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Abstract

In light of the rapidly increasing global energy demand
for cooling, energy-efficient cooling methods should be
investigated. We use chiller-assisted nocturnal radia-
tive cooling with photovoltaic-thermal collectors to cool
a single-family house in Central European summer cli-
mate. A model predictive controller chooses between ac-
tive and passive operation to cool a radiant slab at night
to stay below an upper zone temperature limit during the
following day. This goal is achieved with a high energy-
efficiency ratio, compared to a conventional cooling sys-
tem, while keeping the computational demands of the
model predictive controller low.

Introduction

The share of carbon-intensive fossil fuels in the global
primary energy production is currently around 83 %
(British Petroleum 2021). Considering the targets in
carbon emission reduction declared by many coun-
tries (Bundesamt fiir Energie 2018; European Comis-
sion 2019), a stark increase in low-carbon power gen-
eration, and reduction in energy consumption can be ex-
pected in the coming decades. The work presented in
this paper addresses both, albeit with a focus on the
latter. The global energy consumption for cooling is
rapidly increasing, driven by factors such as popula-
tion growth, urbanization, and climate change (Interna-
tional Energy Agency 2018). It is therefore desirable to
develop energy-efficient methods to meet this demand.
One approach to do so is through nocturnal radiative
cooling. The background temperature of outer space is
approximately 3 K. On earth’s surface, this is greatly at-
tenuated by the atmosphere, but the effective sky tem-
perature can still drop significantly below the ambient
temperature, especially during clear nights. This phe-
nomenon can often be observed on a cold morning, when
the tops of cars are iced over, but not the sides. In ancient
times, it was used to produce ice in the desert (Pomeroy
2018). For better illustration, Figure 1 shows the spectra
of the sun’s electromagnetic emission based on (NASA

2020), the atmospheric transmission' based on (Amer-
ican Society for Testing and Materials 2000), and the
ideal black-body radiation at 25 °C based on Planck’s
law. We note that the band of high atmospheric transmis-
sion between the wavelengths of 8 um to 12 um roughly
aligns with the peak of the black-body radiation. Thus,
heat emitted at this temperature can penetrate the atmo-
sphere into outer space well. The black-body radiation
spectrum would be slightly shifted at different tempera-
tures commonly found on earth’s surface, but the point
still holds. Furthermore, radiation spectra of real objects
deviate from an ideal black-body, but for most common
materials, it is a reasonable approximation.

2r .
Solar emission

£
£
AR
s [\
0 \\v\. L
0 2 4 6 8 10 12 14
1 T T T T T
Atmospheric transmission
"\
"N s ",
0 ! ‘ . ‘ ‘(\\Nm

\
L
/

W/mzlsr/pm
(9]
/
[

Black-body radiation at 25 °C

o
[S)
N
S
=)

8 10 12 14
@m

Figure 1: Spectra of solar emission, atmospheric
transmission and ideal black-body radiation at 25 °C at
short and medium wavelengths

Harnessing nocturnal radiative cooling for buildings re-
quires a heat exchanging surface facing the sky, such as
an unglazed solar-thermal collector. While the concept
has been studied extensively (Fernandez et al. 2015; Hu
etal. 2016; Lu et al. 2016; Zeyghami, Goswami, and Ste-
fanakos 2018; Nwaji et al. 2019; Chen and Lu 2020), it is
mostly used in parallel with a second cooling system, or
to pre-cool water before entering a mechanical chiller. In

I'This data set accounts for scattering at short wavelengths. Without
it, the transmission of visible light would be around 90 %.



contrast, our approach uses a chiller to elevate the radia-
tor temperature, if the weather conditions are insufficient
for passive cooling. With this method, the active cool-
ing mode still benefits from the sub-ambient sky tem-
perature, boosting the energy efficiency ratio (EER) of
the system. It also eliminates the need for an external
fan unit and the noise that comes with it, which can be
a significant advantage, considering the legal limits on
nightly noise emissions in many residential areas (Bun-
desamt fiir Umwelt 2021). To the best of our knowl-
edge, this method was previously only used by (Koch,
Dott, and Eismann 2019), using a hand-tuned rule-based
controller. We use data-driven model predictive control
(MPC), leveraging readily available weather forecasts to
predictively optimize the operation based on the specific
cooling demand of the following day.

Furthermore, we use photovoltaic-thermal (PVT) collec-
tors as radiators. This has the benefit of generating elec-
tricity, while also making the system suitable for solar-
assisted heating, assuming a reversible chiller. We intend
to investigate this in a more extensive follow-up study.

Our system configuration is shown on the left-hand side
of Figure 2. The house can connect to the internal heat
exchanger (HEX) or the chiller, which in turn connect to
the PVT. The simpler system on the center-left is the ref-
erence system used in this study, detailed in the Method-
ology section. For comparison, the schematics on the
center-right and right-hand side show the system config-
urations for nocturnal radiative cooling most commonly
found in the literature. In the center-left system, the PVT
pre-cools warm water from the building before entering
the chiller, but it can also be bypassed if necessary. In
the right-hand system, the PVT for radiative cooling and
the conventional chiller are completely separated. We
note that while the building-side hydraulics use water, a
water-glycol mixture must be used in the external com-
ponents to avoid frost damage. This is why the PVT
does not connect to the building-side directly, but is con-
nected to a heat exchanger instead. Table 1 summarizes
the general advantages and disadvantages of the system
configurations in Figure 2. Among the compared sys-
tems, ours is capable of active and passive heating and
cooling, while running silently and requiring fewer com-
ponents than the pre-cooling configuration. However, it
is not capable of daytime cooling, giving particular im-
portance to the application of predictive control.

Some studies take the concept of radiative cooling even
further by performing daytime radiative cooling, using
meta-materials designed to have a high emissivity in the
band around 8 um to 12 um, where the atmosphere is un-

usually transparent, while having a low emissivity (resp.
absorptivity) in the visible range (Bijarniya, Sarkar, and
Maiti 2020). However, due to the prototypical nature of
these materials, we disregard them for this study, instead
restricting our system design to commercially available
components.

Since cooling demand overwhelmingly occurs during the
day, nocturnal radiative cooling requires substantial ther-
mal storage. Installing a dedicated water tank may be
too expensive or not feasible due to a lack of space. To
give an example, with a AT = 10K, the thermal stor-
age capacity of 1 m> of water is around 11.6 kWh. Thus,
a large tank with a height of around 2m and a diame-
ter of around 1 m (including a 10cm insulation layer)
would barely suffice to cool a typical apartment unit
in Central European summer conditions. The use of
phase-change materials has been proposed many times,
but never gained traction outside of academic studies, as
concerns about the performance and cost of such mate-
rials have persisted (de Gracia and Cabeza 2015; Souay-
fane, Fardoun, and Biwole 2016; Faraj et al. 2020).

We address these concerns by using a radiant slab as
a quasi-storage method. A concrete slab of 10 cm and
100m? with a AT = 4K has a thermal storage capac-
ity of around 20kWh, depending on the exact proper-
ties of the concrete. The time constant of such a slab is
likely to fall into a range of 7h to 15h, which is con-
venient, considering we want to shift the cooling load
from day to night. Assuming that a building already has
aradiant slab installed, this method can provide substan-
tial storage capacity with no additional costs. The two
main challenges with it are that, first, the cooling power
is not controllable during the day. Instead, the slab must
be cooled to an appropriate temperature during the night,
based on the conditions of the following day and knowl-
edge of the building’s thermal properties, and is then left
to absorb heat from the indoor air in a manner dictated
by its physical properties. Second, avoiding both dis-
comfort in the occupants during the coldest hours, and
condensation of humid air puts a lower constraint on the
permissible slab temperature and thus the cooling power
and storage capacity. However, the general practicability
of radiant slab cooling has been shown many times, (Tian
and Love 2008; Hassan and Abdelaziz 2020), including a
side-by-side comparison with a variable-air-volume sys-
tem in an office building in the seasonally hot and humid
climate of Hyderabad, India, which is the least favorable
for this type of system, considering the challenges de-
scribed above (Sastry and Rumsey 2014).

These constraints and long time constants make noctur-



Our system Our reference system

PVT

- r 3

(] fcne]

Y I ¥ I 'y

House House

Radiative pre-cooling
(with bypass) Parallel configuration

wo) () () (]

'y Fy

(] fome] () o)

Y Y I Y I

House House

Figure 2: Simplified schematic of the system configuration on the left. Reference system on the center-left. Two
alternative configurations commonly seen in the literature on the center-right and right.

Table 1: Comparison of different system configurations for nocturnal radiative cooling. (’+’: Advantage/capable,
‘o’: Neutral, ’-’: Disadvantage/not capable)

Our system Reference

Pre-cooling Parallel

Silent (no external fan)

Fewer components

Daytime cooling

Nocturnal radiative cooling

Nocturnal radiation-assisted cooling
Solar-thermal heating

Solar-assisted heating (reversible chiller)

T _ B _
o + - -
- + + +
+ - + +
+ - + -
+ - + +
+ - + -

nal radiative cooling of a radiant slab an ideal application
for MPC, whose effectiveness in buildings has already
been proven many times (Serale et al. 2018; Drgona et al.
2020). If passive cooling is sufficient to reach the cool-
ing target for the next day, there is no need to run the
chiller, which consumes much more electricity. If run-
ning the chiller is necessary, it should preferably be done
during the coldest hours of the night, when the EER is
at its highest. Since the upfront engineering costs of
building a sufficiently accurate model have been iden-
tified as a major roadblock for the commercialization
of MPC in buildings (Killian and Kozek 2016; Hilliard,
Kavgic, and Swan 2016), we rely on measurement data
and system identification to obtain a model. To keep the
computational requirements and thus the hardware costs
low as well, we avoid highly computationally intensive
modeling methods such as Gaussian processes or neu-
ral networks for the time being, despite their potential to
yield more accurate models (Maddalena, Lian, and Jones
2020; Di Natale et al. 2022b).

In this paper, we conduct a simulation study on noctur-
nal radiative cooling of a building using MPC. Despite
the system being designed for heating and cooling, we
currently restrict our scope to cooling, which is the more
novel aspect, and more likely to be a limiting factor for
such a system, compared to heating, which is the in-
tended purpose of PVT collectors. The following chap-
ters cover the details of the simulation model, the system
identification, the MPC, the reference system for the per-
formance evaluation, the numerical results, as well as a
discussion of and conclusions drawn from these results.

Methodology
Physical model

We modeled the single-zone single-family house shown
in Figure 3 based on (Dott et al. 2014b) as a Matlab
ordinary differential function, executing it with ode23t,
which is a stiff solver without numerical damping, well-
suited to simulating physical systems that have both fast



and slow time constants. The building has two storeys, a
usable area of 140 m? with an underfloor radiant slab,
and is representative of newly built Central European
houses, having a nominal heating energy consumption
of 45kWh/m? /yr.

Figure 3: Drawing of the building model from a
north-east angle (Dott et al. 2014b)

Each of the two floors has an area of 70 m2, is modeled
as five thermal nodes, and has an 8 cm thick concrete
radiant slab under the wooden flooring. The external
brick walls have an area of 221.1 m? and are modeled
as four nodes. The roof has a total area of 84.1 m? and
is modeled as four nodes as well. The furniture is mod-
eled as 200 m? of clinker? wall, represented by one node.
The inside air totals 389.45m> and is lumped into one
node. The convective heat transfer rates on the horizontal
surfaces are modeled based on (Gliick 2007), while the
convective heat transfers on the vertical and outer sur-
faces are linearized to constant values based on (Gliick
2007) and (International Organization for Standardiza-
tion 2017a). There are windows on each facade with
a total area of 23 m2. Their heat transfer coefficient is
1.5W/m? /K and the G value is 0.622. The solar gains
are introduced into the top-layers of the two floors and
the external walls, with the former getting 40 % each and
the latter getting 20 %. The insulation layers measure
12 cm at the external walls, and 16 cm at the roof and un-
der the ground floor. The ground temperature is modeled
as a constant 15 °C.

While the building geometry and materials follow the
source closely, we made several adjustments to the heat-
ing, ventilation and air conditioning (HVAC) compo-
nents for the purpose of this study. We added a me-
chanical ventilation with a heat recovery of 60 %, which
should improve the energy efficiency beyond the nomi-
nal value. Each facade has an independently controlled
shading system, limiting the perpendicular solar radia-
tion to 180 W/mz, measured outside of the windows.
This value is intentionally set rather low, since the overall
goal is to lower the energy consumption for cooling.

2Partially-vitrified fired clay bricks

The internal brine-water heat exchanger is modeled
based on the number of transfer units (NTU) method.
The combined power of the circulation pumps is 100 W.
The external air-brine heat exchanger of the reference
system is modeled as one thermal node and its fan has
a power of 200 W.

The PVT collectors have lamella heat exchangers
mounted on their backsides to increase convective heat
transfer, are modeled as one thermal node, and cover an
area of 58.8 m” on the south-facing side of the roof. This
orientation is not ideal for cooling and is motivated by
an intended dual-use for heating. The model parame-
ters Mo.», K, Ky and a; to ag of equation (1) were deter-
mined experimentally according to ISO 9806:2017 (In-
ternational Organization for Standardization 2017b) and
are listed in Table 2.

G =Mo.Kp(0) Lot dir +NopKaleor.dir — a1 (Teor — Tump)

dT .
- a2(Tcol - Tamb)2 - a3v/(Tcol - Tamb) —das dLl‘U
- a6VlIcol - a7V,G(7ﬁcy - Tctl) - ag(TCOI B Tamb)4
(H

With ), 5, the zero loss efficiency, K, (o) = 1 —tan*(o/2)
the angular dependence for direct solar radiation based
on the Ambrosetti function, o the incident angle, 1.0/ 4ir
the direct solar radiation on the collector, K; the angular
dependence for diffuse radiation, /.y 47 the diffuse solar
radiation on the collector, 7,,; the mean collector temper-
ature, Ty, the ambient temperature, v/ = v;,g —3m/s
the modified wind speed, T, the radiative sky tempera-
ture, ¢ the Stefan-Boltzmann constant, and /., the total
solar radiation on the collector.

We assume a photovoltaic conversion efficiency of 19 %
and 5 % inverter losses. Since this is power that is ex-
tracted from the system, and the experimental parame-
ters were determined without electricity generation, we
adjust the calculation of the thermal power in equation
(1) by subtracting 19 % from the solar radiation on the
collector. Since this happens during the day, its impact
on nocturnal cooling is marginal.

The chiller for active cooling has an electrical power of
800 W and a nominal EER of 3.0 at a temperature lift of
35K. The EER is modeled as the cropped exponential
function (2) of the temperature lift AT. The calculation
of the EER as an exponential function of the tempera-
ture lift is taken from (Gasser et al. 2017), albeit with
adjusted numerical values to be more representative of
typical chillers using scroll compressors. Comparable



Table 2: Experimentally determined model parameters

for PVT collectors
Parameter Unit Value
No,b 0.402
K 4.363
Ky 0.887
a W/m?/K  24.988
a W/m?/K>  0.15
a3 Ws/m3/K  4.036
as 0.058
as Ws/m?/K  6819.4
ag s/m 0.032
az s/m 0.083
ag W/m?/K 0

efficiency values for very low-lift regimes are reported
in (Dott et al. 2014a). The same chiller parameters are
used for the nocturnal cooling and the conventional ref-
erence system.

EER = max(7, 7e 00242 AT) )

Weather data and internal gains

We use the EnergyPlus weather data set for Strasbourg,
France (EnergyPlus 2023). The city of Strasbourg is also
used to represent Central European climate in the de-
sign of the building model in (Dott et al. 2014b). The
sky temperature is calculated using the default method
in the LBNL Modelica Buildings Library, version 8.0.0,
based on the dry bulb temperature, the dew point and
the cloud cover (Lawrence Berkeley National Laboratory
2023). A perfect weather forecast with a 24 h horizon is
used. While a realistic weather forecast would have been
preferable, no such data was available to us at the time.
We intend to address this issue in the previously men-
tioned more extensive follow-up study. However, con-
sidering the quality of modern weather forecasts (Me-
teoblue 2023), we currently believe that this only has a
moderate impact on the performance.

Figure 4 shows the daily internal gains profile. It is based
on the assumption of a four-person family (two adults,
two children). There is a constant 50 W baseline from
various household appliances. Each present occupant
adds 60 W at night and 100 W during the day, to account
for the use of personal devices. In the late evening hours,
there is an additional 50 W for lighting. We assume some
use of cooking appliances in the morning (100 W) and at
noon (200 W), when two occupants are present. Since
we simulate the hottest part of the year with long day-

light hours, we assume that the use of lighting and cook-
ing appliances, as well as the occupancy during the early
evening hours, is below the annual average. This results
in a daily average of 252.5W. While this may seem
relatively low, we note here that we assume the use of
devices with high energy-efficiency, in accordance with
European energy policies (European Comission 2021),
including induction cooktops, which have a thermal effi-
ciency, i.e. the share of the power that is transferred into
the food and not into the air, of around 90 %, compared
to 75 % for conventional electric systems and 40 % for
gas (Sweeney et al. 2014).

600
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Figure 4: Daily internal gains profile

System identification

A model 6 € R**15 predicting y = (Tione Tslab)T is
identified, expressing the thermal state of the building
through the zone and slab temperatures. Simple mod-
els with one or two states have been shown to perform
similarly to more complex ones for the identification of
building thermodynamics (Fux et al. 2014). The time
step is 3600 s, which we found to be a reasonable value,
considering the heavy construction style of the building
with a radiant slab. We assume that the slab temperature
is known. This can be realized by embedding tempera-
ture sensors in it, or by maintaining a small flow through
the slab’s piping and measuring the water temperature at
the outlet. The input @ at time step k in equation (3) for
the prediction in equation (4) is comprised of the current
state of the building yi, the ambient temperature T, x
and the global horizontal solar radiation Iy, as exter-
nal disturbances, and a number of control terms for the
active and passive cooling.
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These terms are derived from the general physical model
of a solar-thermal collector in equation (5), which differs
from the parametrization used in ISO 9806:2017. We
use the binary control variables 8y, for the passive heat
exchanger and 8., for the active chiller as linear inputs.
This is augmented by four bilinear terms for each, mul-
tiplied by T4 (i.e. the sink temperature for the cool-
ing system), 7,5, the sky temperature Ty, and the wind
speed vying; as well as a constant offset term, which we
found to improve the model accuracy. We attribute this
to the fact that we normalize each recorded data chan-
nel individually, before some of them are combined into
bilinear terms, which are then no longer unbiased.

Tcol) + Heol (Vwind) (Tamb - Tcol)
Acor€cotlcol + OEIRA ol (T;l‘q - Tc40[) (%)

Ceol Tcol :Cbm(Tin -

With C,,; the thermal capacity of the collectors, T, its
temperature, 7 the mass flow through it, T;, its supply
temperature, Heo;(Vying) its wind speed dependent con-
vective heat transfer, A.,; its area, €., its overall radia-
tive emissivity, I, the perpendicular solar radiation, ¢
the Stefan-Boltzmann constant, and € its infrared emis-
sivity.

Some of these terms may be highly correlated (e.g. T
and Tg,), which can be a source of problems in system
identification. We therefore impose physical constraints
on the parameters for the identification, summarized in
Table 3. Similar methods have been used successfully
by (Biinning et al. 2022) and (Di Natale et al. 2022a). In
the absence of external influences, T, and Ty, should
converge, without oscillations or autonomous increases.
The corresponding parameters are thus limited to (0, 1).
Furthermore, the sum of the auto-regressive parameters
for each output are restricted to 0_pne—zone + Ostab— zone <
1 and 8;pne—51ab + Ostap—siap < 1. Higher Ty and Leio
should have a positive effect on the temperatures in the
building. Regarding the control variables for both the
heat exchanger and chiller, a higher T§;,;, should increase
the collector temperature and heat dissipation, and thus

have a negative effect on the building temperatures. A
higher v,,;,q increases the convection at the collectors,
having the same effect. A higher 7, and T, hinder
the cooling, thus have a positive effect on the building
temperatures. The linear weights for 8. and &y, are
negative, since it is a cooling system. These constraints
on 0 form the set @. The Frobenius norm of the one-step
prediction across the identification data set, which is col-
lected during the whole month of July, is then minimized
according to equation (6), with ¥ = (yg yM) €
R>M-1 @ = ((p1 (pM,l) € R>*M=1 and M the
number of samples in the identification data set. For each
night of the identificatin period, the HVAC system is ei-
ther doing nothing, cooling actively or cooling passively
in a randomized order, but stops if the slab temperature
drops to 21 °C.

Table 3: Physical constraints on the model parameters.
Positive, negative, in range or unconstrained.

Input/Output | e  Tyap
Tone (07 l) (Ov 1)
Tiap (0’ 1) (07 1 )
Tamb + +
1 olo + +
Tsiap 8hex - -
Tomp 8hex + +
Tvkyshex + +
VyindOnex - -
Oex - -
Tsap 8]1 p - -
Tamb 6/1 p + +
Tvkyshp + +
Vivind On P - -
5;, P - -
Offset term

min[¥ — 67 (6)

S.t.

6cO

Model Predictive Control

The MPC in equation (7) is implemented in Gurobi, ver-
sion 10.0 (Gurobi 2023), and seeks to minimize the elec-
tric energy consumed to run the cooling system while
respecting the temperature constraints on the zone and
the slab. Combining the power of the chiller and cir-
culation pumps, we obtain the weights Py jor, = 100W



and P, ., = 900W. y is the state, as defined above. u =
(Bhex  Bcn) " is the control input for the internal heat ex-

changer and the mechanical chiller. w = (Tam;, Igl(,)T
is the disturbance input, containing the ambient temper-
ature and the global horizontal solar radiation. All nor-
malization is omitted in the equations for the sake of leg-
ibility. The current state, the most recent control input
and the future weather are known (7b). Equation (7c)
is an abbreviation of the system dynamics in equation
(3). Equations (7d) and (7e) are the input and output
constraints. The system can only be activated at night
(7f). Active and passive cooling cannot run simultane-
ously (7g), and can each only be activated for one contin-
uous phase per night (7h,7i), including the current time
step, hence the sum begins at time step j = —1. This is
a mixed-integer linear problem, which are known to be
computationally expensive.

N-1
min Z (Pel,hexshex,k + Pel,chsch,k) (73-)
Y k=0
s.t.
Y0, U—1,Wjo:N—1) known (7b)
Vw1 = f (O e, wie) (7¢)
21.5°C 24.5°C

(5 = (5 on
ue{0,1}? (Te)
u = 0if Ijp g > 3W/m? (7f)
Opex e +0cni < 1 (72)
N-1

Y Bnex.jr1 — Ohexj| <2 (7h)
=1

N-1

Y 18en i1 —8enjl <2 (71)
=1

Vke{0,...,N—1}

The zone temperature is restricted to Ty €
[21°C,25°C], which complies with the recommen-
dations of SIA 180:2014 (Schweizerischer Ingenieur-
und Architektenverein 2014) for Summer climate in
Switzerland. While these temperatures may seem to
be comparatively high, we note that this standard aims
to strike a balance between occupant comfort and
energy efficiency, and assumes that light clothing is
worn inside. The slab temperature is constrained to
Tyap > 20°C to avoid condensation. The optimization
horizon is N = 24, corresponding to 24h. Based on
the observed accuracy of the 24 h-ahead prediction

with the identified model, the actual constraints on the
zone temperature for the optimization in equation (7d)
are tightened by 0.5K on each side. Since constraint
satisfaction cannot be guaranteed, they are implemented
as soft constraints. We note that for the evaluation of the
constraint violations in the results section, the unaltered
constraints stated above are used.

Reference system and controller

As indicated above, the reference system uses the same
chiller as the nocturnal cooling, but with an external air-
brine heat exchanger unit instead of the PVT collectors.
A binary rule-based hysteresis controller with the switch-
ing temperatures 24 °C and 25°C is used. The upper
temperature corresponds to the comfort constraint for the
MPC. Choosing the width of the hysteresis is a trade-off
between energy efficiency and mechanical wear: A nar-
rower band would improve the efficiency by elevating the
average zone temperature by around half of its width, but
would require more frequent on-off cycles, which strains
the chiller and valves. A hysteresis of 1 K is a common
choice, and is shown to work well in the following sec-
tion.

Results

Two simulations covering the month of August are con-
ducted: One with the predictive nocturnal radiative cool-
ing system, and one with the conventional reference sys-
tem. The results in Table 4 show a 34 % reduction in
electricity consumption with the nocturnal cooling while
supplying 6.2 % more thermal cooling energy, corre-
sponding to a 62 % increase of the EER. This can be at-
tributed to three factors: When cooling actively at night,
the chiller benefits from the lower ambient (i.e. sink)
temperature, compared to the rule-based system, which
mostly runs during the hotter day-time hours. Further-
more, the PVT collectors have no electricity-consuming
fans, unlike the external heat exchanger. Lastly, 27 % of
the nocturnal cooling is supplied passively. Thanks to its
very high EER, which is in the nature of passive cool-
ing, this is enough to substantially improve the total effi-
ciency. The increase in delivered thermal energy with the
nocturnal cooling is unsurprising, since the cooling hap-
pens around 12h ahead of the demand, which leads to
some losses. All constraint violations with both the noc-
turnal cooling and the reference system are negligible,
none of them exceeding a few Kelvin-hours over 31 days.
Furthermore, the PVT collectors generate 2.25 MWh of
electricity during the simulation period.

Figure 5 shows the whole simulation with nocturnal



cooling. The zone temperature mostly stays between
23°C and 25°C. One 2K oscillation of the zone tem-
perature per day is a slow rate of change that does not
cause thermal discomfort in the occupants. The MPC
occasionally shows undesirable fast-switching behav-
ior, caused by the inaccuracies of the prediction model,
like on days 217 and 218, where the controller quickly
switches from active cooling, to off, to passive cooling.
Other than that, the mixed-integer optimization problem
is solved quickly and reliably, which is important for de-
ployment on cheap low-power hardware. The time re-
quired for an individual solution mostly stayed between
0.01s and 0.3 s, averaging around 0.1 s, on a four-core
Intel Core i7-8665U processor. The close-up in Figure
6 shows five days of operation, with one night of active
cooling, one night of passive cooling and three days of
mixed cooling, including the aforementioned days with
undesirable fast-switching, while respecting the temper-
ature constraints at all times. The order of active and pas-
sive in the case of mixed cooling depends on the state of
the building and the weather. In general, passive cooling
is more dependent on favorable conditions, ideally a high
slab temperature with cool, clear and windy weather, and
should be scheduled accordingly. Since the passive cool-
ing is also less powerful than the active cooling, its iden-
tification and thus prediction may be less accurate, which
may lead to less optimal scheduling.

For comparison, we also show the results of the reference
simulation with the conventional rule-based cooling, in-
cluding the weather conditions, in Figure 7. Cooling on
demand during the day allows to keep the zone tempera-
ture in a narrower band, mostly between 24 °C and 25 °C,
which comes at the cost of a lower EER however.

Table 4: Energy use for cooling during August with the
reference system (top), and the nocturnal cooling
(bottom), split into its active and passive components.

Electrical Thermal EER
kWh kWh
Reference 125.4 591.3 4.7
Passive 5.1 170.6 334
Active 77.4 457.2 5.9
Total 82.5 627.8 7.6
Discussion

While cooling with a very high efficiency is achieved,
the practical drawbacks of nocturnal radiative cooling re-
main: Namely the lack of temperature control during the
day which, in combination with comfort constraints, sig-

nificantly limits the cooling power and capacity, as well
as the large surface area required by the collectors to
dissipate the heat. We believe that the most promising
path to commercial viability is the synergistic extension
from just cooling to a multi-energy system. An extended
follow-up study using the PVT collectors for day-time
heating as well as nocturnal cooling is planned.

The lack of controllability during the day could be ad-
dressed by adding a storage tank for cold water to the
system, or by using conventional air conditioning as a
back-up. However, since this would add to the system
costs, it is preferable to make the nocturnal cooling of
the radiant slab work by itself. We thus utilized neither
of these options, in order to focus on feasibility of doing
SO.

We further note that our case study in Central European
climate is far from the ideal setting for such a system.
A hotter, more arid climate with lower sky temperatures
at night would be advantageous for nocturnal radiative
cooling, as well as solar heat and electricity generation
during the day. Such conditions happen to be found in
many of the developing regions of the world where the
energy demand for cooling is growing most rapidly (In-
ternational Energy Agency 2018).

Moreover, the limited accuracy of the current model (i.e.
system identification method) necessitated an additional
tightening of the temperature constraints. A more accu-
rate model would allow a reduction of these safety mar-
gins, which would improve the energy efficiency by re-
ducing excessive cooling. Therefore, alternative model
structures and identification procedures should be inves-
tigated in the future. A key question will be the trade-off
between improved prediction accuracy and thus energy
efficiency on one hand, and higher hardware costs to run
a more complex model on the other. A secondary benefit
of an improved model might also be a smoother opera-
tion with fewer on-off cycles, which would reduce the
wear on the mechanical components.

Conclusion

A PVT-based nocturnal radiative cooling system with a
data-driven MPC for a single-family house is evaluated
in a simulation. Compared to a conventional chiller sys-
tem with rule-based control, substantial energy savings
of around 34 % are achieved, without sacrificing thermal
comfort. This is a promising basis for further develop-
ment of the system toward dual-use for heating and cool-
ing. An MPC formulation is given that solves quickly
and reliably enough to be suitable for deployment in the
field with reasonable hardware costs. However, some
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Figure 5: Nocturnal cooling with MPC. Top: Zone temperature and constraints. Middle: PVT collectors, ambient,
sky and slab temperatures. Bottom: Active or passive cooling.

improvements in the system identification are desired to
make the system run more smoothly, with fewer on-off
cycles.
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