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Abstract 

This paper presents the modelling enhancements of the 

multizone model of TRNSYS and its GUI TRNLizard for 

the dynamic evaluation of the thermal behaviour of 

outdoor urban spaces.  

The developed approaches for detailed radiation 

modelling based on surface discretization and raytracing 

in 3-dimensional space extended the capabilities of the 

thermal building model to consider interior and exterior 

vegetation volumes. 

For the implementation special care was taken to enable 

both, the application of empirical 

correlations/assumptions for a simplified and fast 

modelling as well as the integration/coupling to detailed 

simulation results from other domains such as vegetation 

models and CFD. The validation showed that the 

improvements were successfully integrated. A 

comparison with measured data is still pending. 

The urban space model has been applied to the 

Bordeauxplatz in Munich. The case study showed that 

dynamic annual simulation results like the frequency 

distribution of comfort conditions provide very useful 

information for urban planning.  

 

Key Innovations 

• Enhancing modelling capabilities from indoor to 

urban space modelling 

• Coupling of raytracing routines from daylight to 

thermal building model 

• Different levels of modelling: simplified & fast 

as well as coupling to detailed simulation results 

from other domains such as vegetation models 

and CFD. 

 

Introduction 

The last 20 years clearly show an increasing frequency of 

extreme weather events with an increase in summer heat 

waves throughout the world. This is particularly evident 

in larger cities, where the phenomenon is further 

amplified by the Urban Heat Island Effect (UHI). This has 

an increasing impact on the health of the inhabitants (Witt 

et al., 2015). At the same time, the need for cooling of 

buildings will increase, which in turn will increase the 

energy demand of the building sector. However, studies 

also show that a 10% increase in well-watered inner-city 

green areas could mitigate the urban temperature rise in 

2080 to the 1970 level (Gill et al., 2007). 

In this context, appropriate instruments are needed to 

support planning processes. In addition to statements on 

extreme heat waves, the frequency of the various events 

is also important. For example, shorter periods of heat can 

be buffered by the thermal mass of the buildings, whereas 

this is impossible for longer periods. Therefore, 

simulation tools must be able to model these phenomena 

dynamically and over longer periods of time. 

In the framework of a ZIM project (Chokhachian et al, 

2020) methodologies and tools for the dynamic evaluation 

of the thermal behaviour of outdoor urban spaces based 

on the simulation software TRNSYS (Klein et al., 2020) 

have been developed:  

• Automatic Urban Canyon model generation 

from OSM data. 

• CFD-based pre-calculation of wind factors  

• detailed tree simulation 

• thermal modelling of urban spaces. 

The focus of this paper is the modelling enhancements of 

the multizone model (Type 56) and its GUI for geometric 

parametric design (TRNlizard, 2020). Both were 

originally developed for the evaluation of the transient 

behaviour of indoor spaces. In general, they are not 

limited to indoor spaces but can also be used for dynamic 

simulation of semi-outdoor and urban outdoor spaces. 

However, modelling capabilities have to be extended to 

consider relevant parameters for outdoor spaces e.g. 

vegetation volumes and wind effects. In addition, an 

index for assessing thermal comfort in outdoor spaces 

must be added 

. 

 

Figure 1: Archetype of an urban space model. 
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Urban Space Modelling 

Archetype of an urban space model 

As a first step, an archetype of an urban space like a street 

canyon or a city plaza has been developed. The archetype 

consists of a thermal zone divided into three horizontal 

layers.  

The lower layer with a height of approx. 3 m represents 

the residence level for which the comfort situations are 

locally evaluated. The second layer is the middle air layer. 

It occupies most of the volume of the model domain and 

simulates the condition of the space above the residence 

level. Vegetation volumes such as trees can be integrated 

in the second layer.  

The third layer is the so-called membrane layer. In the 

current model approach, optional dynamic and static 

shading elements are implemented in this layer. 

Similar to an indoor space, the urban space must also be 

defined as a closed volume. For the simulation of the 

“sky” and "air walls" (such as street ends and gaps 

between buildings), suitable exchange areas, so-called 

"no-windows", must be introduced into the modelling. 

These must ensure, among other things, the preservation 

of short- and long-wave radiation exchange. "No-

windows" are defined as massless glazing with 100 % 

transmission for shortwave radiation. For longwave 

radiation, a new surface category “EXTERNAL with 

known boundary temperature” has been added. Thereby, 

"No-windows" surfaces can be set to a defined boundary 

temperature e.g the sky temperature or ambient 

temperature.  

Vegetation volumes such as trees are modelled as separate 

interior thermal zones, with the enclosing surfaces 

representing the optical properties of the vegetation. The 

vegetation zones and thereby the enclosing surfaces are 

conditioned to a user-defined set temperature. In addition, 

it is possible to apply heat flows and couple moisture 

gains. These variables may serve as an interface to 

vegetation models.  

 

Short wave radiation modelling of an urban space  

For detailed radiation modelling, shading and insolation 

matrices (short wave radiation) as well as view factor 

matrices (diffuse shortwave distribution and longwave 

radiation surface exchange) are generated by an integrated 

pre-processing (Aschaber. et al, 2009 and Aschaber et al. 

2010). At the beginning of the simulation, these matrices 

are read in by the multizone building model. Due to 

interior vegetation zones, the existing pre-processing 

approach could not be applied for urban space modelling.  

Within the ZIM project a new approach for shading 

(SHM) and surface insolation matrix (ISM) generation 

based on surface discretization and raytracing in 3-

dimensional space instead of polygon projection and 

"polygon clipping" is developed. As a side effect 

raytracing routines have a high stability and robustness in 

context of complex geometry. Since Type 56 already uses 

raytracing routines from the program DaySIM 

(Bourgeois, et al. 2008) for daylight simulations it is an 

obvious choice to use them for direct solar radiation as 

well. In addition, the DDS method of DaySIM applies a 

similar approach for the discretization of the celestial 

hemisphere for direct sun positions. The new pre-

processing consists of the following steps: 

Step 1: Generating a radiance scene where surfaces are 

assigned a radiance material with the corresponding 

optical properties.  

 

  

Figure 2: Surface discretization scheme for shading and 

insolation matrix 

Step 2: Generating a grid on each external window for the 

shading matrices (SHM) and on all internal surfaces for 

the insolation matrix (ISM). Each grid point represents a 

small area fraction of the corresponding surface. (see 

Figure 2) 

Step 3: Generating the shading matrices (SHM) based on 

DaySIM's rtrace_dc_2305 program (DaySIM 2020). This 

program calculates a direct daylight coefficient (DCdir) for 

each grid point for 2305 sky patches by backward 

raytracing. If the sky patch is located in front of the 

surface the sunlit factor of a surface grid point (SFp) for a 

sky patch is given by: 

𝑆𝐹𝑝 = 𝐷𝐶𝑑𝑖𝑟,𝑝 𝐷𝐶𝑑𝑖𝑟,𝑝,𝑢𝑛𝑠ℎ𝑎𝑑𝑒𝑑⁄ ∗ 𝐴𝐹𝑝  (1) 

where 

𝐷𝐶𝑑𝑖𝑟,𝑝    direct daylight coefficient for sky patch 

𝐷𝐶𝑑𝑖𝑟,𝑢𝑛𝑠ℎ𝑎𝑑𝑒𝑑  unshaded direct daylight coefficient of sky 

patch 

AF   area fraction of the grid point 

By integration over the gird points the sunlit fraction of 

an external window is obtained for each sky patch. 

 

Step 4: Generating an insolation matrix (ISM) is based on 

a similar approach as the SHM. Sunlit fractions are 

calculated for each grid point. In contrast to the SHM 

calculation, the projected sunlit area fraction normal to the 

sun vector is calculated. Insolation factor of surfaces of 

interior vegetation volumes are corrected by the 

transmittance of the volume. Thus, the resulting insolation 

matrix is one distribution matrix for all incoming direct 

solar radiation to all inside surfaces of a thermal zone. 

 

For detailed diffuse radiation distribution, the existing 

approach for view factor matrix generation (Schröder, 

1993), is replaced by the program View3d (Walton, 

2002). View3D is a command-line tool for evaluating 

radiation view factors for scenes with complex 3D 

geometry. It uses an adaptive integration method to 

calculate the view factors between faces where there is 

partial obstruction from in-between faces. 
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Longwave radiation modelling of an urban space 

Similar to the detailed diffuse radiation modelling, 

Type 56 applies so-called Gebhart factors for detailed 

modelling of longwave radiation exchange between 

surfaces which require surface-to-surface view factors as 

a prerequisite (Aschaber. et al, 2009).  

In contrast to diffuse radiation, windows are assumed to 

be opaque for longwave radiation. The program View3d 

can handle obstructed views, but not transparent faces. In 

principle, such surface-to-surface view factors can be 

calculated by raytracing but the approach lacks either of 

accuracy or requires very high computing time. 

Therefore, vegetation volumes are considered to be 

completely transparent or opaque with respect to 

longwave radiation.  

 

Wind effects 

In contrast to the indoor space, air movement has a large 

impact on the thermal situation in an urban space. It 

influences the air change rate and thereby the air 

temperature and humidity as well as the convective heat 

transfer coefficients of surfaces.  

In general, the wind velocity and direction provided by a 

weather data file does not consider the local situation. 

Therefore, the wind velocity given by weather data must 

be adjusted to reflect local conditions. A simplified 

approach is applying empiric correlations. To model 

complex wind flow patterns in urban areas, computational 

fluid dynamics (CFD) simulations can be used to 

determine wind factors for different orientations in a pre-

processing step (see Figure 3).  

 

Figure 3: Cylindrical wind tunnel with eight wind 

directions 

In TRNSYS the wind factors in combination with the 

wind velocity and direction can be used to calculate the 

air change rate that is linked to the multizone building 

model. 

 

Comfort modelling of Urban Spaces  

The Universal Thermal Climate Index (UTCI) is an index 

for assessing thermal comfort in outdoor spaces 

(Jendritzky et al., 2007).  

 

Figure 4: Comfort index UTCI (IfADo), 2021) 

 

It evaluates the dynamic physiological reactions to 

environmental conditions (Leibniz Research Centre for 

Working Environment and Human Factors (IfADo), 

2021). Key factors of UTCI are air temperature (Ta), 

relative humidity (RH), mean radiant temperature (Tmrt) 

and air velocity (vair): 

 

UTCI =  f(𝑇𝑎, RH, 𝑇𝑚𝑟𝑡 , 𝑣𝑎𝑖𝑟)   (2) 

 

Mean radiant temperature 

For indoor spaces, the impact of solar radiation on the 

thermal comfort can be mostly neglected due to the 

assumption that people are shaded. However, for urban 

spaces the exposure of solar shortwave radiation has a 

large impact. Therefore, an extension of the detailed 

comfort model presented by (Hiller, 2010) is applied. All 

radiation effects, longwave and direct and diffuse solar 

 are included in a so-called total mean radiant temperature 

(TMR) for a comfort position:  

Similar to the previously described model adaptations for 

surface matrices (SHM and VFM), the pre-processing for 

the comfort position has to be adapted to. 

For the insolation point matrix (IPM) of a comfort 

position, the enhanced approach is like the previously 

described one for the shading matrix of a surface.  

The new approach for calculating the view factor vector 

(VFV) of a comfort position to all surfaces of a thermal 

zone is based on the raytracing program rcontrib of the 

radiance package (Radiance, 2020 and Ward, 1996). In 

contrast to the previously described raytracing for solar 

radiation, all surfaces of the thermal zone are defined as 

“glow” materials. The comfort position is modelled by 12 

points where the direction vector corresponds to the 12 

surface normal vectors of a dodecahedron. As for the 

surface-to-surface view factors, the vegetation volumes 

are currently assumed to be completely transparent or 

opaque for longwave radiation. 

 

Wind velocity 

The wind velocity has a large impact on the UTCI. Higher 

wind velocities increase comfort in hot periods. As 

mentioned previously, the wind velocity given by weather 

data must be adjusted to reflect local conditions. 

Therefore, a new matrix containing wind direction 

dependent wind factors for comfort points can be assigned 

to Type 56. This wind factor matrix can be obtained by 

CFD simulations for different orientations in a pre-
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processing step. Figure 5 shows exemplarily wind 

velocity factors for different comfort positions in an urban 

space. 

 

Figure 5:Wind velocity factors for different comfort 

positions 

 

Implementation 

The developed archetype of an urban space model has 

been implemented in TRNLizard to enable parametric 

geometric modelling (see Figure 6). In order to simplify 

and streamline the workflow and to improve the usability, 

several components were revised, partly merged and new 

components were integrated.  

A new component group was created for the parametric 

generation of vegetation volumes. Closed volumes are 

generated depending on various parameters such as crown 

width and height, and stem height and spacing. To reduce 

the computational effort and model complexity, these can 

be automatically combined into a bounding volume. 

In addition, the templates and libraries used for the 

outdoor comfort calculation were extended and the new 

pre-processing for matrix generation integrated. 

 

  

Figure 6: Model of an urban space with three airnodes 

and two interior vegetation zones in TRNLizard 

 

Several adaptions were made to the multizone building 

model itself like revised matrix handling, new surface 

category, and geometry mode. Also, a routine UTCI 

calculation has been added. Thus, all variables relevant 

for comfort can be output directly from the building 

model for each comfort position. 

The presented raytracing approaches have been 

implemented in a new tool called trnRaytrace (SHM, ISM 

and IPM) and the existing pre-processing tool trnVFM 

(VFV), respectively. All precalculated matrices are read 

in by the building model at the beginning of the 

simulation.  

The outsourcing of the matrix generation to an upstream 

process enables to integrate detailed calculations from 

other domains such as vegetation models by superposition 

of matrices. Within the ZIM project, a coupling to the 

vegetation model MASEPA (Duursma & Medlyn, 2012) 

was realized. Figure 7 illustrates this process for a selected 

comfort position. First, the insolation point matrix (IPM) 

is calculated considering shading from surrounding 

buildings only (Figure 7a). In parallel, MAESPA was 

used to calculate the reduction of shortwave direct 

radiation due to trees (Figure 7b). A combined matrix of 

both calculations can then be used to simulate the thermal 

comfort (Figure 7c). 

 

Figure 7: Superposition of the insolation point matrix of 

a comfort positions. 

 

Validation 

The multizone building model of TRNSYS itself is 

continuously validated. It is one of the refence programs 

of the Update of ASHRAE Standard 140 section 5.2 

(Neymark et al, 2020) and is part of the German research 

project SimQualitv (Nouri et al, 2020). Also, the applied 

raytracing routines of DaySIM and radiance as well as the 

program View3d require no further validation.  

All algorithms developed and implemented were 

thoroughly tested. In a first step, the algorithms were 

compared with existing validated models by imposing 

defined boundary constraints alone. In a second step, tests 

with real boundary conditions were performed. In a third 

step, the integration into the overall model was checked 

with different generic geometries and weather data. 

This section shows the results based on the comparison 

between the new implemented approach of surface 

discretization and raytracing (trnRaytrace) versus the 

analytic exact solutions provided by the standard 

algorithms in a real context, the Bordeauxplatz in Munich.  

The model consists of a thermal zone (56 m x 110 m x 

24 m) with three vertical airnodes including external 

shading elements representing the surrounding buildings 
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(see Figure 8). The street plaza is oriented southeast. 

Local comfort conditions is evaluated for 28 positions. 

The floor surfaces have assigned a high solar absorptance 

of 0.8 whereas solar absorptance of facades are set to 0.6. 

 

Figure 8: Thermal model of the Bordeauxplatz for 

validation 

For dynamic validation, the German Test Reference Year 

for a normal year (2015y) for Munich is applied. In the 

site-specific TRY datasets (1 km²), both the UHI intensity 

and the height dependence are already integrated (DWD, 

2017). However, relative to the high solar irradiation data 

in July, the included air temperature appears to be 

relatively moderate. 

 

Shading matrix 

For the validation, three different grid spacings (0.5 m, 

1 m, 1.5 m) are considered. Figure 9 shows the resulting 

shading matrix for 1 m grid spacing. The resulting 

deviations are presented in Table 1 by Root Mean Squared 

Error (RMSE). The data includes only sun positions 

where the sun is in front of the surface.  

 

Figure 9: Shading matrix of transparent surface (left: 

northwest facades, right southeast facades  

As expected, the results with the smaller grid spacing 

show lower deviation. However, by decreasing the gird 

spacing form 1 m to 0.5 m the number of grid points is 

increased from 8305 to 34299 and therewith the 

computation time. The maximum deviation is 

encountered for the surface 60 because of a slightly 

different zenith angle of the lowest row of DaySIM (0.4°). 

In general, all results are in good agreement with the 

reference values. 

Table 1: RMSE for sunlit fractions of the shading matrix 

for transparent surfaces. 

Surface  0.5 m  

Grid  

1 m  

Grid  

1.5 m  

Grid 

NW, top (ID 59) 0.013 0.012 0.014 

SW, top (ID 60)  0.012 0.016 0.018 

NW, middle (ID 23) 0.001 0.001 0.002 

SW, middle (ID 24) 0.002 0.004 0.007 

NW, bottom (ID 92) 0.001 0.004 0.005 

SW, bottom (ID 93) 0.002 0.006 0.010 

 

Shading and Insolation matrix 

For evaluating both matrices the absorbed solar radiation 

of surfaces as well as the resulting absorbed solar 

radiation as well as surface temperature are considered as 

evaluation parameters. The applied grid spacing is 1m. 

Figure 10 - Figure 11 show the results for two surfaces of 

the bottom airnode: a floor surface close to the southwest 

façade (S84) and the southwest facade (S90), for a hot 

week with high solar irradiation. The results show 

negligible differences between both approaches: less than 

5 W/m² and 0.1 K, respectively.  

 

 

Figure 10:Absorbed solar radiation of surface 84 and 90 

for July24 - 30th (TRY 2015y)  

 

Figure 11: Surface temperature of surface 84 and 90 for 

July24 - 30th (TRY 2015y) 

 

Comfort position 

Next, the view factor matrix of comfort positions is 

evaluated. The maximum resulting RMSE is 0.0005. 

Figure 12 show the mean radiant temperature of three 

selected comfort positions without solar radiation, 
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respectively. Comfort position C15 and C19 are located 

close to the southwest and northeast facade, respectively. 

Comfort position C3 is in the centre. The results show 

negligible differences between both approaches of less 

0.07 K. Finally, the mean radiant temperature with solar 

radiation is used to evaluate not only the point insolation 

matrix (see Figure 13) but basically all matrices. Due to 

the high incident solar irradiation these temperatures 

increase drastically. The deviation between both 

approaches is max. 0.12 K. The results are in good 

agreement to reference values.  

 

Figure 12: Mean radiant temperature of comfort 

position 3, 15 and 19 for July24 - 30th (TRY 2015y) 

 

Figure 13: Mean radiant temperature of comfort 

position 3, 15 and 19 for July24 - 30th (TRY 2015y) 

 

Case Study 

For the case, study the “empty” model of the validation is 

extend by two interior and two exterior vegetation 

volumes representing the existing tree-line avenue (see 

Figure 14).  

The shortwave transmission of the vegetation volumes is 

assumed to be 0.16, the reflection is set to 0.2. The surface 

temperature of the vegetation volumes is defined to be 

equal to the air temperature of the middle airnode. As for 

the validation study, the Test Reference Year 2015y 

(normal year) for Munich was applied. 

Figure 14 shows the resulting comfort conditions on July 

27th at 4 pm. The results indicate the positive effect of 

vegetation on local comfort. In the area of the tree-lined 

avenues, on the southeastern side of the square, both in 

the path area directly under the trees (position C7) and on 

the sidewalk in the area close to the façade (position C15), 

acceptable comfort conditions (moderate heat stress, 

UTCI = 30.8 °C and UTCI = 31.3 °C, respectively) 

prevail, with air temperatures of 30.2 °C and insolation of 

670 W/m² on the horizontal. In the unshaded area close to 

the facade on the sidewalk (position C13), the worst 

comfort conditions (very strong heat stress, UTCI = 

38.7 °C) occur. With more distance from the facade 

(position C5), a slight improvement of the comfort 

conditions (strong heat stress, UTCI = 37.6 °C) can be 

observed, but it still remains uncomfortable.  

 

Figure 14: Comfort index UTCI for selected comfort 

positions on July 27th at 4 pm (TRY 2015y) 

Figure 15 - Figure 16 show the mean radiant temperature 

and the comfort index UTCI as well as the air temperature 

for a very hot week with high solar irradiation, at the end 

of July. For permanently sunlit areas (position C13 and 

position C5), the mean radiant temperature increases to 

over 60 °C during the day. This leads to high UTCI values 

greater than 32 °C and uncomfortable residence 

conditions (strong or very strong heat stress). Position 

C15 is a transient area that is sunlit in the morning and 

only shaded by the tree avenue around noon. This 

dynamic is reflected in the curves of the MRT as well as 

the UTCI. In the well-shaded path area directly under the 

tree avenue (position C7), acceptable comfort conditions 

(moderate heat stress) prevail throughout the week.  

 

Figure 15: Mean radiant temperature for selected 

comfort positions for July24 - 30th (TRY 2015y) 

 

 

Figure 16: Comfort index UTCI for selected comfort 

positions for July24 - 30th (TRY 2015y) 
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For urban planning purposes, the frequency distribution 

of comfort conditions is an interesting variable. Figure 17 

shows the frequencies of UTCI for three areas for the 

summer months of June to August from 9 am to 7 pm. Of 

particular interest is the difference between position C15 

and C13. The positive effect of the tree-line avenue 

reduced the period with poor comfort conditions by about 

3/4. Directly under the tree-line avenue (position C7), 

very good comfort (no heat stress) is guaranteed over 

85 % of the hours. 

 

 

Figure 17: Frequency distribution of UTCI for selected 

comfort positions during the summer months of June 

through August from 9 am to 7 pm (TRY 2015y) 

Besides weather for a normal year, the German weather 

service (DWD, 2017) provides data for extreme years as 

well as for the future extreme years. Figure 18 - Figure 19 

show the resulting frequency distribution of UTCI for the 

extreme test reference year 2015x and 2045x, 

respectively. It is seen clearly that the period with very 

poor comfort conditions increases significantly.  

For TRY 2045x approx. 34% of the time high UTCI 

values greater than 32 °C indicate uncomfortable 

residence conditions (strong or very strong heat stress) for 

the unshaded position C13. For Position C15, a partially 

shaded location, the uncomfortable conditions (strong or 

very strong heat stress) are reduced by almost 2/3 

compared to C13. Directly under the tree-line avenue 

(position C7), very good comfort (no heat stress) is 

reduced to 59% of the hours, but also under these extreme 

conditions only 3% of the hours strong heat stress occurs.  

 

Figure 18: Frequency distribution of UTCI for selected 

comfort positions during the summer months of June 

through August from 9 am to 7 pm (TRY 2015x) 

 

Figure 19: Frequency distribution of UTCI for selected 

comfort positions during the summer months of June 

through August from 9 am to 7 pm (TRY 2045x) 

 

Conclusions 

This paper presents the modelling enhancements of the 

multizone model of TRNSYS and its GUI TRNLizard for 

the dynamic evaluation of the thermal behaviour of 

outdoor urban spaces.  

The developed approaches for detailed radiation 

modelling based on surface discretization and raytracing 

in 3-dimensional space extended the capabilities of the 

thermal building model to consider interior and exterior 

vegetation volumes. In addition, raytracing routines have 

shown a high stability and robustness. 

For the implementation special care was taken to enable 

both, the application of empirical 

correlations/assumptions for a simplified and fast 

modelling as well as the integration/coupling to detailed 

simulation results from other domains such as vegetation 

models and CFD. The validation showed that the 

improvements were successfully integrated. A 

comparison with measured data is still pending. The 

authors intent to apply a new method for measuring mean 

radiant temperature for better consideration of rapid 

changes in local wind speed and solar radiation. 

The urban space model has been applied exemplarily to 

the Bordeauxplatz in Munich. The case study showed that 

dynamic annual simulation results like the frequency 

distribution of comfort conditions provide very useful 

information for urban planning. 
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