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Abstract

The present work deals with the usage of infrared
transparent materials in building simulation. Build-
ing Energy Simulation models generally take into ac-
count shortwave and longwave radiant transfer in sep-
arate ways that do not allow for the computation of
radiation through infrared transparent materials. In
this paper, the successful comparison of an RC-based
building model with EnergyPlus is first presented and
the influence of infrared transmissivity of polymer
windows is evaluated.

Introduction

During the last decade, polymer materials such as
ethylene tetrafluoroethylene (ETFE) and low-density
polyethylene (LDPE) have become increasingly popu-
lar in construction as suspended films for large struc-
tures or greenhouses. Appreciated by architects and
designer for their elevated light transmittance and
low weight, they present the unusual feature of non-
negligible transparency to infrared radiation (IR), as
presented in Figure 1. On the contrary, the transmis-
sivity of glass in this wavelength range, also visible
on the graph, is negligible and is at the origin of the
greenhouse effect.
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Figure 1: ETFE and LDPE properties digitized from
Vox et al. (2010).

According to Wien’s law, the wavelength λm for
which spectral emittance of a black body at a given
temperature is at its maximum is equal to λm =
2898/T [µm].

For the sun’s spectrum, λm ∼ 0.5 [µm], whereas for

a black body at ambient temperature λm ∼ 10 [µm]
(see Figure 2 showing both emission spectra). Be-
sides, given Planck’s radiation law providing the spec-
tral emittance M0λ, the majority of the radiated en-
ergy is contained in the wavelength range between:

0.5λm < λ < 5λm (1)
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Figure 2: Solar radiation and infrared spectrum,
represented along with the glass transmissivity and
ETFE transmissivity.

The limit value for glass window transparency to in-
frared radiation is usually 2 ∼ 3 [µm] depending on
the glass type. Consequently, the opacity of glass to
infrared radiation offers a convenient simplification
for Building Energy Simulation: a radiation model
with merely two wavelength bands is generally used.
The short-wave radiation band deals with the direct,
diffuse and reflected solar spectrum and the long-wave
(LW) band with infrared radiation that is partially
reflected and absorbed in the glass windows model1,
assuming that glass is opaque to LW radiation.

Observing Figure 2 shows that the assumption is ac-
ceptable for glass. As for ETFE, which transmissiv-
ity is plotted on the same graph, the validity of the
assumption is not obvious: neglecting transmissivity
in the infrared domain may well lead to ignoring a
significant part of radiation passing through polymer

1As the experienced EnergyPlus user may notice, the
"Infrared Transparence at Normal Incidence" �eld in the
WindowMaterial:Glazing object does unfortunately not serve
the purpose of the present study (see also the documentation
about thin-�lm polymers).
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windows. This would imply that current BES models
are obsolete for the simulation of structures integrat-
ing such materials.

A few references mention applications using ETFE
Cremers and Marx (2016); Hu et al. (2015); Cremers
and Marx (2017), however, to the best of the authors’
knowledge, the effect of longwave transmissivity on
indoor/outdoor radiation seems to be ignored. In the
consulted literature, only Poirazis et al. (2009) point
out the lack of information about transmissivity in
the longwave domain for polymers like ETFE and
highlight the need for an extensive radiative model
with experimental validation.

It hence appears interesting to explore the actual in-
fluence of such optical properties on heat transfer
within buildings, using a spectral radiation model di-
vided into several bands. Indeed, depending on the
value of transmissivity in the infrared range, this phe-
nomenon may possibly be negligible as suggested in
Poirazis et al. (2009). A preliminary computation
based on Vox et al. (2010)’s data shows however that,
for ETFE, about 32% of the infra-red spectrum is
likely to pass through such material and hence signif-
icantly impact the heat budget.

Based upon this analysis, the present work addresses
following the questions:

� What is the magnitude of the error when ig-
noring infrared transparency in business-as-usual
simulations?

� What wavelength discretisation should be used
in the spectral model, id est how many wave-
length bands are needed?

� For what material properties in the infra-red do-
main can the infrared transparency be ignored?

In order to answer these questions, an RC-based
building model including detailed radiant heat trans-
fer per wavelength was set up. The validation of this
model is presented hereinafter, followed by its ex-
ploitation for the simulation of infrared transparent
materials in BES.

Governing equations & Validation

The test case used to validate the model is a 10×10×
10 square house with 10 [cm] concrete walls, a roof
surface covered by single-glazing and 20 [cm] slab,
presented on Figure 3. Heat transfer through walls is
modelled using an RC approach as per Fraisse et al.
(2002). As we focus on radiant heat transfer, infiltra-
tions, internal sources and air change are set to zero,
thus simplifying the modelling. Paris’ weather data
will be used for the validation.

Convection

Convection on the inside surfaces is calculated after
the TARP and DOE-2 algorithms respectively for the
indoor and outdoor (see DOE (2020) resp. p. 111-
112 and 95-96), depending on the wall’s geometry,

Figure 3: Geometry of the test case.

temperature and air velocity boundary conditions.

Indoor Radiation

In the presented model, radiant heat transfer be-
tween surfaces is computed simultaneously in order
to achieve heat balance on all indoor surfaces using
the radiosity method. To this end, the following sys-
tem of equations is solved:

ϕ = Aϕi +Bϕe (2)

with:

A = αF ′ − I (3)

B = α(I + F ′ρ) (4)

F ′ = (I − Fρ)−1F (5)

where ϕ is the array of radiative energy balance on
surfaces, ϕi is the array of emitted radiation after
Planck’s law, ϕe is the diagonal matrix of incom-
ing exterior radiation, α = Diag(αi) with αi the
absorptance of surface i, ρ = Diag(ρi) with ρi the
reflectance of surface i, F is the matrix of surface to
surface view factors, i. e. for the internal faces of
a cube : Fij = 0.2(1 − δij) and F’ is the matrix of
successive reflections.

In this system of equations, the matrices ρ and α are
defined per bandwidth, and ϕi and ϕe correspond to
the emitted or received flux for this bandwidth.

In the solar distribution method used in the Ener-
gyPlus model, namely the FullExterior option, the
indoor solar flux is dispatched as follows: beam ra-
diation entering the room through the window is as-
sumed to be integrally falling on the floor. The re-
flected fraction of solar radiation is added to diffuse
radiation, evenly distributed on surfaces (see DOE
(2020) p. 216).

In the present model, a similar approach is used, how-
ever instead of considering a single reflection as in
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the FullExterior model, we compute reflections per
wavelength through the indoor radiant heat transfer
calculation.

Outdoor Radiation

In order to obtain matching outdoor boundary con-
ditions between both models without implementing a
solar distribution calculation routine, the solar radia-
tion reaching outdoor surfaces is taken directly from
EnergyPlus.

Regarding longwave radiation, the building model in
EnergyPlus combines the radiant exchange of the out-
door surfaces with the ground, sky and air tempera-
ture, the latter being a proxy for radiant long wave
interactions with the surroundings of outdoor surfaces
(see DOE (2020) p. 85-87).

In the present model, radiation from the indoor sur-
faces towards the sky is computed after :

ϕ = Fskyσε(T
4
i − T 4

sky) (6)

where Fsky is the sky view factor of surface i.

The view factors of the internal surfaces with the sky
were determined analytically given the simple geom-
etry. The outdoor ground being ”invisible” to indoor
surfaces in the test configuration, no radiation occurs.

Windows

The model used for the single-layer window is sim-
ilar to the one described in Ćurčija et al. (2018)
and includes absorption, reflection and transmission
through the window in all wavelengths, depicted in
Figure 4.

𝜑𝑒
Sun, ground, sky

Σ𝑗≠𝑖𝐹𝑖𝑗𝜑𝑖

Indoor surfaces

Absorbed 𝜑𝑎

Transmitted 𝜑𝑡

Reflected 𝜑𝑟

Emitted 𝜑

Figure 4: Radiant fluxes through windows.
Validation

A Runge-Kutta 4 numerical integration scheme is
chosen for its high order in time, with a time step
of 400 [s]. Two wavelength bands are used: 0.5 to 2.5
[µm] and 2.5 to 50 [µm].

In order to cross-validate the model, a numerical twin
model was set up in EnergyPlus and serves as a refer-
ence. The glass is supposed to be opaque to longwave
radiation in both models. The comparison of internal
surface temperatures are presented in Figure 5. On

this figure, one can observe the satisfying correlation
between the results obtained with the two models.

Figure 5: Comparison against EnergyPlus’ model:
Temperature of the indoor surfaces.

The air temperature obtained with both the in-house
model and EnergyPlus are shown on Figure 6 and
exhibit a correct agreement.

Figure 6: Comparison against EnergyPlus’ model:
Air temperatures obtained.

Another graphical example of the results obtained,
showing the correct reproduction of the dynamics is
provided on Figure 7. The air temperatures calcu-
lated with the model are in good accordance with
EnergyPlus’.
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Figure 7: Comparison of the air temperatures.

The observed deviations originate most likely from
the difference in the indoor radiation model. In-
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deed, for indoor surfaces EnergyPlus uses a linearized
model of longwave radiation by Carroll (1980),
whereas radiation heat transfer with view factors is
implemented in the present study.

The wall conduction modelling, id est the RC model
in this work versus conduction transfer function in
EnergyPlus may also explain the discrepancies ob-
served. This is especially true for the floor, where
the RC model is a coarse for the modelling of ground
heat transfer. The Bland-Altman diagram presented
on Figure 8, plotting the average floor temperature
of the two models against their temperature differ-
ence, shows that the discrepancy rises with higher
floor temperatures.
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Figure 8: Bland-Altman diagram for the floor surface
temperatures of both models.
The repartition of temperature differences in percent
can be observed on Figure 9, where one can see the
distribution of differences with its median, 5% and
95% quartiles. The median difference ∼ 6.6 [%] and
50% of the values are between −8[%] and 6.6[%].
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Figure 9: Distribution of the temperature differences
between the two models for the floor surface.
The discrepancies obtained for the floor temperature
are not negligible, however one should keep in mind
that the floor slab and the underlying ground are
modeled using an RC model with 4 nodes, which does
not allow for an accurate modelling of heat transfer.
This point will be improved in the future for a thor-
ough validation.

The purpose of the study being the evaluation of the

impact of infrared transmission through windows, we
will consider in the sequel that this model performs
sufficiently well to this end. The results obtained with
the RC-based model for a window made of glass have
shown acceptable agreements with the ones obtained
with EnergyPlus. Indeed, from Figure 7, one can ob-
serve that the simulated air temperatures are close as
well as the dynamics. In the following section, the
RC-model with spectral radiation developed will be
used as a basis for the comparison of the behaviour
of the test case building with glass, ETFE and LDPE
window.

Exploitation of the model

In this section, the model is used to evaluate the in-
fluence of longwave transmissivity.

Preliminary hypotheses

As the optical properties are defined only up to 25
[µm] on Figure 1, information is lacking to perform
the analysis up to 50 [µm], the upper limit of the
useful longwave spectrum.

Let us first evaluate what quantity of the energy of a
300 [K] black body is emitted in the wavelength bands
for which the data is incomplete. After 25 [µm], the
computation of the integral of the fraction of total
emittance provides:

F25µm→+∞ = 1− F0→25µm ' 0.16 (7)

Hence ∼ 16% of the infrared spectrum is contained
after this wavelength. In absence of a better charac-
terisation of optical properties, the transmissivity is
arbitrarily considered to be equal to the last known
transmissivity.

On the shortwave side, the unknown transmissivities
are taken from Cremers and Marx (2016), providing
the average solar transmission of the materials con-
sidered.

Provided the reflectivity ρ is not known, the hypoth-
esis is made that ρ = 0.07 for the undefined wave-
lengths, which is similar to the values observed in Cre-
mers and Marx (2016). Thus the absorptivity writes:

α = 1− ρ− τ (8)

The emissivity is then computed as ελ = αλ after
Kirchhoff’s law.

The hypotheses were verified using extreme values of
τ, ρ and proved their validity. Using these assump-
tions, the behaviour of ETFE is simulated and the
results exposed in the following paragraphs.

Wavelength discretisation

Having validated the model, the arising question is
the number of wavelengths bands required in order
to obtain similar results with the spectral model of
radiant heat transfer.

A simulation with 500 wavelength bands between 0.1
and 50 [µm] serves as a reference, corresponding to
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Figure 10: Convergence of the maximum air temper-
ature difference with the reference simulation depend-
ing on the number of wavelength bands.

0 20 40 60 80
0

50

LW
0 

[°
C]

Window

0 10 20 30 40
0

25

West

0 10 20 30 40
0

25

LW
0 

[°
C]

East

0 10 20 30 40
0

25

South

0 10 20 30
LW = 0 [°C]

0

25

LW
0 

[°
C]

North

10 20 30 40 50
LW = 0 [°C]

25

50
Ground

Figure 11: Comparison of the surface tempera-
tures obtained with and without IR transmissivity for
ETFE.

a regular bandwidth of ∆λ ∼ 0.01 [µm]. Figure 10
shows the maximum air temperature difference with
the reference case for increasing numbers of wave-
lengths bands. Noticeably, the air temperature de-
pends on the temperature of all indoor surfaces (floor,
window and walls) and serves as a proxy to observe
convergence. One can observe that from 50 bands,
the maximum temperature difference is about ∼ 0.2
[K], which will be considered as sufficient and has the
advantage of reducing the computational expense by
a factor of ∼ 5 compared to 500 bands.

Hereafter, 50 bands will hence be used in the spectral
radiation model.

Results for ETFE

The thermal behaviour of the building is simulated
with and without transmissivity after 2.5 [µm] and
the results are compared for ETFE (the results for
LDPE are very similar). The comparison of the sur-
face temperatures obtained is presented in Figure 11
and shows that the indoor temperature is higher for
infrared transparent materials, especially on the floor
and roof window.

A closer analysis of the results is summarised as fol-
lows. Neglecting the infrared transmissivity (τLW =
0) leads to:
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Figure 12: Distribution of the 5% highest ∆T values
for each surface, plotted against the weeks in year.
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Figure 13: Distribution of the 5% highest ∆T values
for each surface, plotted against the hours in a day.

� An average temperature difference for all verti-
cal walls of −0.6 [K], the largest difference being
about −1.9 [K].

� An average overestimation of the floor tempera-
ture of 6.2 [K], reaching up to 10.1 [K].

� An average overestimation of the window tem-
perature of 7.2 [K], with a maximum of 50.5 [K].

In order to determine when in the year and when in
the day those differences occur, the results are sorted
by comparing them to the average and standard de-
viation of the data set, respectively µ and δ. For
each surface, only the points satisfying the following
relation are kept:

∆T > µ+ 2δ (9)

For a Gaussian distribution, this corresponds to the
values that are superior to 95% of the series.

The numbers of occurrences per week are plotted
on Figure 12 and allow to discriminate the moments
when the difference is at its highest between the sim-
ulation without (τLW = 0) and with longwave trans-
missivity (τLW 6= 0), id est from April to September.

Figure 13 showing the same analysis over the hours
shows that the effect is mainly related to the presence
of sun.

Figure 14 shows the evolution of the indoor air tem-
perature over a few days in July with and without
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Figure 14: Comparison of the indoor air temperature
with and without long wave transmissivity.

infrared transmission. One can observe the following:

� The existence of IR transmissivity leads to lower
temperatures in the building.

� Up to ∼ 10 AM, the air temperature increase is
similar with and without IR transmission.

� After 10 AM, the air temperature increases faster
with no IR transmissivity, showing that the long
wave heat transfer to the outdoors allows for a
significant cooling.

Figure 15 shows the air temperatures obtained with
both simulations. The differences in surface temper-
atures provoked by the absence of window transmis-
sivity in the IR domain lead to an average 2.2 [K]
overestimation of the indoor air temperature, with a
maximum of 10.7 [K].
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Figure 15: Comparison of the air temperatures ob-
tained with and without IR transmissivity for ETFE.

Numerical explorations

In this section, two numerical excursions are pre-
sented, aiming at a better understanding and circum-
scription of the phenomenon.

Influence of the range of definition of optical
properties

With standard building energy simulation tools, be-
yond a ”cutoff” wavelength approximately equal to 2
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Figure 16: Convergence of the maximum and average
temperature differences of floor temperature for both
materials depending on the cutoff wavelength.

[µm] the material is assumed to be opaque to radi-
ation. One may wonder about the influence of the
choice of the cutoff wavelength for materials that are
transparent to longwave radiation: indeed this infor-
mation would clarify up to which wavelength the op-
tical properties of such materials should be defined.

In this section the influence of the cutoff wavelength
is hence studied, comparing the building floor tem-
perature both for ETFE and LDPE materials with a
cutoff wavelength varying between 0.1 and 50 [µm].
Above the cutoff wavelength, the transmissivity of the
material is assumed to be nil.

The results obtained with our in-house code and pre-
sented hereinabove are used as references. It can be
seen in Figure 16 that the maximum and the average
differences between the reference simulation and the
simulated materials decrease as the cutoff wavelength
tends to 50 [µm]. From ∼ 35 [µm], the difference is
below 1 [K] for both materials. The decrease of the
temperature difference is slightly slower for LDPE be-
cause of its higher transmissivity in this domain.

Virtual material

Optical properties of materials with a high definition
in the infrared domain, such as ETFE and LDPE
presented above, could not be found. In absence of
data, this paragraph proposes an attempt at estimat-
ing the order of magnitude of the error made when
using standard BES tools to simulate the thermal be-
haviour of the test case building with various optical
properties.

To this end, several combinations of ”virtual”, ide-
alised materials are considered. The optical proper-
ties of such materials are supposed to be composed
of two bands, as presented in Figure 17.

Below λc, the transmissivity τ = 0.8 is chosen con-
stant, resembling the solar transmittance of standard
glazing. Above λc, the value of transmissivity is τc.
The simulation with/without infra-red transmissivity
is then performed for several combinations of (λc, τc)
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𝜏𝑐

𝜆𝑐 𝜆 [µm]

𝜏 [-]

0.8

Figure 17: Idealised properties of the material.

in the following range:

2.5 ≤ λc ≤ 50[µm] (10)

0 ≤ τc ≤ 1 [−] (11)

The results obtained are presented on Figure 18,
where the maximum floor temperature difference be-
tween the spectral simulation and standard BES is
plotted for each couple (λc, τc). One can observe that
the error is relatively high as most of the values range
from 5 to 16 [K].

5 10 20 30 40
c [-]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

c [
-]

 1
 2

 5

10

15

16

Figure 18: Maximum floor temperature difference be-
tween spectral and classical simulation depending on
(λc, τc).

For average transmissivities such that τc ≤ 0.1 in the
2.5 − 8 [µm] range, the error made is below 2 [K]
for the simulation setup used. Considering that en-
ergy consumption and comfort are the aims of build-
ing performance simulation, the error is high for the
other (λc, τc) combinations used. Buildings that inte-
grate infrared transparent materials would hence re-
quire appropriate radiation models for a reliable pre-
diction.

Conclusion

In this paper, a building model able to simulate the
complex optical properties of materials was set up
and compared against EnergyPlus, showing a cor-
rect agreement. It uses a repartition of radiation per

bandwidth as per Planck’s law and view factors be-
tween surfaces.

On the numerical side, the convergence study con-
ducted within the frame of this paper has shown that
the model should be composed with 50 wavelengths
bands.

On the practical side, ignoring the IR transmissivity,
e.g. by using classical BES tools regardless of the
optical properties of polymer materials in the long-
wave range leads to the following errors for the stud-
ied glazed roof configuration:

� Large surface temperature errors are observed on
the floor and window, reaching respectively 6.2
and 7.2 [K] on average.

� The temperature of vertical walls is underesti-
mated by −0.6 [K] on average.

� An average air temperature error of 2.2 [K]

It hence appears that the infrared transmissivity of
materials cannot be ignored in BES.

Noticeably, the difference with the results of the stan-
dard BES is at its highest during summer. The
largest differences occur mostly around the solar
noon, which is probably linked to the chosen glazed
roof geometry, however, it confirms the influence of
the sun on the phenomenon, whereas one could have
thought the night time cooling by the sky vault would
have been dominant.

The results obtained during the comparison of the
standard radiation model and the infrared transpar-
ent model showed that :

� The optical properties of ETFE are required up
to 35 [µm] in order to keep the error as low as
1 [K] compared to a simulation with properties
defined on the full spectrum (0–50 [µm]).

� The various couples of properties evaluated as
part of the numerical excursion in this work
show that none of the materials which properties
would resemble the tested combinations (λc, τc)
can be accurately simulated with standard BES
tools. For IR transmissivities below 0.1 [-] in the
2.5− 8 [µm] range, however, the maximum error
is less than 2 [K].

This study also brought to light the scarcity of the op-
tical properties data for IR transparent materials. For
instance, the reflectivity and transmissivity of ETFE
can be found in Cremers and Marx (2016), however
only up to 9.9 [µm]. Reference Vox et al. (2010) used
in the present work provides the transmissivity up to
25 [µm], but it does not provide the optical properties
(ρ, α) on the same wavelength range. Besides, from
the authors’ experience, the contacted manufactur-
ers were not able to provide the requested data for a
broader spectrum of optical properties.

As a perspective, this work should be extensively val-
idated, especially as far as the floor temperatures are
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concerned, and extended to multilayer fenestration
systems, following the mathematical setup described
in Ćurčija et al. (2018). Other geometries should be
tested as well, including vertical windows.

Besides, in this study, the solar spectrum is calculated
assuming the sun to be a black body and correcting
its emissivity so as to match the reported solar flux
hitting the ground at a given time. An interesting
development would be to integrate more realistic so-
lar spectrum calculated using the SMARTS model by
Gueymard (2019).
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