
The Simulation of Mean Radiant Temperature in Outdoor Conditions: A review of Software 

Tools Capabilities 

Emanuele Naboni1, Marco Meloni1, Chris Mackey2, Jerome Kaempf3

1 KADK, Copenhagen, Denmark 
2 Ladybug Tools, USA 

2 EPFL, Switzerland 

Abstract 

Due to population growth and recent urbanisation trends, 

outdoor human comfort is becoming an essential parameter to 

assess the quality of the urban microclimate. In the last years, 

several tools were developed in to model outdoor human 

comfort, and each of them makes different physical assumptions 

for the calculation of the Mean radiant temperature (MRT), one 

of the most critical parameters influencing outdoor thermal 

comfort. This paper studies how CitySim Pro, ENVI-met, 

RayMan, Grasshopper plug-ins Ladybug Tools and Autodesk 

CFD, use different assumptions and equations to calculate MRT. 

Introduction 

Due to rapid and intensified urbanisation trends, new attention 

to the conditions of comfort and liveability of cities is given. 

People's thermal comfort is one of the factors that affect the 

fruition of urban spaces like streets, plazas and parks (Thorsson 

et al., 2014; Givoni et al., 2003). How the built environment 

alters local microclimates is widely studied (ONU 2014, Hoppe 

2002), with the challenge of modelling pedestrians exposure to 

varying thermal conditions (Givoni et al., 2003). Whatever 

methods is used to model outdoor microclimates (ASCE, 2004, 

Epstein et al., 2006), these require the study of air temperature, 

mean radiant temperature (MRT), air velocity and relative 

humidity (Coccolo et al., 2016). Among these, MRT is one of 

the key parameters affecting outdoor thermal comfort conditions 

(Mayer, 1993, Lai et al., 2017). Indices as Predicted Mean Vote 

(PMV), Physiologically Equivalent Temperature (PET) and 

Universal Thermal Climate Index (UTCI) (Park S et al., 2014) 

includes MRT. In certain climates, especially non windy ones, 

MRT is the key factor governing human energy balance and 

thermal comfort (Chatzidimitriou and Yannas, 2017, Mayer et 

al., 1987, Coccolo et al., 2016, Mauree et al., 2017, 2019, 

Naboni et al., 2019). MRT has thus been proposed as a metric to 

analyse the impact of weather and climate on people’s health 

(Thorsson et al., 2014), since it shows a very considerable spatial 

variation over short distances (Lindberg et al., 2013, Lee and 

Naboni, 2017). Accurate information on MRT is thus key. 

Several simulation tools were developed and refined to simulate 

the 3D radiation field in urban settings that affects MRT (Kantor 

et al., 2011, Naboni et al., 2017). In previous research about 

outdoor microclimate and MRT (Naboni et al., 2017, Coccolo et 

al., 2017) it is observed that different tools use different 

equations to simulate it. Revealing the capabilities and the 

limitations of the used equations by each of the available tools 

is thus the aim of the paper.  

Methodology 

It is essential to understand how simulation tools define their 

radiation model and how this is accurate. This study thus 

reviews simulation tools equations and physical modelling 

assumptions in the calculation of MRT. The work is divided into 

the description of the analysis of MRT, focusing on the physical 

description; the calculation (formulas) and the estimation of 

MRT from physical measurements. Following it is described the 

determination of MRT operated by the following software tools: 

CitySim Pro; ENVI-met; RayMan; Ladybug Tools; Autodesk 

CFD. A discussion that highlights the capabilities and the 

limitation of each of the tools closes the article.  

Background on MRT 

The MRT, is defined, in relation to a given person in a given 

environment, as the uniform temperature of a fictive black-body 

radiation enclosure with emission coefficient ε=1, which would 

result in the same net radiation energy exchange with the subject 

as the real more complex radiation environment (ASHRAE, 

2001). The following radiation components are of importance, 

as presented in Figure 1: The direct, diffuse and reflected 

shortwave radiations (wavelength λ = 0.3-3 µm), the atmosphere 

and the built and natural environment (ground, tree and 

surrounding surfaces) and the longwave radiation (wavelength λ 

=3-100 µm). The significance of solar and terrestrial radiation 

fluxes depends on the time and location conditions. During night 

conditions, radiation exchanges consist only of longwave 

components. By contrast, the shortwave radiation has a role only 

in sunlight hours. Longwave radiation fluxes occupy a higher 

per cent of the human field of view, while the shortwave 

radiation fluxes affect 30% of the radiation budget (Ali Toudert, 

2005). 

Figure 1: Relevant radiation fluxes and urban entities on 

the determination of outdoor MRT. 

Mean Radiant Temperature Calculation 

The calculation of MRT is based on the determination of the 

radiation profiles of the surrounding surfaces and the visible 

section of the sky. Therefore, the temperatures of all the 

surrounding surfaces have to be known. The pedestrian posture 

also has to be known, as the perceived MRT varies with the 

position and orientation of the body. The absorptivity and 

emissivity of the human outer surfaces have an impact and needs 

to be defined. Following the MRT calculation suggested by 

Fanger (1972), shortwave and longwave radiation fluxes have to 

be weighted with their respective angle factors and summarise 

to determine the energy amounts reaching the human body. The 

energy fluxes reaching the human body are absorbed according 

to the shortwave absorption coefficient 𝑎𝑘 (generally assumed
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to be 0.7 for medium clothing with light skin), and the longwave 

absorption coefficient 𝑎𝑖 (generally 0.97) that equals the 

emission coefficient of the clothed human body (εp) in 

accordance with Kirchoff’s law. The radiation flux 𝑆𝑆𝑡𝑟 (W/m2) 

absorbed by the human body is described as follow (Kantor et 

al. 2011): 

𝑆𝑆𝑡𝑟 = 𝑎𝑙 ∙ ∑ 𝐹𝑖 ∙ 𝐸𝑖
𝑛
𝑖=1 + 𝑎𝑘 ∙ ∑ 𝐹𝑖 ∙ 𝐷𝑖

𝑛
𝑖=1 + 𝑎𝑘 ∙ 𝑓𝑝 ∙ 𝐼∗  [W/m2] (1) 

where 𝑎𝑙 and  𝑎𝑘  are the longwave and shortwave radiation 

absorption coefficient, 𝐹𝑖 is the “view factor” describing the 

solid angle proportions of the surrounding surfaces,  𝐸𝑖 and 𝐷𝑖  

are the emitted longwave and diffuse sky and reflected 

shortwave radiations, 𝑓𝑝 is the surface projection factor, whilst 

I* id the direct shortwave radiation. According to the previously 

defined radiation energy gain of the human body and the 

definition of MRT (ASHRAE 2001), the formula can be defined 

as (Kantor et al. 2011): 

𝑇𝑚𝑟𝑡 = √
𝑆𝑆𝑡𝑟

𝜀𝑝∙𝜎

4
  [K] (2) 

where 𝜀𝑝  is the emission coefficient of the clothed human body 

and 𝜎  is the Stefan-Boltzmann constant (𝜎  = 5.67·10−8 

W/m2K4).  

The determination of outdoor MRT 

As the flux densities are considerably diverse, spatially and 

temporally, determine the MRT in urban environments with 

complex surface conformations is still a challenge for the 

practitioner’s field. The definition of the surrounding surfaces 

properties, solid angle proportions, and the measurement of 

short and longwave radiation fluxes reaching the human body 

are the main issues in the determination of MRT. As MRT is not 

a physically measurable entity, all the discussion about its 

determination refer to the different methods used to arrive at a 

reasonable level of approximation in its calculation. 

The research of Johansson et al. (2014) underlines the necessity 

to adopt a standard criterion in the study of outdoor 

microclimates (Standard ISO 7726). Indoor measurement tools 

are not reliable if used for outdoor environment applications, 

particularly for MRT measurements, which are significantly 

affected by direct solar radiation. Johansson studied MRT 

outdoor measurements referring to Mayer and Hoppe’s studies 

(1987) and German Guideline VDI 3787 (2008). He specifies 

that MRT calculation I have to be calibrated on-site with the 

integral radiation technique described by Thorsson et al. (2007). 

According to Standard VDI (1998), accurate methods to 

determine MRT are based on integral radiation measurements. 

Among them, the most accurate method is based on 

measurements taken by a combination of pyranometers and 

pyrgeometers (Hoppe, 1992). The pyranometer is used to 

measure the shortwave radiation fluxes. The pyrgeometer is 

used to measure the longwave domain. The mean radiation flux 

density 𝑆𝑆𝑡𝑟 (W/m2) absorbed by the body is calculated as: 

𝑆𝑆𝑡𝑟 = ∑ 𝑊𝑖 ∙ (𝑎𝑘 ∙ 𝐾𝑖 + 𝑎𝑖 ∙ 𝐿𝑖)6
𝑖=1     [W/m2]          (3) 

where 𝑊𝑖   are the weighting factors corresponding to the 

direction of the measurements, which for standing or walking 

person are assumed to be 0.22 for radiation fluxes coming from 

North, South, West and East and 0.06 for radiation fluxes 

coming from above and below; 𝑎𝑘  and 𝑎𝑖 are the body 

absorption coefficients of the clothed body for shortwave and 

longwave radiations. 𝐾𝑖 Also, 𝐿𝑖  are the measured six individual 

shortwave and longwave radiation fluxes. The MRT is 

calculated according to Stefan-Boltzmann’s law as described in 

Equation 2. The most important advantage of this method is the 

capability to separate measure of the shortwave and longwave 

radiation fields, which allows taking into account the different 

absorption coefficients and the consequent different importance 

in the radiation energy budget. A second method of measuring 

the MRT is based on the utilisation of a globe thermometer. 

Initially developed for indoor conditions, it was further used for 

outdoor measurements due to its easier accessibility compared 

to pyranometer and pyrgeometer measurements method 

(Thorsson et al., 2007). The globe thermometer may vary in 

dimensions and material properties. It measures MRT according 

to the following equation: 

𝑇𝑚𝑟𝑡 = √(𝑇𝑔 + 273.15)
4

+
ℎ𝐶𝑔

𝜀∙𝑑𝑔
0.4 ∙ (𝑇𝑔 − 𝑇𝑎)

4
    [K]  (4) 

where 𝑇𝑔 is the globe temperature, 𝑇𝑎 is the air temperature, 𝜀  is 

the emissivity of the sphere, 𝑑𝑔
0.4 is the diameter of the sphere, 

and ℎ𝐶𝑔 is the globe’s mean convection coefficient. In outdoor 

environments, where the radiant environment constantly varies 

in not homogeneous conditions, the globe thermometer is less 

suitable than the pyranometer/pyrgeometer measurements. 

Some of the main issues are recognized in the difficulties to 

approximate the standing position of the human body due to its 

spherical shape, the impossibility to take into account the 

different longwave and shortwave radiations absorption 

coefficients, and uncertainty results due to its long time in 

reaching the equilibrium in outdoor conditions (Kantor et al., 

2011; Thorsson et al., 2007). 

The determination of outdoor MRT by 

simulation tools  

Without sophisticated and time-consuming on-site measurement 

procedures, the MRT can be obtained by modelling the whole 

radiation field with simulation models approaches. Following 

the increasing interest in outdoor comfort analysis, few 

modelling tools are today available for predicting microclimatic 

parameters as MRT, but the potential users are confronted with 

the dilemma of choosing a suitable simulation tool. Hence, a 

new understanding of simulation tools physical assumptions is 

necessary to select the tool that better suits design needs. In the 

last three years, several simulation tools have been developed to 

simulate the 3D radiation field in urban settings and calculate 

the MRT. Among them, CitySim Pro, ENVI-met V.4, RayMan 

1.2, Grasshopper plug-ins Ladybug Tools (Honeybee 0.0.60, 

Ladybug 0.0.63, Butterfly 0.0.04) and Autodesk CFD 2016 are 

the simulation tools based on 3D models that have been selected 

for the present study. In the following paragraphs, their MRT 

equations and physical assumption are compared and discussed. 

CitySim Pro (Robinson et al., 2009) predicts energy fluxes at 

various scales. The energy model coded in the tool is validated 

according to the Building Energy Simulation Test (BESTEST), 

as well as against EnergyPlus (Coccolo et al., 2013). The MRT 

calculation within CitySim is based on the integral radiation 

measurement defined by Hoppe (Coccolo et al., 2017):  

𝑇𝑚𝑟𝑡 = √(
𝑆𝑚

(𝜀𝑝𝜎)
)

4
      [K]  (5) 

where 𝑆𝑚 (W∙m-2) is the mean radiant flux density, 𝜀𝑝 (-) is the 

emissivity of human n body and 𝜎 is the Stefan- Boltzmann 

constant; a standard value of 0.97 is assumed for the emissivity. 

The mean radiant flux density 𝑆𝑠𝑡𝑟 corresponds to the sum of the 

short and longwave radiation impinging on each facade, 

multiplied by the corresponding angular weighting factor.  Each 
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distinct contribution is weighted by the corresponding 

absorption coefficient (e.g. 0.7 for the short wave radiation and 

0.97 for the long wave radiation. Longwave and shortwave 

radiation exchanges are calculated in accordance with their 

respective customizable absorption coefficient. The temperature 

of each building surface viewed from the face of a target point 

is calculated as a weighted temperature, where the weight is 

defined by how much surrounding surfaces are viewed by the 

face of a given point.    

ENVI-met simulates the surface-plant-air interactions in an 

urban environment (Bruse, 2004). It is validated and compared 

to onsite measurements (Jeong et al. 2015). ENVI-met 

calculation of MRT is defined by the following equation (Bruse 

1999): 

𝑇𝑚𝑟𝑡 = [
1

𝜎
∙ (𝐸𝑡(𝑧) ∙

𝑎𝑘

𝜖𝑝
∙ (𝐷𝑡(𝑧) + 𝐼𝑡(𝑧)))]

0.25

 [K]  (6) 

The surrounding environment consists of the building surfaces, 

the atmosphere and the ground surface. All radiation fluxes, i.e. 

direct irradiance It(z), diffuse and diffusely reflected solar 

radiation Dt(z) as well as the total long-wave radiation fluxes 

Et(z) from the atmosphere, ground and walls, are taken into 

account (Ali Toudert, 2005). At street level, Et (z) is assumed to 

be originated 50% from the upper hemisphere (sky and 

buildings) and 50% from the ground. This approximation is 

valid only at street level because of the influence of longwave 

radiation of the ground decrease with the increased height. The 

temperature of each building surface viewed from the face of a 

target point is calculated as a weighted temperature, where the 

weight is defined by how much surrounding surfaces are viewed 

by the face of a given point. 

RayMan is a human-bio-meteorological tool based on radiant 

fluxes and thermophysiological indices (Matzarakis et al., 

2009). RayMan outputs are validated against on-site 

measurements (Matzarakis, 2002). Rayman calculates the MRT 

from the Stefan-Boltzmann radiation law (Matzarakis, 2006):  

𝑇𝑚𝑟𝑡 = √
𝑆𝑆𝑡𝑟

𝑎𝑙∙𝜎

4
 [K] (7) 

with 

𝑆𝑠𝑡𝑟 = 𝑎𝑘 ∙ ∑ 𝐾𝑖 ∙ 𝐹𝑖
6
𝑖=1 + 𝑎𝑙 ∙ ∑ 𝐿𝑖 ∙ 𝐹𝑖

6
𝑖=1   [W/m2] (8) 

where Sstr  (W∙ m-2) is the mean radiant flux density, Ki (-) is the  

short-wave radiation fluxes (i=6), Li (W m-2)  is the longwave 

radiation fluxes (i=6), Fi (-) is the angle factors between a person 

and the surrounding surfaces (i=6), 𝑎𝑘 (-) is the  absorption 

coefficient for shortwave radiation (standard value 0.7), 𝑎𝑖 (-) is 

the absorption coefficient for long-wave radiation (standard 

value 0.97) and σ is the  Stefan-Boltzmann constant (5.67×10-

8Wm-2K-4). The radiation fluxes are calculated by model 

approaches, which include air temperature and air humidity, 

degree of cloud cover, air transparency and time of the day of 

the year.  

Ladybug Tools (Roudsari and Pak 2013) are plugins for 

Grasshopper, which include a series of components for the 

simulation of the outdoor thermal environment. MRT is 

simulated by first computing a first longwave MRT based on 

surface temperatures calculated with the EnergyPlus simulation 

engine. View factors of every surface are calculated with the 

ray-tracing capabilities of the Rhino 3D modelling engine. The 

MRT calculation is based on the following formula (Mackey et 

al. 2017): 

𝑇𝑚𝑟𝑡 = [∑ 𝐹𝑖 ∙ 𝑇𝑖
4𝑁

𝑖=1 ]1/4 [K] (9) 

where F is the fraction of the spherical view occupied by a given 

indoor surface and T is the temperature of the surface. The 

temperature of each building surface viewed from the face of a 

target point is calculated as a weighted temperature, where the 

weight is defined by how much surrounding surfaces are viewed 

by the face of a given point. The outdoor calculation takes into 

account the sky temperature and the consequent longwave loss 

to the sky. The longwave temperature of the sky (Tsky) is defined 

following the Man-Environment Heat Exchange Model 

(Blazejczyk, 1992) as stated by Mackey (Mackey et al. 2017): 

𝑇𝑠𝑘𝑦 =
𝐿𝑎

(𝜀𝑝∙𝜎)
1/4 [K] (10) 

where La (W/m2) is the downwelling longwave radiation from 

the sky, εp is the emissivity of the human body assumed to be 

0.95, and σ is the Stefan-Boltzmann constant (5.667×10-8). The 

calculated longwave MRT is then adjusted to account for 

shortwave solar radiation that falls on people using the SolarCal 

model, which is a part of ASHRAE-55 thermal comfort standard 

(Arens et al. 2015). The SolarCal model is used to produce an 

effective radiant field (ERF) and a corresponding MRT delta 

with the following formula: 

𝐸𝑅𝐹𝑠𝑜𝑙𝑎𝑟 = (0.5 ∙ 𝑓𝑒𝑓𝑓 ∙ 𝑓𝑠𝑣𝑣 ∙ (𝐼𝑑𝑖𝑓𝑓 + 𝐼𝑇𝐻 ∙ 𝑅𝑓𝑙𝑜𝑜𝑟) +
𝐴𝑝∙𝑓𝑏𝑒𝑠∙𝐼𝑑𝑖𝑟

𝐴𝐷
) ∙ (

𝑎𝑠𝑤

𝑎𝑙𝑤
) [W/m2]        (11) 

where feff is the fractional of the body that can radiate heat (0.725 

for a standing person), fsvv is the sky view factor, and fbes is a 1/0 

value computed by tracing the sun vector, which indicates if 

direct radiation is falling on the person. Idiff is the diffuse sky 

radiation, ITH is the global horizontal radiation, and Idir is the 

direct radiation taken from TMY data. Ap and AD are geometry 

coefficients of the human body, which are computed based on 

sun altitude and azimuth. Rfloor is the reflectivity of the ground 

(assumed to be 0.25 by default though this can be changed), and 

the α values refer to the absorptivity and reflectivity of the 

person's clothing (Mackey et al., 2017). The ERF is converted 

into an MRT delta using the following equation: 

𝐸𝑅𝐹𝑠𝑜𝑙𝑎𝑟 = 𝑓𝑒𝑓𝑓 ∙ ℎ𝑟(𝑀𝑅𝑇 − 𝑇𝐿𝑊)       [W/m2]   (12) 

where feff is the fractional of the body that can radiate heat (0.725 

for a standing person), hr is the radiation heat transfer coefficient 

(W/m2K), and TLW is the base longwave MRT temperature (ºC). 

Autodesk CFD (Autodesk, 2016a) provides computational fluid 

dynamics and thermal simulations. It calculates outdoor comfort 

indexes based on Finite Element Methods (FEM), including 

MRT. Autodesk CFD thermal model is not validated for outdoor 

applications. It calculates the MRT with the following equation 

(Autodesk 2017): 

𝑀𝑅𝑇𝑖 = ∑ 𝐹𝑖𝑗 ∙ 𝑇𝑗
𝑛
𝐽=1      [K] (13) 

where Fij is the view factors and Tj is the temperature of face j. 

It is a weighted temperature based on how much view space face 

j is taking when viewed from face i. The Autodesk CFD 

radiation model is a diffuse grey body model where directional 

dependencies and radiation wavelength are not considered 

(Autodesk 2017). 

Software review 

In order to be further compared, MRT physical assumptions of 

each simulation tool are presented in diagrams. The definition 

of the human body is an essential parameter in MRT 
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determination as for the different body positions, and the 

different longwave and shortwave absorption coefficients 

considerably affect MRT results. As previously mentioned, the 

definition of longwave and shortwave radiation fluxes is the 

most critical aspect of MRT calculations. The sky and the scene 

(urban environment) are defined as the elements that play a 

significant role in longwave radiation exchanges.  

The sky is defined by its degree of cloud cover, humidity and 

temperature, while the scene accuracy is measured by its 

capability to take into account buildings, freestanding objects, 

vegetation entities and ground elements. To take into account 

the whole shortwave radiation field, the type of sky and the 

definition of the urban scene are the relevant parameters. The 

calculation of sky and surface view factors are important in the 

determination of the whole radiation field by each simulation 

tool. Among the several methods available in the determination 

of view factors, the deterministic, the ray-tracing and the fish-

eye methods are the ones described in this tools comparison.  

The capabilities of each tool to take into account local wind 

profiles, building profiles and evapotranspiration processes are 

also described, recognising them as parameters that significantly 

affect urban surface temperatures, which in turn affect MRT 

determination. CitySim Pro MRT calculation is based on the 

integral radiation measurement defined by Hoppe in 1992. The 

human body is customizable in its shape, position, shortwave 

absorption coefficient and longwave emissivity coefficient. 

Direct, diffuse from the sky and diffusely reflected shortwave 

radiations are taken into account. Longwave radiation 

exchanges with the sky and with the urban geometries are 

accounted. The type of sky is defined according to the Perez 

model, while the Perraudeau’s index defines the degrees of 

cloud cover. Involved 3D surface temperatures are calculated, 

taking into account reciprocal radiation exchanges.  

Buildings are defined following material properties and 

operation profiles. The ground is defined by its full stratigraphy 

and evaporation properties. The vegetation entities are 

accounted in respect to their evapotranspiration properties. 

Shading object is defined by their reflectance properties. 

Buildings, ground and vegetation objects take part of the whole 

radiation exchanges. The shading objects take part in the only 

shortwave radiation reflection.  The wind profile is taken from 

.cli climate files derived from weather station measurements, 

available from Meteonorm.  

Surface view factors and sky view factors are calculated with a 

deterministic method. CitySim Pro uses the Tregenza sky to 

divide the sky vault into 145 patches (which are each one 

divided into 100 further patches) of similar solid angle and the 

Perez all-weather model to calculate the radiance at the centroid 

of each patch. For surface view factors, views encapsulating the 

hemisphere are rendered from each surface centroid, with every 

surface having a unique colour. Each pixel is translated into 

angular coordinates to identify the corresponding patch as well 

as the angle of incidence (Robinson et al. 2009). 

The specific equation of Bruse defines ENVI-met calculation of 

MRT. The human body is defined by a default shortwave 

absorption coefficient (𝑎𝑘=0.7) and longwave emissivity 

coefficient (εp=0.97). Direct, diffuse from the sky and diffuse 

reflected shortwave radiations are taken into account. The 

shortwave radiation diffused by the sky in cloudless conditions 

is estimated after Brown and Isfält (1974), meanwhile for cloudy 

sky conditions the direct shortwave radiation is reduced 

according to Taesler and Anderson (Taesler and Anderson, 

1984, Ali Toudert, 2005). Longwave radiation exchanges with 

the sky and with the urban geometries are accounted. 3D 

surfaces are simplified following the ENVI-met orthogonal 

Arakawa C-grid and their temperatures are calculated with 

reciprocal radiation exchanges. Buildings are defined in 

accordance with material properties (stratigraphy up to three 

material) without operation profiles. Their surface temperatures 

are calculated by solving the energy balance equation for each 

surface, without taking into account the heat storage in the 

building materials (Ali Toudert, 2005).  

The ground is defined in accordance of its stratigraphy (5 m 

depth) and solved following Darcy’s law taking into account 

evaporation, water exchange inside the soil and water uptake by 

plant roots (ENVI-met, 2017). The vegetation entities are 

accounted in respect of their transpiration properties. The 

vegetation model is coupled with the soil model, allowing the 

water transpired by the plant to be supplied by the soil. All plants 

are treated as individual species with an integrated water balance 

control and heat and water stress reaction concept. Freestanding 

objects are defined by their material properties (only 

PRO/SCIENCE version). Buildings, ground, vegetation and 

freestanding objects (only PRO/SCIENCE version) take part of 

the whole radiation exchanges. The wind profile is locally 

calculated with a full 3D Computational Fluid Dynamics model 

for each grid in space in each time step solving the Reynolds-

averaged non-hydrostatic Navier-Stokes equations (ENVI-met, 

2017). View factors are calculated in a deterministic way with 

the Indexed View Sphere (IVS) method, in which each urban 

element is considered using its actual state regarding sun 

reflection and thermal radiation. 

RayMan MRT calculation is based on the integral radiation 

measurement defined by Hoppe in 1992. The human body is 

defined by a default shortwave absorption coefficient (𝑎𝑘=0.7) 

and longwave emissivity coefficient (εp=0.97). The MRT 

measurement height is 1.1 m above the ground, which 

corresponds approximately to the level of the centre of gravity 

of a standing person. Direct and diffuse from the sky shortwave 

radiation can be both manually inputted as global radiation or 

further calculated by the model. Diffuse reflected shortwave 

radiation is taken into account by the ground element if the only 

fish-eye photo is used for the sky view factor calculation. 

Meanwhile buildings and trees are part of the calculation if 

modelled or imported as obstacle file inside the tool (Matzarakis 

et al., 2009). Longwave radiation exchanges are accounted for 

the sky, the ground and the building elements. The sky is defined 

by manual input of cloudiness, air temperature and humidity and 

solved following the Angstrom formula. Material properties are 

not taken into account. Buildings and ground entities are defined 

in accordance with their albedo and Bowen-ratio coefficients. 

The vegetation entities can be modelled including deciduous or 

coniferous trees. The ground and building elements take part of 

the whole radiation exchanges in a simplified way, as their 

reflection and emission properties are simplified as all equal. 

Vegetation objects are considered in respect of their only 

shading capabilities. The wind speed is manually inputted such 

as parameters like humidity, air temperature and cloud cover. 

Surface view factors and sky view factors are calculated with a 

fisheye image method. It calculates view factors from fish eye 

pictures or any other circular images with distinct obstacles. 

When obstacles are defined in the image, the sky pixels are 

calculated and related to the total number of pixels in the image. 

The value for each pixel is then weighted and normalized in 

order to get a sky view factor between zero and one. 

Ladybug Tools MRT calculation is based on the determination 

of surface temperatures and their view factors (Mackey et al. 

2017). A default shortwave absorption coefficient defines the 

human body (𝑎𝑘=0.67), longwave emissivity coefficient 

(εp=0.95) (Arens et al., 2015) and customizable in its position. 

Direct, diffuse from the sky and diffuse reflected shortwave 

radiations are taken into account. The sky can be defined as 

climate-based, standard CIE or cumulative sky. The cumulative 
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sky matrix can be further customized as Tregenza sky or 

Reinhart sky. The only reflection that runs in the MRT 

calculations (and thus all the derived microclimatic maps) is the 

reflection off of the ground. Ladybug Tools, at the time of 

writing, does not include reflected solar off of buildings and 

free-standing objects in its calculations.  This can be accounted 

for by adjusting the input of diffuse radiation to the Solar-

Adjusted temperature component. The scripts are thus more 

precise when façade are studied under cloudy skies.  

Longwave radiation exchanges with the ground are accounted 

for, as well as with the sky.  Longwave radiation exchanges with 

the sky are solved with the MENEX model (Blazejczyk, 2005). 

Complex 3D surface temperatures take part of the longwave 

radiation exchanges without taking into account reciprocal 

radiation exchanges (EnergyPlus, 2017). Buildings are defined 

in accordance with material properties and operation profiles. 

The ground is defined as EnergyPlus ground zone and defined 

by its reflectance. EnergyPlus includes objects to model 

evaporative heat transfer from vegetated surfaces, which can be 

used to account for grass, shrubs (EnergyPlus, 2017). The 

EnergyPlus evaporative heat transfer from vegetated surfaces 

model, can be used to account for longwave radiation exchanges 

with trees, which can also be defined as shading objects 

following their reflectance properties in a simplified model. 

Buildings, ground and vegetation entities take part in the whole 

radiation exchanges. The wind profile is taken from .epw 

climate files, which are derived from weather station 

measurements. Detailed local wind profiles can be simulated 

with the Honeybee microclimate map and the use of the 

Butterfly plug-in. 

Surface view factors and sky view factors are calculated with a 

Ray-tracing method. Involving a geometric simplification of the 

sky, it consists of shooting virtual rays from the calculation point 

through the midpoint of each sky dome polygon to determine 

potential intersections with the surfaces of the elevation model. 

The sky dome polygon is assumed to be entirely visible if no one 

elevation elements do not intercept the ray that passes through 

its midpoint. Autodesk CFD calculates outdoor comfort indexes 

based on Finite Element Methods (FEM), including MRT. 

Default values define the human body. Direct, diffuse from the 

sky and diffusely reflected shortwave radiation are taken into 

account. Autodesk CFD 2017 uses a diffuse grey body radiation 

model that has no wavelength and directional dependency, 

which lead to a simplification of the simulated diffusely 

reflected radiation. Longwave radiation exchanges with the sky 

and with the urban geometries are accounted.  

Complex 3D surface temperatures are calculated, taking into 

account reciprocal radiation exchanges. Material properties and 

no operation profiles define buildings. The ground is defined in 

its material properties. The vegetation entities are defined as 

shading objects. Their material properties define the shading 

object. Buildings, ground and shading objects take part of the 

whole radiation exchanges. The wind profile is locally 

calculated with a full 3D Computational Fluid Dynamics model. 

Surface view factors and sky view factors are calculated with a 

deterministic method that enforces reciprocity between solids 

(Autodesk, 2016b). 

   
 

Figure 2: CitySim physical assumptions in the MRT 

calculation 

 

 

 

Figure 3: ENVI-met physical assumptions in the MRT 

calculation. 

 

 

Figure 4: RayMan physical assumptions in the MRT 

calculation. 
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Figure 5: Ladybug Tool's physical assumptions in the 

MRT calculation. 

 

 

Figure 6: Autodesk CFD physical assumptions in the 

MRT calculation. 

Discussion 

A review of what tools take into account when predicting MRT 

is proposed in Table 1. The discussion follows the structure of 

the table. 

Human Body. When different body definitions are relevant in 

the determination of MRT CitySim Pro, ENVI-met and Ladybug 

Tools are more accurate. CitySim Pro offers freedom in the 

customisation of position, grid definition and coefficient of 

absorption. The RayMan tool performs MRT simulations at 

height 1.1 m above the ground, being suitable for simulations 

based on standing person perception. ENVI-met and Ladybug 

Tools have the capabilities to determine MRT results at a 

different height above the ground. They provide default 

absorption coefficients, which are customizable by users 

through the script code. Autodesk CFD model has no 

wavelength and directional dependency, thus simplifying the 

absorption of the longwave and shortwave radiation fields.  

Shortwave radiation field. When shortwave radiation fluxes 

have great importance, CitySim Pro, Ladybug Tools and ENVI-

met take into account direct, diffuse and reflected radiation by 

buildings, free-standing objects, vegetation entities and ground. 

RayMan allows defining one albedo value for the whole urban 

geometry, simplifying the diffusely reflected radiation fluxes. 

Autodesk CFD simplifies the role of vegetation entities, 

modelling them as freestanding objects.  

Longwave radiation field. When longwave radiation fluxes play 

a significant role in the determination of surface temperatures, 

which affect MRT values, ENVI-met is the tool that provides 

the best accuracy. It allows taking into account local wind 

profiles, reciprocity between buildings, ground evaporation, 

vegetation transpiration and water bodies affections. Longwave 

radiation exchange for freestanding objects is allowed in the 

PRO/SCIENCE version of the software. RayMan simplifies the 

radiation fields by assigning to the surrounding environment one 

universal emissivity value. Ladybug Tools accounts for 

reciprocity between buildings, takes into account freestanding 

objects, and model the ground as an EnergyPlus thermal zone. 

Autodesk CFD is suitable for a contest where ground 

evaporation and vegetation transpiration do not play a key role, 

as these features are not taken into account by the model.  

When the design site is significantly affected by high wind 

profiles, ENVI-met and Autodesk CFD are the tools that have to 

be considered as more suitable. Their 3D Computational Fluid 

Dynamics model provides accurate local wind profiles. CitySim 

Pro and Ladybug Tools perform their simulation under wind 

profiles recorded by weather stations. Ladybug Tools allow 

simulating detailed local wind profiles with the use of the 

Butterfly plug-in.  RayMan requires wind speed as an input 

parameter for its simulations.  

View Factors calculation. The definition of the sky and surface 

view factors play a crucial role in the determination of the whole 

radiation field. Here CitySim Pro, ENVI-met and Autodesk 

CFD are the tools that provide the best accuracy due to their 

deterministic calculation method. CitySim Pro uses a 

deterministic method that divides the sky vault into 145 patches, 

which are divided into 100 further patches. ENVI-met view 

factors are calculated with the new Indexed View Sphere (IVS) 

method, in which each urban element is considered. Autodesk 

CFD uses a true view factor that enforces reciprocity between 

solids. Ladybug tools view factor calculation is based on the ray-

tracing capabilities of shooting virtual rays from the calculation 

point through the midpoint of each skydome polygon. The 

accuracy of this method increases when the size of the skydome 

polygons diminishes, as the polygons become closer to a 

differential area and the shape of the skydome closer to a 

hemisphere. The accuracy of this method is thus dependent on 

the number of rays that are sent to the dome. The number of rays 

can be defined concerning accuracy and simulation time. 

RayMan uses a fisheye method that calculates the sky and the 

obstruction entities by counting the pixels of the digitised image. 

The calculation of the view factors is thus related to the almost 

480x480 pixel definition of the image, providing a quick but not 

accurate as of the other tools calculation. 

Conclusion 

Researchers and practitioners move toward the modelling of 

outdoor microclimate and comfort conditions. Due to the 

complexity of urban environments, understanding software 

tools capabilities of determining comfort indices and physical 

parameters is key. Several comfort indices as Predicted Mean 

Vote (PMV), Physiologically Equivalent Temperature (PET) 

and Universal Thermal Climate Index (UTCI) have been 

introduced to the design practised. As a relevant parameter for 
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all of the mentioned comfort indices, new attention is given to 

MRT. Potential users are confronted with a lack of information 

about the tools’ assumptions when accounting MRT and related 

comfort indices. Therefore, this paper aims to highlight the 

different physical assumptions that known simulation tools use 

in determining MRT. The paper, filling a gap in the existing 

literature, has collected and organised this information focusing 

on MRT equations and calculation assumptions. It is shown that 

depending on the type of site (shortwave dominated, longwave 

dominated, or wind dominated) some tools should be used and 

certain others avoided. The research thus provides urban 

planners, designers and researchers with key information that 

would drive them in selecting the appropriate simulation tool.

 

 

Table 1: Comparison of outdoor variables and software data. 
 CitySim Pro ENVI-met RayMan Ladybug Tools Autodesk CFD 

Human Body Radiation 

Exchange 
     

Shape/Position Accounted Accounted Simplified Accounted Accounted 

Shortwave absorption Accounted) Accounted Accounted Accounted Simplified 

Longwave emissivity Accounted Accounted Accounted Accounted Simplified 

Shortwave Radiation      

Direct radiation Accounted Accounted Accounted Accounted Accounted 

Diffuse sky radiation Accounted Accounted Accounted Accounted Accounted 

Diffuse reflected radiation 

(Buildings) 
Accounted Accounted Simplified Simplified Accounted 

Diffuse reflected radiation (Free 

standing objects) 
Accounted Accounted Not accounted Not Accounted Accounted 

Diffuse reflected radiation 

(Vegetation) 
Accounted Accounted Simplified Accounted Simplified 

Diffuse reflected radiation 

(Ground) 
Accounted Accounted Simplified Simplified Accounted 

Sky view factor Deterministically Deterministically Fish-eye photo Ray Tracing Deterministically 

Surface view factor Deterministically Deterministically Fish-eye photo Ray Tracing Deterministically 

Longwave Radiation      

Longwave radiation exchange 

with the sky 
Accounted Accounted Accounted Accounted Accounted 

Longwave radiation (Buildings) Accounted Accounted) Simplified Accounted Accounted 

Longwave radiation 

(Freestanding objects) 
Not accounted Accounted Not accounted 

Accounted 
Accounted 

Longwave radiation (Vegetation) Accounted Accounted Not accounted Accounted Not accounted 

Longwave radiation (Ground) Accounted) Accounted Simplified Accounted Accounted 

Transpiration (Vegetation) Accounted Accounted Not accounted Not accounted Not accounted 

Evaporation (Ground) Accounted Accounted Simplified Not accounted Not Accounted 

Local Wind Speed Not accounted Accounted Not accounted Accounted Accounted 

Local Wind Direction Not accounted Accounted Not accounted Accounted Accounted 

Sky view factor Deterministically Deterministically Fish-eye photo Ray Tracing Deterministically 

Surface view factor Deterministically Deterministically Fish-eye photo Ray Tracing Deterministically 
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