most adequate; for 3D 

analyses of direct and diffuse radiation, surface material is not a variable, making the grill model the 

option in order to witness the variation throughout its height; as for 3D analyses of reflected radiation 

from surrounding elements the models require facade details. 

Concerning the influence of the urban context it is important to consider two factors: context 

dimension and relevance of built surroundings. In order to make comparisons two context dimensions 

are required: area 1, broadest area, which must include the prominent elements of the territory; and 

area 2, bounded by the surrounding elements of the object under examination. From the combination 

of the two variables resulted the following scenarios (Figure 2):  

M1a: area of context 1 with built surroundings;  

M1b: area of context 1 without built surroundings;  

M2a: area of context 2 with built surroundings;  

M2b: area of context 2 without built surroundings; 

M3: isolated city block without context. 
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Figure 1 – Levels of detail for the urban elements 
 

 

Figure 2 – Models with different urban contexts, with the city block of study in red 
 

 

Concerning the solar radiation models (direct, diffuse and reflected solar radiation) diverse tools 

should be considered to overcome limitations on the type of radiation evaluated with each tool. 

Parameters such as atmospheric phenomena, the latitude and the elevation of the site, the terrain 

relief as well as daily and seasonal variations of solar angle and shadow casting should be 

considered; and the detail of such parameters depends greatly on the radiation model used. The 

Figure 3 summarizes the methodology followed in the development of work.  

 
 

 
Figure 3 – Flowchart: Model construction followed by the application of the radiation models 
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4. Case Study 

4.1 Study Area 

The selected area for the study corresponds to a section from Lisbon downtown (Figure 4), area that 

follows a replicable morphology type ideal for CGA (Computer Generated Architecture) rules, making 

possible the creation of a city model with facade information. All the geographic data used in the 

construction of the 3D city model (Figure 5) was provided by Lisbon Municipal Council.  

Radiation calculations were made for the summer solstice and winter since they represent the most 

disparate moments, corresponding to the moments when the Sun reaches its maximum and minimum 

declination, allowing a general understanding of reality with few observations.  
 

 
Figure 4 – Areal view of the study area  

 
Figure 5 – Model of the study area 

 

4.2 Construction of 3D City Model 

Geographic information necessary for the implementation of the methodology comprises information 

relating to relief, using the information of contour lines and elevation points, the information on the 

implantation polygon of the buildings and their attributes (area, position in the city block, classification, 

number of floors, floor height, colour and surface material) and information on the road structure. The 

automatic construction of different levels of detail is made by applying rules of forms using attributes 

that vary the details presented (Figure 6). The software used in the procedural modelling, CityEngine, 

was provided by ESRI-Portugal. 
 

 
Figure 6 – Flowchart: Rules for model construction  
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4.3 Solar Radiation Calculation 

Both approaches, 2.5D and 3D, were tested. Concerning the 2.5 D approach the tool Area Solar 

Radiation, implemented in ArcGIS, was used; for the 3D approach were used the tools Incident Solar 

Radiation and Solar Exposure Graph, both implemented in Ecotect software and the Kumar Radiation 

Model, according Figure 7. 
 

 
Figure 7 – Flowchart: Radiation models approaches, software and corresponding results 

 

For Area Solar Radiation the 3D surface model needs to be converted to a 2.5D surface model 

matrix data format (raster), to which the radiation model tool can be applied. Despite the tool allowing 

the results to be visualised the in a 3D environment no values are calculated for vertical planes, that 

is, the facades. This model is appropriate in situations where the primary interest are roof tops or also 

for large areas due to its calculation speed.  
 

 

Figure 8 – Area Solar Radiation for the 21 of June and 21 of December 
 

The Incident Solar Radiation model analyzes direct and diffuse radiation (Figure 9). The object of 

study is sectioned into a grid to observe the variation in height and the surroundings are simply 

represented in there volumetric form in order to reduce the simulation time. 
 

The Solar Exposure Graph model was used to determine the reflected radiation; consequently it’s 

necessary to describe the material information which constitutes the built environment, therefore 

requiring a model with the parametric description of the facade. As this radiation model only shows the 

overall results of selected elements it was used a unique surface representing the complete cover of 
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the facade for the analysis (Figure 10). In order to account for the significance of the materials, in the 

calculation of reflected radiation from the surrounding elements, it was performed graphs for three 

models with different categories of reflective materials. Due to time constrictions and added work that 

this calculation requires it was concluded that there is only a need for the use of this tool with materials 

with extreme reflective features, when the model has equivalent urban spatial characteristics. 
 

 

Figure 9 – Incident Solar Radiation for the 21 of December (above) and 21 of June (bellow) 
 

 

Figure 10 – Facade plan analyzed and surrounding elements 
 

As for the radiation model of Kumar et al. (1997), since it’s analytic model, it’s necessary to create a 

shadow map. Using tools present in ArcGIS a shadow map can be created as well as a binary 

attribute that determines if each point is in shadow at a given moment and the solar coordinates for 

that moment. The pertinent information is then exported to Excel for calculation, returning to ArcGIS 

for the visualization of the results (Figure 11). 
 

 

Figure 11 – Kumar et al. (1997) radiation model for the 21 of December and 21 of June 
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5. Analyses and Conclusions 

With four different models of solar radiation it’s necessary to determine which of them is the most 

accurate for the study of context, being immediately clear that Area Solar Radiation it’s not adequate 

for this study. As for Incident Solar Radiation, among the studied models this one is the most detailed, 

because it uses data from local surveys, unlike the radiation model of Kumar et al. (1997). Kumar et 

al. (1997) is also lacking since it’s only appropriate for clear sky conditions. 

Therefore, in respect to the study of influence of the urban context the models were calculated with 

Incident Solar Radiation. In order to obtain more detailed findings the panels of North, East, South and 

West facade as well as the roof tops of the various buildings that compose the block were isolated. 

Then, the difference between two models was calculated (between the global radiation for each 

panel), as to determine how much radiation is added in excess between levels of detail, resulting in 

the different situations in Figure 12. The first six served to determine the most suitable solution among 

them, and the last two, were analysed to determine the importance of including the geographic context 

and the built surroundings. 
 

 

Figure 12 – Models in analyses in each situation 
 

During the analyses certain discrepancies were found, resulting from insufficiencies between the 

interoperability of the software CityEngine and Ecotect, stemming from the representation of the 

terrain as a surface. This allows for direct radiation to reach elements that otherwise wouldn’t be 

affected. Therefore these elements were identified and excluded in order to determine Maximum 

Variation Ratio (%) (Table1), that in order to determine the percentage of excess radiation from one 

model to the next, resulting from ignoring urban elements in each level of detail, the ratio uses as 

basis the most complete model of the pair. As for the 2nd table it summarises the average values of 

total radiation (Wh/m²) for all elements, showcasing as well, the calculation time of each scenario 

(minutes:seconds), and the differences between them. 
 

In computer simulation of solar radiation, received by any surface in an urban context, there is a 

direct relationship between the characteristics of the three-dimensional model used and the results. 

The more realistic the representation of the urban fabric, of the land morphology and buildings, the 

more accurate is the simulation. The extension of the model also makes a positive contribution, 

because the larger the area of influence the better is the context of the element in question, but that 

will have costs in computational time.  
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The study shows that to reduce the simulation time a less extensive contextual model can be 

utilized, safeguarding however, the importance of including potential shading elements of the 

immediate surroundings, which will influence the shadow maps, such as the high-rise buildings and 

hills with steep slopes. Between the considered scenarios the most advantageous is M2a, smaller 

context area with built surroundings, presenting a small average difference with its more complex 

counterpart M1a, as well as faster simulation time. As for the scenario M2a the only deficiency is 

present in the west sector, where in December occurs a 28% increase in the value of variation, thanks 

to the gap in the constructed environment. As precaution, in similar condition, another row of buildings 

should be added to the scenario. When comparing the model M2a to the decontextualized block (M3) 

usually used in simulations, it becomes clear how much the surroundings impact the incident solar 

radiation, and also demonstrate, that with a little more computation time a much more adequate 

simulation can be obtain.   
 

These results are important not only for studies of thermal, visual and energy performance of 

buildings, in relation to the location and optimization of photovoltaic solutions, solar collectors, glazed 

systems and shading devices, as well as for studies in durability and pathologies of facade coatings. 
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Table 1 – Maximum Variation Ratio (%) of the panels with higher difference between global radiations (Wh/m²)  
of each situation, excluding the buried panels  

  21-Dec 21-Jun 
  Roof Top South West North Este Roof Top South West North Este 

S1 Dif. 5,113 3,515 133,236 14,627 26,547 45,178 8,453 42,950 35,181 236,744 
 M1a 2183,010 860,004 472,779 292,323 542,323 8348,551 2271,004 1883,159 932,478 3187,896 
 M2a 2188,123 863,519 606,015 306,950 568,870 8393,729 2279,457 1926,109 967,659 3424,640 
 Ratio 0,23 0,41 28,18 5,00 4,90 0,54 0,37 2,28 3,77 7,43 
S2 Dif. 13,048 111,452 13,766 10,981 88,678 113,155 29,389 33,113 26,413 644,146 
 M1b 2214,498 3187,053 1485,009 436,854 630,558 8246,764 2559,729 2564,719 1280,116 3224,232 
 M2b 2227,546 3298,505 1498,775 447,835 719,236 8359,919 2589,118 2597,832 1306,529 3868,378 
 Ratio 0,59 3,50 0,93 2,51 14,06 1,37 1,15 1,29 2,06 19,98 
S3 Dif. 101,892 3052,475 1176,111 233,195 373,306 193,386 1855,808 1357,453 560,899 1773,538 
 M1a 2116,365 116,456 309,745 202,953 244,580 8164,446 658,363 1210,123 717,518 1092,446 
 M1b 2218,257 3168,931 1485,856 436,148 617,886 8357,832 2514,171 2567,576 1278,417 2865,984 
 Ratio 4,81 2621,14 379,70 114,90 152,63 2,37 281,88 112,17 78,17 162,35 
S4 Dif. 107,562 3058,910 1188,727 240,625 376,176 261,887 1866,266 1385,971 578,772 2096,791 
 M2a 910,257 120,200 310,224 205,980 246,337 4018,428 658,363 1212,668 724,798 1316,430 
 M2b 1017,819 3179,110 1498,951 446,605 622,513 4280,315 2524,629 2598,639 1303,570 3413,221 
 Ratio 11,82 2544,85 383,18 116,82 152,71 6,52 283,47 114,29 79,85 159,28 
S5 Dif. 16,258 278,951 13,766 15,512 256,549 166,209 86,689 33,113 61,147 1449,773 
 M1b 1010,913 3021,807 1485,009 434,430 509,437 8249,279 2510,200 2564,719 1274,287 2467,831 
 M3 1027,171 3300,758 1498,775 449,942 765,986 8415,488 2596,889 2597,832 1335,434 3917,604 
 Ratio 1,61 9,23 0,93 3,57 50,36 2,01 3,45 1,29 4,80 58,75 
S6 Dif. 9,575 275,059 0,657 6,080 256,365 55,274 75,997 1,580 38,462 1445,566 
 M2b 2215,440 3025,699 1498,307 443,862 509,621 8362,682 2520,892 2596,707 1296,972 2472,038 
 M3 2225,015 3300,758 1498,964 449,942 765,986 8417,956 2596,889 2598,287 1335,434 3917,604 
 Ratio 0,43 9,09 0,04 1,37 50,31 0,66 3,01 0,06 2,97 58,48 
S7 Dif. 116,940 3186,093 1189,219 246,989 561,146 314,444 1938,526 1388,558 617,916 3152,181 
 M1a 910,231 114,665 309,745 202,953 204,809 4018,278 658,363 1210,123 717,518 774,784 
 M3 1027,171 3300,758 1498,964 449,942 765,955 4332,722 2596,889 2598,681 1335,434 3926,965 
 Ratio 12,85 2778,61 383,93 121,70 273,99 7,83 294,45 114,75 86,12 406,85 
S8 Dif. 116,914 3186,093 1188,740 243,962 558,789 314,294 1938,526 1386,013 610,636 3146,513 
 M2a 910,257 114,665 310,224 205,980 207,166 4018,428 658,363 1212,668 724,798 780,452 
 M3 1027,171 3300,758 1498,964 449,942 765,955 4332,722 2596,889 2598,681 1335,434 3926,965 
 Ratio 12,84 2778,61 383,19 118,44 269,73 7,82 294,45 114,29 84,25 403,17 

 

Table 2 – Summary table of average values of total radiation (Wh/m²) and the calculation time of the models 
(minutes: seconds), above, and the differences between the scenarios, bellow 

 21-Dec 21-Jun 
 Roof Top South West North Este Time Roof Top South West North Este Time 

 Wh/m² Wh/m² Wh/m² Wh/m² Wh/m² M:S Wh/m² Wh/m² Wh/m² Wh/m² Wh/m² M:S 

M1a 1973,5 319,7 920,3 294,7 315,5 1146:34 8175,5 1475,3 2047,7 936,4 1691,9 1238:06 
M1b 1980,8 2521,9 1483,8 440,6 518,1 1095:02 8208,9 2041,6 2564,5 1289,3 2530,5 1008:10 
M2a 1975,9 324,2 925,2 298,8 318,3 51:17 8184,4 1480,5 2055,8 946,2 1702,8 51:10 
M2b 1987,4 2555,6 1493,1 448,3 538,1 47:11 8255,6 2069,2 2586,9 1308,2 2717,5 45:56 
M3 1990,1 3300,8 1499,8 449,9 760,9 17:16 8277,6 2596,9 2598,3 1335,5 3921,8 34:02 
M1a - M2a 2,4 4,4 4,9 4,1 2,8 1095:17 8,9 5,2 8,1 9,7 10,9 1186:56 
M1b - M2b 6,6 33,7 9,3 7,7 20,0 1047:51 46,7 27,7 22,4 18,9 187,0 962:14 
M1a - M1b 7,3 2202,2 563,5 145,9 202,5 51:32 33,4 566,3 516,8 352,9 838,5 229:56 
M2a - M2b 11,5 2231,4 567,9 149,5 219,7 4:06 71,2 588,7 531,1 362,0 1014,6 5:14 
M1b - M3 9,4 778,9 16,0 9,3 242,9 1077:46 68,7 555,3 33,8 46,2 1391,3 974:08 
M2b - M3 2,7 745,2 6,7 1,6 222,9 29:55 22,0 527,7 11,3 27,3 1204,3 11:54 
M1a - M3 16,6 2981,0 579,5 155,2 445,4 1129:18 102,1 1121,6 550,6 399,0 2229,9 1204:04 
M2a - M3 14,2 2976,6 574,6 151,2 442,6 34:01 93,2 1116,4 542,5 389,3 2219,0 17:08 

 


