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Abstract
While capabilities in urban climate modeling have substantially increased in recent decades, the interdependency of changes
in environmental surface properties and human (dis)comfort have only recently received attention. The open-source solar
long-wave environmental irradiance geometry (SOLWEIG) model is one of the state-of-the-art models frequently used
for urban (micro-)climatic studies. Here, we present updated calculation schemes for SOLWEIG allowing the improved
prediction of surface temperatures (wall and ground). We illustrate that parameterizations based on measurements of global
radiation on a south-facing vertical plane obtain better results compared to those based on solar elevation. Due to the limited
number of ground surface temperature parameterizations in SOLWEIG, we implement the two-layer force-restore method
for calculating ground temperature for various soil conditions. To characterize changes in urban canyon air temperature
(Tcan), we couple the calculation method as used in the Town Energy Balance (TEB) model. Comparison of model results
and observations (obtained during field campaigns) indicates a good agreement between modeled and measured Tcan, with
an explained variance of R2 = 0.99. Finally, we implement an energy balance model for vertically mounted PV modules
to contrast different urban surface properties. Specifically, we consider (i) an environment comprising dark asphalt and a
glass facade and (ii) an environment comprising bright concrete and a PV facade. The model results show a substantially
decreased Tcan (by up to − 1.65 ◦C) for the latter case, indicating the potential of partially reducing/mitigating urban heat
island effects.
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Introduction

Today about half of the world’s population resides in urban
areas. Future projections show pronounced urbanization
rates and it is expected that by 2050, about two thirds of
the world’s population will be urban (UN 2014). Several
studies report on increased thermal heat stress in urban
microclimates, e.g., Grimmond et al. (2010). In order to
adapt to climate change, some countries aim to reduce solar
absorption in urban environments by maximizing the area
of highly reflective surfaces through installation of the so-
called white roofs. Also, at a time where sustainable energy
production becomes more and more important, “solar cities”
aim on maximizing “solar harvest”, i.e., the solar yield from
photovoltaic (PV) modules, by directing their roofs and
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facades towards the sun to avoiding shadowing. Reflections
from the ground and surrounding buildings cause an
increase of the solar radiation directed to the PV module,
thus increased PV yield (Kotak et al. 2015; Lindberg et al.
2015). The role of PV modules in a city or as a facade in
an urban canyon was discussed in the work of Brito et al.
(2017). This study has shown that for specific study areas, the
non-baseload electricity demand can be satisfied by cost-
effective PV investments on roofs and facades at today’s
market conditions for up to 10 months of the year. Further,
winter mid-day electricity demand can only be achieved if
the solar yield of PV facades is taken into account.

In terms of human thermal stress, this increase in
reflection can cause more discomfort. Human (dis)comfort
is commonly described by various bioclimatic indices. The
Universal Thermal Climate Index (UTCI) (Fiala et al. 2001;
Bröde et al. 2011; Blazejczyk et al. 2011) aggregates
many of these in one standardized metric. The UTCI is
based on complex multi-node thermophysiological models
and allows to predict whole body thermal effects (e.g.,
hypothermia and hyperthermia; heat and cold discomfort)
as well as localized effects (e.g., frostbite). Thereby, UTCI
allows addressing all kinds of thermal stress and discomfort
(e.g., extreme cold or warm) as well as conditions in
which the human heat balance and the perceived outdoor
temperature are affected by solar radiation. The accuracy
of UTCI depends on a suite of input parameters; among
these, especially a precise calculation of the mean radiant
temperature Tmrt is of uttermost importance (Weihs et al.
2011).

To provide Tmrt with highest accuracy, we employ
here an updated version (see below) of the open-
source solar long-wave environmental irradiance geometry
(SOLWEIG) model which is a part of the urban multi-
scale environmental predictor (UMEP) (Lindberg et al.
2018). SOLWEIG is a state-of-the-art model which
combines building and vegetation surface models and
spatial variations of 3-D radiative fluxes in complex urban
settings. SOLWEIG has been extensively evaluated in urban
environments over the last decade (Lindberg et al. 2008;
Lindberg and Grimmond 2011; Lindberg et al. 2016).

In its present configuration (Lindberg and Grimmond
2016), SOLWEIG uses only observed ambient air temper-
ature, independent of its measurement height, to estimate
the temperatures of surrounding surfaces (i.e., wall and
ground temperature) via a simple parameterization scheme.
Moreover, according to the authors’ knowledge, to date,
no evaluation and simulation tools are available for urban
areas, which can estimate the effects of a broad rollout of
photovoltaic facade and different ground surfaces in urban
districts necessary to characterize the change of ambient
air temperature and in general microclimate in urban street
canyons.

This study aims on closing this gap by coupling
SOLWEIG with parts of the Town Energy Balance (TEB)
model (Masson 2000). Below, we detail the model setup
as well as results from a recent field campaign for model
evaluation. During this field campaign, measurements
of short-wave radiation, wind speed, air, and surface
temperatures were performed. The campaign took place
between August 2016 and September 2017 on the campus
of the University of Natural Resources and Life Sciences
(BOKU) in Vienna.

The study focuses on (i) the simulation of canyon air
temperature based on measured input parameters and its
comparison to observed canyon air temperature in the
study domain (see dashed yellow box in Figure S1 in the
supplemental material); and (ii) evaluating the impact of
potential changes in the surface structure parameters of
wall and ground (i.e., albedo and energy balance of the PV
module) on the canyon air temperature and human comfort.

Methods

Based on the standard meteorological input file of
SOLWEIG, we developed a model structure which uses
only the required and available variables (ambient air
temperature Ta , wind speed U , relative humidity RH ,
barometric pressure pa , and incoming short-wave global
radiation Gh on a horizontal plane).

Instrumentations

For model development and evaluation, measurements
which are routinely performed at the meteorological moni-
toring platform located at the rooftop of the Schwackhöfer-
Haus (at approximately 26-m height above ground) have
been used. Additional measurements have been performed
within a street canyon nearby (southward-orientated at 3 m
above ground). Figure 1a and b shows both platforms and
the related measurements; Figure S1 in the supplemental
material shows the measurement sites from the top (dark
green ellipse = rooftop, green point = canyon). During the
campaign, radiation measurements were performed with
two types of pyranometer: on the rooftop with a MS-802
global radiation pyranometer (EKO Instruments) with a
wavelength range of 285–3000 nm; in the urban canyon
with a vertically mounted EMS 11 silicone diode sensor
(EMS Brno) covering a wavelength range of 400–1100 nm.
The ambient air temperature and relative humidity at the
rooftop have been measured with a thermocouple type K
combined with a humidity sensor (inside a radiation shield)
in direct vicinity to the wind sensor (for speed and direc-
tion) on the rooftop (see Fig. 1a). Air temperature and wind
speed measurements in the canyon were performed with a
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Fig. 1 Measurement setup used in this study. a The observational
platform of the University of Natural Resources and Life Sciences
(BOKU), located at the rooftop of the Schwackhöfer-Haus. b
Additional instrumentation in the studied urban canyon. c Infrared
picture of the setup shown in b taken on 19 June 2017 at 11:12 UTC.
The acronyms in a and b indicate individual meteorological variables
obtained; arrows point towards the corresponding instrument/sensor.
These are ambient air temperature Ta and relative humidity RH; both
measured with a thermocouple located 26 m above ground; wind
speed Utop at the rooftop, measured with a Kroneis anemometer 27 m
above ground; horizontal global radiation Gh, obtained with a MS-802
pyranometer (EKO Instruments); global radiation on a south-oriented
vertical plane Gw in the urban canyon, obtained with an EMS 11 global
radiation silicone diode sensor (EMS Brno); canyon air temperature
Tcan and canyon wind speed Ucan, both obtained with a DS-2 sonic
anemometer (METER Group, Inc). The three photovoltaic modules PV
are of type SX10M (SOLAREX). In the upper left of panel c, surface
temperatures of the PV modules (Sp1) and the building facade of the
Schwackhöfer-Haus (Bx1) are given

DS-2 sonic anemometer (METER Group, Inc.) with a speed
range of 0–30 m s−1 and an accuracy of 0.3 m s−1 (see

Fig. 1b). The measurement outputs of the individual sensors
in the urban canyon have been aggregated to 10-min aver-
ages to match the temporal resolution of the routine rooftop
measurements.

The surface temperatures were additionally measured
with an infrared camera of type FLIR E60bx (FLIR
Systems), which has an accuracy of ± 2% between 0 and
650 ◦C (see Fig. 1c).

The potential electricity production inside the urban
canyon was determined with three PV modules of
type SX10m (SOLAREX). The surface temperature was
measured with three thermocouples on the back side of the
PV modules.

Parameterization of wall surface temperature

Bogren et al. (2000) proposes to estimate the surface
temperatures Ts (horizontal or vertical) via a linear
relationship between maximum solar elevation and the
maximum difference between measured Ta and Ts under
clear-sky conditions (Lindberg et al. 2008). Here, we
propose a different approach, using global radiation
measured on a south-oriented vertical plane Gw instead of
solar elevation. Gw is calculated as

Gw = Gh

sin(α + β)

sin(α)
(1)

where β is the tilt angle of the vertical plane measured
from the horizontal and α is a function of the geographical
latitude φ and the declination angle δ given by

δ = (180/π) · (0.006918 − 0.399912 · cos(B)

+ 0.070257 · sin(B) − 0.006758 · cos(2B)

+ 0.000907 · sin(2B) − 0.002697 · cos(3B)

+ 0.00148 · sin(3B)), (2)

α = 90 − φ − δ (3)

where B = (n−1) 360
365 with the nth day of the year (Spencer

1971; PVEducation 2017).
To obtain the wall surface temperature Tw, we apply

the amplitude from the before mentioned linear relationship
to a sinusoidal wave function with maximum temperature
difference at 15:00 (local time) (Lindberg et al. 2016).

Parameterization of ground surface temperature

To calculate the ground temperature Tg , we apply the force-
restore method following Blackadar (1976) with a two-layer
approximation, i.e., with a parameterization of the sensible
heat flux Hs (2nd term in Eq. 4) and the ground heat flux
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Hg (3rd term in Eq. 4). The change in Tg per time step is
given as:

∂Tg

∂t
= F

S zg

− aFR

(
Tg − Tas

) − �
(
Tg − Tm

)
(4)

Here, F represents the net radiation balance at the ground
surface (which can be directly calculated with SOLWEIG),
S is the soil heat capacity given as a product of a
materials density ρ and its specific heat capacity c, � is
the angle velocity of the Earth, and aFR which is a time-
of-day dependent factor (3 × 10−4 s−1 for daytime,
1 × 10−4 s−1 for nighttime). Tm is the approximately
constant temperature of the bottom slab. The depth of the
thermal active layer zg is calculated using time period τ and
thermal conductivity λ (Stull 1988):

zg =
√

τ λ

4 π S
(5)

It follows that the near-surface air temperature Tas has to be
simulated based on measurements of Ta on the rooftop. To
model such continuous time series of Tg at time step (t +1),
we apply the Euler method with a given Tg at time step (t)

and the rate of change from Eq. 4 times a value i for the size
of every step:

Tg(t + 1) = Tg(t) + ∂Tg

∂t
· i (6)

Parameterization of urban canyon air temperature

As detailed above, we are interested in the air temperature
near the ground surface Tas . For simplification, we set Tas

as T̂can which is calculated in analogy to the TEB model.

T̂can =
Tg

RESg
+ 2 h

w
Tw

RESw
+ Ta

REStop

1
RESg

+ 2 h
w

1
RESw

+ 1
REStop

(7)

Note we did not parameterize the anthropogenic sensible
heat flux and snow cover terms given the general lack of
traffic at the case study site and summer time conditions.
Further required terms for estimating T̂can are h

w
, the canyon

aspect ratio (building height h to street width w) and RES,
the aerodynamic resistance for the ground (RESg), wall
(RESw), and rooftop (REStop), respectively, given as:

RESg = RESw = cp ρa(
11.8+4.2

√
U2

can+(u∗+w∗)2
) (8)

REStop = (
Utop Cd

)−1 (9)

whereby Ucan (parameterized as in the TEB model) and
Utop (measured) are the wind speeds for canyon and
rooftop, respectively. The characteristic scale of turbulent
wind u∗ + w∗ is calculated using Ta , Utop, and the
drag coefficient Cd (computed with the roughness length
z0town = h

10 and T̂can of the previous time step) (Moigne

2012). For estimating the surface heat flux, we consider the

rate of warming
(

∂Ta

∂t

)

r
at the rooftop as representative for

the whole convective boundary layer:

u∗ + w∗ = √
Cd Utop +

[
g h2

Ta

(
∂Ta

∂t

)

r

]1/3

(10)

where g is the gravitational constant (Arya 2001).

Energy balancemodel for PVmodules

Following the concept of the heat dynamics model for
building-integrated photovoltaic (BIPV) systems of Lodi
et al. (2012), we introduce a modified energy balance model
for PV module(s) mounted in urban canyons. As model
input, we use besides global radiation information (see
above) the measured surface temperature on the back side
of the PV module TbPV

, and information from a 2-D sonic
anemometer. At our study site, the thermal radiative heat
transfer between the back side of the PV module and the
gray glass facade of the Schwackhöfer-Haus (see Fig. 1b)
behind can be calculated following:

Qlb = APV σ

1
εbPV

+ 1
εw

− 1

(
T 4

bPV
− T 4

w

)
(11)

where APV represents the area of the photovoltaic
module with a value of 0.11 m2. εbPV

and εw are the
emissivity for the back side of PV modules and the facade
of the Schwackhöfer-Haus, respectively. TPV , the front
temperature of the PV module (which might be higher than
TbPV

), can be calculated following:

TPV = TbPV
+ Gw

1000 W m−2
�T (12)

where �T is the temperature difference between the front
and back sides of the PV module. �T is set to 1.9 ◦ C at an
irradiance level of 1000 W m−2 (King et al. 2004).

Now, the long-wave radiation exchange Qlf between
the sky, ground, the opposite building (Exner-Haus, see
Figure S1 in the supplemental material), and the front side
of the PV module is given as:

Qlf = APV σ
(
�sky εc T 4

sky + �g εc T 4
g

+ �b εc T 4
b − εgl T

4
PV

)
(13)

The parameter � is the view factor for surrounding surfaces.
Figure S2 in the supplemental material shows a fisheye
lens picture of the PV module perspective combined with
three digitalized images for the sky, for the ground, and for
buildings. The respective area percentage calculation yields
a sky view factor of �sky = 0.23, ground view factor �g =
0.43, and a building’s view factor of �b = 0.35. For the
emissivity εc, we assume a combined value of 0.95. Due to
the available information of dew point temperature Tdew on
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the rooftop, the sky temperature Tsky can be calculated using
the method of Duffie and Beckman (2013). The temperature
of the Exner-Haus Tb, which is shaded throughout the day,
is set to Ta (Lindberg and Grimmond 2011).

To determine the convective heat transfer Qc between the
front (Eq. 14) and back sides (Eq. 15) of the PV module
and the surrounding air, we apply Newton’s law of cooling
following Palyvos (2008) and Sharples (1984):

Qcf = APV (7.35 + 3.75 · Ucan) (Tcan − TPV ), (14)

Qcb = APV (1.8 + 1.93 · Ucan) (Tcan − TbPV
) (15)

The absorbed solar radiation is estimated through the
transmittance-absorptance product (τα)PV

∼= 1.01 τgl αPV

(Duffie and Beckman 2013) and the incidence angle
modifier IAM(θaoi) (Barker and Norton 2003):

Qs = APV 1.01 τgl αPV Gw IAM(θaoi) (16)

The remaining term of the heat transfer process is
transformed solar energy (i.e., electricity production of the
PV module), which is given as a function of TPV :

Qe = APV Gw IAM(θaoi) ηref

[
1 − β0

(
TPV − TPV,ref

)]

(17)

where ηref is the reference PV module efficiency (deter-
mined by laboratory measurements), β0 is a temperature
coefficient (see Table 1), and TPV,ref = 25 ◦ C is
the reference temperature at 1000 W m−2 (manufacturer
provided).

Continuous Time Stochastic Modeling for unknown
parameters

Continuous Time Stochastic Modeling (CTSM) is widely
used to estimate unknown parameters of non-linear systems
(Jazwinski 1970; Nielsen et al. 2000). Following the scheme
of a gray box model, which combines prior physical
knowledge and information from measurements, one can
use a set of stochastic differential equations (SDEs) of form

dXt = f (Xt , Ut , t, �) dt + W(Xt , Ut , �) dωt (18)

and a set of discrete time observation equations of form

yk = M(Xk, Uk, tk, �) + ek (19)

where t is the time, Xt is a vector of state variables, Ut

is a vector of input variables, � is a vector of unknown
parameters, and yk is a vector of output variables. f (·),
W(·), and H(·) are non-linear functions, ωt is a Wiener
process, and ek is the Gaussian white noise with the
covariance

∑
t . The CTSM package in R (Juhl 2016) applies

a maximum likelihood estimation of a time series with joint
probability density function

L(�) =
(

N∏

k=1

p(yk | ϒk−1, �)

)

p(y0 | �) (20)

with ϒN = [y0, y1, ..., yk, ..., yN] as a time series of N

observations. CTSM-R computes the likelihood function
and uses an optimization method to locate the most probable
set of parameters (Juhl et al. 2016).

Given the relatively small area of the PV module used
in this study (compared to, e.g., modules used in Jones and
Underwood (2001) and Lodi et al. (2012)), we considered
a single-state model to predict the average cell temperature.
In our case, the unknown parameters are the absorptivity of
the cells inside PV modules αPV and the heat capacity CPV .
The non-linear system for the photovoltaic energy balance
model to estimate these parameters is given as:

dTPV = C−1
PV

(
Qcf + Qcb + Qlf

+ Qlb + Qs − Qe) dt + W dωt ,

TPV ,m = TPV + ek (21)

Once the unknown parameters are determined, the Euler
method from Eq. 6 can be used to calculate the estimated PV
module temperature T̂PV (i) based on knowledge of global
radiation (on a vertical plane), wind speed, and ambient air
temperature at the rooftop, the angle of incidence of the
current step (i), and the back-side PV module temperature
with the canyon air temperature from the previous time step
(i − 1).

Results

Model evaluation for wall, ground, and air
temperature

As shown in Lindberg et al. (2016), the surface temperature
parameterization in SOLWEIG affects the mean radiant
temperature. Thus, precise measurements of the temperature
of surrounding surfaces are needed to accurately simulate
the canyon air temperature.

To this aim, infrared measurements (with a FLIR E60bx)
were taken of the facade behind the PV modules around
the time of maximum solar elevation. Due to the possible
settings in FLIR Tools (FLIR Systems 2016), the position
where pictures were taken was 5 m in front looking normal
to the wall of the Schwackhöfer-Haus and the emissivity
was set to εw = 0.95.

Following Lindberg et al. (2016), we show in Fig. 2a
the difference in wall surface temperature Tw and air (in
our case canyon) temperature Tcan, as a function of the
maximum solar elevation. The regression coefficients found
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Fig. 2 Scatter plots of the difference in temperature between the wall
surface temperature (Tw) and canyon air temperature (Tcan) as a func-
tion of a the solar elevation and b global radiation on a south-facing
vertical wall (Gw). The green points in panel a mark the outliers
from the theoretical curve (dashed red line) describing higher surface

temperature at higher solar elevation. The squared Pearson correlation
coefficient (R2) and the regression analysis with the coefficients are
provided in each panel. Note the number of measurements in a and
b are not the same as global radiation measurements have not been
available on 2 days

in the present analysis are in close agreement with those
originally described by Lindberg et al. (2016). Despite a
general agreement, a few individual measurements (marked
in green) deviate from the theoretical curve (dashed red
line) describing higher surface temperature at higher solar
elevation. However, the study of Lindberg et al. (2016)
considered only temperatures at solar elevation below 56 ◦
due to the higher geographic latitude in Sweden compared
to Vienna. Figure 2b shows a new method regarding the
difference of Tw and Tcan as a function of the observed
values Gw. The explained variance of the temperature
difference is strongly improved using Gw as predictor
(compare R2 = 0.61 in panel (a) with R2 = 0.76 in panel
(b)).

Calculating the ground temperature with the force-
restore method, we apply the following quantities: the heat
capacity of asphalt given as Sasphalt = 920 J kg−1 K−1 ·
2120 kg m−3 = 1.95 × 106 J m−3 K−1 and the
thermal conductivity λasphalt = 0.7 W m−1 K−1 (Lumitos
2017). Tm was set as an average of the daily mean of
Ta and the annual average temperature in 2 m depth of
12 ◦C to account for seasonal ground temperature variations
(possible maximum temperature was measured in 2-m depth
of 18.6 ◦C) (ZAMG 2018). To obtain F in Eq. 4 with
highest accuracy in SOLWEIG, measurements of the albedo
of the Schwackhöfer-Haus (gray panels faced with glass in
the upper part of Figure S3 in the supplemental material)
yielded a value of 0.27.

The canyon aspect ratio was calculated taking the average
height of both buildings and a street width of 17 m which
yields a value of h̄

w
= 20.2 m

17 m � 1.19. As now all required

parameters for the calculation of the canyon air temperature
T̂can are available, we derive it following Eq. 7.

Figure 3 provides a time series of the measured and
simulated air temperature inside and above the urban
canyon. We show the estimates for T̂can for both the
currently implemented SOLWEIG scheme (CS) and the
here proposed calculation scheme (PS). While both, CS
and PS agree quite well with the measurements of Tcan,
a closer comparison reveals structural differences among
the two approaches. Estimates from CS agree closer with
observations during morning hours (before 10:00 UTC),
while estimates from PS are closer to the measured canyon
air temperature around noon and during the afternoon/early
evening (until about 19:00 UTC). A disadvantage of CS
compared to PS is the circumstance that the ground
temperature decreases immediately to Ta due to the shadow
matrix. This is clearly visible in Figure S4 (supplemental
material) where at around 14:00 UTC, Tasphalt (CS) rapidly
decreases due to shading of the canyon (by the bridge
marked with yellow lines in Figure S1). The two outliers in
CS between 18:00 and 20:00 UTC stem from the fractional
cloud cover function as described in Lindberg et al. (2008).
Due to application of the parameterization throughout the
night, the simulated air temperatures are too low, especially
at the end of the time series after a pronounced heat wave.

The statistical analysis of the modeled versus observed
canyon air temperature for CS and PS is shown in Fig. 4a
and b, respectively. While both parameterization schemes
work generally well, PS shows an improved explained
variance (squared Spearman’s rank correlation coefficient)
compared to CS. More importantly though, the root mean
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Fig. 3 Time series of the air
temperature (T ) measured at the
rooftop (Ta , red) and inside the
urban canyon (Tcan, green), and
simulated canyon air
temperature with the currently
implemented SOLWEIG
scheme (CS) (T̂can, orange,
dashed line) and the proposed
calculation scheme (PS) (T̂can,
orange, solid line). Time series
of the difference between Tcan

and T̂can, respectively, is shown
in the lower part (brown dashed
(CS) and solid (PS) lines)
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square error (RMSE) for PS is reduced compared to
CS. In summary, the here-presented calculation scheme
(PS) performs better than the standard scheme (CS).
Nevertheless, also PS shows slight underestimations in the
heating phase of the urban canyon.

Parameter estimation and simulation for PV
modules

As manufacturers commonly do not provide optical or
thermal specifications of a PV module, this information was
compiled through literature review (see Table 1). The initial
value of CPV for the CTSM system was estimated using

a value given in Jones and Underwood (2001) with a total
heat capacity of 2918 J K−1 and a total area of 0.51 m2.
Assuming the mounted PV modules are very similar to the
ones in Jones and Underwood (2001), the heat capacity of

each module is 2918 J K−1 · 0.11 m2

0.51 m2 ≈ 650 J K−1 (scaled
by total area). The final value of CPV is given in Table 1.
αPV was also estimated by CTSM using an initial value of
Moralejo-Vȧzquez et al. (2015).

Lodi et al. (2012) suggests parameter estimation based
on data from partly cloudy days, given that the modeled
heat transfer processes are less correlated under cloudy than
under clear-sky conditions. For the present study, parameter
estimation is based on data taken on 18 June 2017 between

Fig. 4 Scatter plots of measured
(Tcan) and simulated (T̂can)
canyon air temperature for a the
proposed calculation scheme
and b the currently implemented
SOLWEIG scheme. Each panel
provides the squared
Spearman’s rank correlation
coefficient (R2) and the root
mean square error (RMSE)
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Fig. 5 a The auto-correlation
function (ACF) and b the
cumulated periodogram of the
residuals for the continuous time
stochastic model used for the
mounted photovoltaic module.
The blue dashed lines mark the
95% confidence limits for
random noise
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00:00 and 23:50 UTC with 10-min temporal resolution.
Measurements include several input values for the CTSM
system including Gw, Ucan, Ta , Tcan, Tdew, and TbPV

.
Ground temperature Tg in front of the PV module and wall
temperature Tw behind the PV module have been simulated
with the PS scheme in SOLWEIG. Tg was averaged over
an area of 7 · 7 m2 (see Figure S1 in the supplemental
material, red square), seen as the distance from the PV
module to parked cars. In Fig. 5, we show the white noise
verification of the model considering the auto-correlation
function (ACF, panel (a)) and the cumulative periodogram
(panel (b)). Here, the blue dashed lines mark the confidence
level of 95% under the hypothesis that the model residuals
are white noise. The PS describes heat transfer in and
around the PV module enough sufficiently. We note in
passing that for characterizing a larger PV unit, the model
would need to be expanded to a two-state model as used for
example by Lodi et al. (2012).

Applying the estimated parameters (Table 1) in Eq. 21
combined with the Euler method, the PV module temper-
ature is predicted. The output of the simulated T̂bPV

is
compared with the measured TbPV

for 18 to 20 June 2017 in
Fig. 6a. In panel (b), we show the difference between model
prediction and observations. The model shows most satis-
factory results on June 18, a day with partial cloud cover.
In contrast, larger differences are found for 19 and 20 June
2017, which have been characterized by prevailing clear-sky
conditions. Clear-sky days are more difficult to model due
to overall higher temperatures and reflections of obstacles
in the environment (see second sun in Figure S3 in the sup-
plemental material). However, the statistical analysis of the
CTSM-based system (provided in Fig. 7) shows good agree-
ment throughout the time series, with an explained variance
of R2 = 0.99 and a RMSE = 1.2 ◦C (N = 432).

Simulations for various surface conditions

Urban planning strives to reduce the urban canyon air
temperature and generally undesirable effects of the urban
heat island. Therefore, the UTCI can describe human
thermal comfort inside different surface structures and is
thus an important planning quantity.

This study seeks to model the urban thermal environment
at a study site in Vienna, Austria. We compare the influence
of the current urban structure at the study site (dark
asphalt on the ground combined with a glass facade) with
those of a ground of bright concrete combined with a

Table 1 Technical specifications of the three PV modules used in this
study

Type of solar cell Poly-crystalline1

Total aperture area 0.11 m2

Voltage at MPP2 16.80 V

Current at MPP2 0.59 A

Nominal power 10.00 W

PV module efficiency3 ηref 8.07 %

Temperature coefficient β0 0.50 % K−1

Absorptivity of cell αPV 0.84

Emissivity of glass4 εgl 0.91

Transmittance of glass5 τgl 0.90

Emissivity of back side4 εbPV 0.85

Heat capacity CPV 754.95 J K−1

1p-Si
2Maximum Power Point
3Average of all three PV modules
4(Armstrong and Hurley 2010)
5(Herrando et al. 2014)
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Fig. 6 Time series of a the
temperature (T ) measured inside
the urban canyon (Tcan, green)
and at the back side of the PV
module (TbPV

, blue) and
simulated at the back side of the
PV module (T̂bPV

, red) and b the
difference (�TbPV

) between the
measured and simulated
back-side photovoltaic module
temperature
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photovoltaic facade. To this aim, we assume conditions
where PV modules cover the whole southern wall of the
building in the study domain, as the distance between the
PV modules and the back-side wall is large enough to
assume that the convective heat transfer is the same as
used in the CTSM system. The largest uncertainty of this
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Fig. 7 Scatter plot of the measured temperature (TbPV
) and simulated

temperature (T̂bPV
) of the PV module. The upper-left corner provides

the squared Spearman’s rank correlation coefficient (R2) and the root
mean square error (RMSE)

assumption is that we do not have knowledge about the
surface temperature of the back-side wall which is an input
variable for thermal radiative heat transfer. Therefore, we
need to make assumptions for Tw. Here, we assume that it
can be calculated with the same regression coefficients as
given in Fig. 2b but considering addition of an average value
of T̂can, Ta , and daily average of Ta (considering that the
daily average will not change its value, only the amplitude
varies). Further, we make the assumption that the calculated
Ucan as in the TEB model can be taken as wind speed for
calculating the UTCI.

After defining the new modeling systems, a comparison
of the canyon air temperature between different surface
conditions can be done. For such calculations, the albedo
κ of each surface has to be defined. The albedo value for
asphalt κg = 0.18 was chosen based on Lindberg et al.
(2016). The value for concrete κg = 0.56 was measured
in the work of Krispel et al. (2017) and the value for the PV
modules κPV = 0.10 was taken from Moralejo-Vȧzquez
et al. (2015).

Figure 8a, b, and c shows time series of T̂can and
the UTCI for these different surface conditions including
an additional simulation for UTCI with Ta . The related
differences, �T̂can and �UTCI, are shown in Fig. 8d, e, and
f, respectively. Our results show that a bright ground surface
and a slightly decreased wall temperature (see Figures S4
and S5 in the supplemental material) can substantially
reduce air temperature (by up to − 1.30 ◦C) and the UTCI
(by up to − 1.10 ◦C) in the sun between 7:00 and 14:00
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Fig. 8 Time series of a the modeled urban canyon air temperature
(T̂can), (b, c) the modeled Universal Thermal Climate Index (UTCI)
with T̂can (orange and cyan), and the air temperature measured at the
rooftop Ta (red) between 19 and 20 June 2017. The legend in panel
a shows the reflectance (κ) for different surfaces (κg = 0.18 for

asphalt, κw = 0.27 for glass facade, κg = 0.56 for concrete, and
κPV = 0.10 for photovoltaic facade). Panels d, e, and f provide the
difference between each surface condition regarding T̂can and UTCI,
respectively

UTC. Even larger reductions are found in the shade between
14:00 and 16:00 UTC for both canyon air temperature
(by up to − 1.65 ◦C) and UTCI (by up to − 1.85 ◦C).
Further, Fig. 8f shows that an air temperature measured
at a site which is not related to the actual surrounding
surfaces results in a highly erroneous estimate of thermal
(dis)comfort. In our case, �UTCI simulated with Ta shows
a difference up to − 4.50 ◦C and misses the very strong
occurring heat stress (defined as UTCI between 38 and
46 ◦C) on the first day of the simulation period (see Fig. 8c).

These results indicate that even small, local changes to
the surface and thus albedo can have a measurable effect on
air temperature and UTCI in an urban canyon. While this
decrease between − 1 and − 2 ◦C seems to be noticeable
but yet small, it shall not be underestimated in its effect on
human comfort in a warmer future climate.

Discussion and conclusions

This study seeks to improve the simulation of air temper-
ature in urban canyons. To this aim, field measurements
have been performed in 2016 and 2017, to evaluate/update

the wall and ground temperature parameterization and an
energy balance model for photovoltaic (PV) modules within
the solar and long-wave environmental irradiance geome-
try (SOLWEIG) model and couple it with parts of the Town
Energy Balance (TEB) model.

For the parameterization of the wall surface tempera-
ture, we take infrared pictures of the Schwackhöfer-Haus
at the University of Natural Resources and Life Sciences
(BOKU), Vienna, with a FLIR E60bx to evaluate the
accuracy of the current calculation scheme in SOLWEIG.
Results show a clear overestimation of the surface tempera-
ture at solar elevation angles over 56 ◦ (R2 = 0.61). We use
global radiation measurements on a vertical plane instead to
generate new regression coefficients (R2 = 0.76).

We implement an updated calculation scheme for
simulating ground temperature, which allows considering
surface with user-specified albedo value and thermal
conductivity properties. To develop this scheme, we used
the force-restore method combining the radiation, sensible,
and ground heat flux with the Euler method to estimate a
time series of the ground temperature.

At the BOKU site, the ambient air temperature has been
measured routine at the rooftop (26-m height above ground)
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but outputs show a difference up to 6 ◦C to the measured
canyon air temperature (3 m height above ground). This
huge difference is compensated with parts of the TEB model
calculating the canyon air temperature.

We compare the performance of the currently imple-
mented SOLWEIG scheme (CS) and the here-proposed
calculation scheme (PS). The results of the canyon air tem-
perature show a better performance of PS, particularly a
substantial reduction in RMSE. While the PS shows gen-
erally satisfactory skill in predicting temperatures inside
the studied urban canyon, we note that further updates are
needed for the representation of open areas, street crossings,
and different canyon orientations. Further, an implementa-
tion of the glazing ratio for buildings would also increase
the overall quality of SOLWEIG.

Considering the importance of sustainable energy pro-
duction and climate warming, we perform scenario calcula-
tions to investigate effects of potential changes to the wall
surface inside an urban canyon. We do so by evaluating
a heat transfer single-state model for a vertically mounted
photovoltaic (PV) module.

A comparison between model results for current surface
conditions (dark asphalt on the ground combined with a
glass facade) and possible modification conditions (ground
covered with bright concrete and a PV facade) was
performed. The results indicate a robust decrease in canyon
air temperature by up to − 1.65 ◦C for the modified canyon
environment. To estimate human thermal comfort, we focus
to calculate the Universal Thermal Climate index (UTCI).
UTCI decreases by approx. − 1.00 ◦C in the sun and
− 1.85 ◦C in the shade considering a change from present
to modified conditions. We note in passing that future work
should focus on effects of brighter surfaces for potentially
increased human thermal stress.

We note in closing that additional field experiments for
PV facades or building-integrated PV systems on large
scales (e.g., a size of 60 · 20 m2 like the south-facing
wall of the Schwackhöfer-Haus) would strongly increase the
quality of energy balance models, as the one presented here,
and the possibility to mitigate, at least partially, urban heat
island effects.
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angle) (−); c, specific heat capacity (J/); C, heat capacity (J/K); Cd ,
drag coefficient (−); CS, currently implemented SOLWEIG scheme;
CTSM, continuous time stochastic model; e, Gaussian white noise (−);
f, non-linear function; F, net radiation balance (W/m2); g, gravitational
constant (m/s2); G, global radiation (W/m2); h, building height (m);
h, average building height (m); H, heat flux (W/m2); i, value for the
size of every step (Euler method) (−); IAM, incidence angle modifier
(−); M, non-linear function; n, day of the year (−); N, number of
observations (−); p, pressure (hPa); PS, proposed calculation scheme;
Q, heat transfer (W/m2); Qc, convective heat transfer (W/m2); Ql,
long-wave heat transfer (W/m2); RES, aerodynamic resistance (s/m);
RH, relative humidity (%); S, soil heat capacity (J/m3 K); t, time (s);
T, measured temperature (◦C); T̂ , modeled temperature (◦C); u∗ +w∗,
turbulent wind (m/s); U, wind speed (m/s); w, street width (m); W, non-
linear function; y, discrete time observation; z, depth of thermal layer
(m); z0, roughness length (m).

Greek symbols α, absorptivity (−); β, tilt angle of a vertical plane
from the horizontal (◦); β0, temperature coefficient of photovoltaic
module (%/K); δ, declination angle (◦); �T, temperature difference
(K); ε, emissivity (−); η, photovoltaic module efficiency (%);
θaoi , angle of incidence (◦); �, vector of unknown parameters; κ ,
reflectance (−); λ, thermal conductivity (W/(m K)); ρ, material density
(kg/mÂş); σ , Stefan-Boltzmann constant (W/(m2 K4)); �, covariance;
ϒ , time series of N observations; φ, geographical latitude (◦); �, view
factor (−); ω, Wiener processs; �, Earth’s angle velocity (1/s).

Subscripts a, air; as, near-surface air; asphalt, index for asphalt
properties; b, back side; bPV , back side of photovoltaic module; c,
combined value; can, urban canyon; dew, dew point; e, electricity; f,
front side; g, ground; gl, glass; h, horizontal plane; m, approximately
constant value; p, constant pressure; PV, photovoltaic module; r, rate;
ref, reference; s, solar; sky, sky; top, rooftop; w, wall.
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