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 a b s t r a c t

Heating and cooling of buildings account for around 15% of all global energy consumption. In light of the 
ongoing energy transition, we aim to improve the efficiency of both in a European single-family house by using 
photovoltaic-thermal collectors with a reversible heat pump for nocturnal radiative cooling, solar-assisted heating 
and domestic hot water generation. Two data-driven model predictive controllers activate the system during 
the most favorable ambient conditions for minimal energy consumption. Significant improvements in energy-
efficiency of 39.0% for cooling, 21.7% for heating and 27.4% for domestic hot water are achieved over a simulation 
period of one year, compared to a conventional reference system. We find the building’s underfloor radiant slab to 
be sufficient as a thermal storage for heating and cooling, not requiring a dedicated storage tank. However, a cost 
estimate indicates long amortization times for the higher installation costs of our proposed multi-energy system. 
Only the scenario with low-end estimates for the installation costs and high-end estimates for the electricity 
tariffs reached our target value of less than 20 years.

1.  Introduction

Around a third of all primary energy in developed countries is used 
in buildings, with roughly half of it for heating and cooling, resulting in 
an estimated 15% of the total consumption being used for heating and 
cooling of buildings [1–5]. To supply this consumption, roofs of build-
ings are increasingly used to generate renewable energy, either with 
photovoltaics or solar-thermal collectors. Photovoltaic-thermal collec-
tors (PVT) aim to maximize the energy gains by combining both. In this 
paper, we go one step further in utilizing the roof space, and present a 
heating and cooling system for a building that combines PVT collectors 
with a reversible heat pump for nocturnal radiative cooling and solar-
assisted heating, while also generating electricity. In a one-year simula-
tion of a single-family house in Central European climate, we show that 
high efficiency for space heating and cooling, as well as domestic hot 
water, can be achieved with a compromise design, that is not optimized 
for any of these individual tasks. Furthermore, we show the feasibil-
ity of using an underfloor radiant slab without any additional thermal 
storage device to provide sufficient cooling during the day, despite only 
operating the system in cooling-mode at night.

While we assume that the reader is already familiar with photo-
voltaics and solar-thermal heating, we give a brief introduction to noc-
turnal radiative cooling: This denotes the physical effect in which an 
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object is cooled by radiative heat exchange with outer space. While 
the background temperature of outer space is approximately 3K, this 
effect is significantly attenuated by the atmosphere, but the radiative 
sky temperature can still drop well below the ambient air temperature, 
especially during clear nights1. To better illustrate, Fig. 1 shows the 
spectra of the solar radiation based on [7], the atmospheric transmis-
sion2 based on [8], and the ideal black-body radiation at 25 ◦C based 
on Planck’s law. The band of high atmospheric transmission between 
the wavelengths of 8𝜇m to 13𝜇m overlaps significantly with the black-
body radiation. Heat emitted at this, or similar, temperature can thus 
penetrate the atmosphere into outer space well. The radiation spectrum 
of a real object may deviate from an ideal black-body, but for most com-
mon materials, it is a suitable approximation.

We harness this effect by using the PVT collectors as sky-facing ra-
diator surfaces. While the existing literature extensively documents the 
use of nocturnal radiative cooling for buildings [9–15], they mostly use 
it in parallel with a conventional cooling system, or for pre-cooling on 

1 This phenomenon can often be observed after a cold night, when cars have 
a thin layer of ice on their roofs, but not their sides. In ancient Persia, it was 
used to produce ice in the desert [6].
2 This data set accounts for scattering at short wavelengths. Without it, the 

transmission of visible light would be around 90%.
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Nomenclature

𝐴 Area
𝐶 Thermal capacity
𝐼 Radiation
𝑃 Power
𝑇 Temperature
𝑦 Model output
𝑧 Model output
𝛿 Control variable
𝜃 Model parameters
𝜑 Model input
𝜓 Model input
𝜔 Model parameters
CHF Swiss franc
COP Coefficient of performance
DHW Domestic hot water
EER Energy efficiency ratio
HEX Heat exchanger
HP Heat pump
MPC Model predictive control
PVT Photovoltaic-thermal
rHP Reversible heat pump

the external supply-side of a mechanical chiller. Extending the work of 
[16,17], which only covers cooling, we use the PVT collectors (i.e. ra-
diators) in combination with a reversible heat pump (rHP) and a brine-
water heat exchanger (HEX) for a system capable of active and passive 
heating and cooling. Hereinafter, we refer to this as the “PVT system”. 
Consider Fig. 2 for better understanding: Our PVT system is shown on 
the left. The only external component are the collectors, which con-
nect to the house through the parallel arrangement of the HEX and rHP. 
Next to it is a conventional reference system with only a reversible heat 
pump and an external heat exchanger. The right side shows the afore-
mentioned pre-cooling and parallel configurations, but extended to also 
cover the heating case, for better comparison. In the pre-cooling (resp. 
pre-heating) configuration, the PVT collectors are used to pre-condition 
the working fluid with radiative cooling or solar-thermal heating, before 
the heat pump brings it to its target temperature. The parallel configu-
ration has two independent sides.

Table 1 compares the properties of the four systems, and highlights 
the rationale behind our system: Compared to the parallel configura-
tion, we gain the ability of nocturnal radiation-assisted cooling and 

Fig. 1. Spectra of solar emission, atmospheric transmission and ideal black-
body radiation at 25 ◦C at short and medium wavelengths.

solar-assisted heating, meaning that we can still harness some of the 
benefits of passive heating and cooling when the conditions are insuf-
ficient for fully passive operation, which is often the case. While the 
pre-heating/cooling configuration offers these capabilities as well, our 
approach has the advantage of fewer components. Namely, the lack of 
an external fan unit, which makes it inherently compliant with any noise 
regulations that may apply in a given location, particularly in residential 
areas [18]. However, this comes at the disadvantage of losing the abil-
ity of daytime cooling. Since the necessary conditions for fully passive 
solar-thermal heating are never reached during our simulations, we omit 
further reference to it for the remainder of this paper, already having 
stated the system’s fundamental capability.

Because of the aforementioned inability of daytime cooling, we 
need significant thermal storage capacity to carry the nocturnal cool-
ing power through the following day. Similarly, we want to carry solar-
assisted heating power through the following night during the heating 
season. Rather than using a dedicated storage tank, which would cost 
money and occupy space, we use the thermal inertia of the building’s 
underfloor radiant slab for this purpose. Because of its thickness, it has 
a time constant of several hours, making it well-suited for the purpose 
of load shifting. However, this approach comes with two disadvantages: 
The time constant of the slab is fixed and may not always match the de-
sired delay. Moreover, avoiding occupant discomfort, and condensation 
of humid air in the cooling case, imposes a lower limit on the slab tem-
perature. However, the feasibility of using radiant slabs for cooling has 
been demonstrated before [19,20], including a side-by-side comparison 
with a forced-air system in a seasonally hot and humid climate [21], 
which is a particularly challenging scenario for radiant slab cooling.

To address the thermal inertia, and the constraints on tempera-
tures and operating times, we use model predictive control (MPC). This 
control technique uses a simplified model of the building’s thermody-
namic properties, in combination with a weather forecast, to calculate 
a forward-looking series of control inputs, that are optimal under a de-
fined cost function. In our case to minimize the electricity consumption 
of the system, while maintaining comfortable indoor temperatures. The 
first step of this optimized series is then executed, before the process 
is repeated at the next time step, accounting for any deviation of the 
actual system state from the previously calculated one. Because of the 
strong synergies between the system side and the control side, we con-
sider the MPC to be an integral part of the PVT system, rather than an 
extension of it. An appropriately tuned rule-based controller could emu-
late some of the desirable properties of the MPC, but we do not attempt 
to implement such a solution in this paper. To avoid the often costly 
process of obtaining a white-box control model of the building [22,23], 
we rely on a model identified from measured operational data, the pro-
cess for which is described in Section 2.2. In addition, the following 
sections will discuss the simulation model, the formulation of the MPC, 
and the resulting system performance, compared to a conventional ref-
erence, before a discussion of the study’s limitations and the conclusions 
drawn.

2.  Methodology

2.1.  Simulation model of the building

This section discusses the simulation model, which is almost identi-
cal to the one previously used in [17]. It is a modern, well-insulated 
single-family house with a nominal heating energy consumption of 
45 kWh∕m2∕a, based on [24] and shown in Fig. 3. The building has two 
storeys with a total usable area of 140m2 and an underfloor radiant 
slab. Each of the two floors has an area of 70m2, an 8 cm thick con-
crete radiant slab under the wooden flooring, and is modeled as five 
nodes. The external brick walls have an area of 221.1m2 and are mod-
eled as four nodes. Solar gains on the faÃ§ade are added to the outer-
most node. The roof has a total area of 84.1m2 and is modeled as four 
nodes as well. The furniture and internal walls are jointly modeled as 
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Fig. 2. Hydraulic schematic of our PVT system, the reference system and two alternative system configurations. The line colors (blue for cold, red for hot) are for the 
cooling case, despite the labels also covering space heating and domestic hot water. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 1 
Comparison of different system configurations for nocturnal radiative cooling and solar assisted-heating. (‘+’: Advantage/capable, ‘◦’: Neutral, ‘−’: 
Disadvantage/not capable).

 PVT system  Reference Pre-heating/cooling  Parallel
 Silent (no external fan)  + − − −
 Fewer components ◦  + − −
 Daytime cooling −  + +  +
 Nocturnal radiative cooling  + − +  +
 Nocturnal radiation- assisted cooling  + − + −
 Solar-thermal heating  + − +  +
 Solar-assisted heating  + − + −

Fig. 3. Drawing of the building model from a north-east angle [24].

200m2 of clinker (partially-vitrified fired clay brick) wall, represented 
by two nodes, as opposed to the single-node representation from [17]. 
However, this change is found to only have a marginal impact on the re-
sults. The inside air measures 389.45m3 and is treated as one node. The 
insulation layers measure 12 cm at the external walls, and 16 cm at the 
roof and under the ground floor. The ground temperature is modeled as 
a constant 15 ◦C. The windows have a total area of 3, 4, 12 and 4m2 on 
the north, east, south and west façades respectively. The heat transfer 
coefficient is 1.5W∕m2∕K, and the G value 0.622. The solar gains are 
added to the top-layers of the two floors and the outer layer of the inter-
nal walls, with the former getting 40% each and the latter getting 20%. 
The convective heat transfer rates on the internal horizontal surfaces 
are modeled based on [25], while the convective heat transfers on the 
internal vertical and external surfaces are linearized to constant values 
based on [25] and [26]. Deviating from the original model, we added 
a mechanical ventilation with a heat recovery with 60% efficiency, and 
automatic shading for the windows. The shading on each side of the 
house is independently controlled and limits the transmission of the so-
lar radiation to 180W∕m2, meaning that it is open below the threshold 
value, then gradually closes as the solar radiation on the corresponding 
side of the house increases.

The PVT collectors have rear-mounted lamella heat exchangers to 
increase the convective heat transfer. They cover the entire south-facing 
side of the roof with an area of 58.8m2 and are modeled as one node. 
The model parameters 𝜂𝑜,𝑏, 𝜅, 𝐾d and 𝑎1 to 𝑎8 of Eq.  (1) according ISO 
9806:2017 [27] stem from a commercially available product and are 
listed in Table 2.
𝑞̇ = 𝜂𝑜,𝑏𝐾𝑏(𝛼)𝐼𝑐𝑜𝑙,𝑑𝑖𝑟 + 𝜂𝑜,𝑏𝐾d𝐼𝑐𝑜𝑙,𝑑𝑖𝑓 − 𝑎1(𝑇𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏)

− 𝑎2(𝑇𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏)2 − 𝑎3𝑣′(𝑇𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏) − 𝑎5
𝑑𝑇𝑐𝑜𝑙
𝑑𝑡

− 𝑎6𝑣′𝐼𝑐𝑜𝑙 − 𝑎7𝑣′𝜎(𝑇 4
𝑠𝑘𝑦 − 𝑇

4
𝑐𝑜𝑙) − 𝑎8(𝑇𝑐𝑜𝑙 − 𝑇𝑎𝑚𝑏)

4 (1)

With 𝜂𝑜,𝑏 the zero loss efficiency, 𝐾𝑏(𝛼) = 1 − tan𝜅 (𝛼∕2) the angular 
dependence for direct solar radiation based on the Ambrosetti function, 
𝛼 the incident angle, 𝐼𝑐𝑜𝑙,𝑑𝑖𝑟 the direct solar radiation on the collec-
tor, 𝐾d the angular dependence for diffuse radiation, 𝐼𝑐𝑜𝑙,𝑑𝑖𝑓  the dif-
fuse solar radiation on the collector, 𝑇𝑐𝑜𝑙 the mean collector temper-
ature, 𝑇𝑎𝑚𝑏 the ambient temperature, 𝑣′ = 𝑣𝑤𝑖𝑛𝑑 − 3m∕s the modified 
wind speed, 𝑇𝑠𝑘𝑦 the radiative sky temperature, 𝜎 the Stefan-Boltzmann 
constant, and 𝐼𝑐𝑜𝑙 the total solar radiation on the collector. While the 
true atmospheric heat exchange is wavelength-dependent, as shown in 
Fig. 1, it is commonly approximated with an equivalent sky tempera-
ture, calculated from ambient conditions, in simulation-based research 
[11,28–32].  Since the data sheet of the aforementioned product does 
not include values for the photovoltaics, we assume a typical conversion 
efficiency of 19% and 5% inverter losses. This power is extracted from 
the thermodynamic balance of the collectors. However, the experimen-
tal parameters are determined with the photovoltaics disconnected. We 
thus adjust the calculation of the thermal power in Eq.  (1) by subtract-
ing 19% from the solar radiation on the collector.

To better convey the properties of the PVT collectors, Fig. 4 shows 
the cooling power density as a function of the ambient and sky temper-
ature at a constant collector temperature. We assume steady state and 
a wind speed of 3m∕s. Because of the aforementioned heat exchangers, 
the cooling power depends more on the ambient temperature than the 

Energy & Buildings 343 (2025) 115883 

3 



M. Koch et al.

Table 2 
Experimentally determined model parameters for PVT col-
lectors.

 Parameter  Unit  Value
𝜂𝑜,𝑏  0.402
𝜅  4.363
𝐾d  0.887
𝑎1 W∕m2∕K  24.988
𝑎2 W∕m2∕K2  0.15
𝑎3 Ws∕m3∕K  4.036
𝑎4  0.058
𝑎5 Ws∕m2∕K  6819.4
𝑎6 s∕m  0.032
𝑎7 s∕m  0.083
𝑎8 W∕m2∕K  0

sky temperature. However, the latter is still significant for free cooling, 
when the ambient temperature is only slightly below the collector tem-
perature. Conversely, Fig. 5 shows the heating power density (excluding 
the electric power from the PV) as a function of the collector tempera-
ture and the solar radiation on the collector at a constant ambient and 
sky temperature. We assume an even split between direct and diffuse 
radiation. Note that in operation, the collector temperature is strongly 
coupled to the solar radiation. Therefore, some of the operating points 
in Fig. 5 may be improbably in practice. Again, we see a high depen-
dence on the difference between the collector and ambient temperature. 
The importance of this property within the context of the PVT system 
will be highlighted in Section 3.

Fig. 4. Cooling power density at 𝑇𝑐𝑜𝑙 = 20 ◦C.

Fig. 5. Heating power density at 𝑇𝑎𝑚𝑏 = 0 ◦C and 𝑇𝑠𝑘𝑦 = −10 ◦C.

Fig. 6. Daily internal gains profile.

The reversible heat pump has an electric power of 800W and a nom-
inal coefficient of performance (COP) of 4.0 at a temperature lift of 35K
for heating, which corresponds to an energy efficiency ratio (EER) of 3.0
for cooling at the same temperature lift. The temperature dependence 
of the COP is modeled as a cropped exponential function (2), with the 
temperature lift Δ𝑇 . This implementation is based on the findings of 
[33], albeit with adjusted numerical values to be more representative 
of typical heat pumps using scroll compressors. Comparable efficiency 
values for very low-lift regimes are reported in [34]. 
𝐶𝑂𝑃 = 𝑚𝑎𝑥(8, 7𝑒−0.0242 Δ𝑇 + 1) (2)

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 100W, moving 0.13 kg∕s of water on the house side 
and 0.15 kg∕s of water-glycol mix with a specific thermal capacity of 
3700 J∕kg on the external side. The entire system is implemented using 
Matlab ode23t, which is a variable step stiff solver without numerical 
damping, well-suited for simulating physical systems that have both fast 
and slow time constants.

We use weather data for Strasbourg, France, [35] which was also 
assumed for the design of the original model in [24]. Based on a clima-
tological potential analysis for Europe [36], we consider this weather 
data to be moderately sub-optimal, and thus reasonably challenging to 
demonstrate the efficiency of the PVT system. The radiative sky tem-
perature is added to the original weather data using the default method 
of the LBNL Modelica Buildings Library, version 8.0.0 [30], relying on 
the ambient temperature, dew-point temperature and cloud cover. Since 
there are significant differences between the established models for the 
calculation of the radiative sky temperature [11,28,37], we perform a 
corresponding sensitivity analysis in Section 3.2. A repeating daily in-
ternal gains profile from [17], shown in Fig. 6, is used, assuming a 
household with two adults and two children, as well as generally energy-
efficient appliances, resulting in an average power of 252.5W. We note 
that this profile was originally created for summer. While one may as-
sume some additional gains from lighting during winter, we consider it 
to be reasonable for both seasons for the purposes of this study.

2.2.  System identification

A model 𝜃 ∈ ℝ2×11 predicting 𝑦 = (

𝑇𝑧𝑜𝑛𝑒 𝑇𝑠𝑙𝑎𝑏
)⊤ is identified, cap-

turing the thermal state of the house in a simplified manner through 
its zone and slab temperatures. Simplified models with few states have 
shown similar performance as more complex ones in direct comparison 
[38]. For reasons detailed in Section 2.3, we choose a long time step 
of 3600 s for the model, and correspondingly the MPC, but since the 
building has high thermal inertia, this still captures its dynamics well. 
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Furthermore, we assume that the slab temperature is being measured. 
This can be realized by embedding temperature sensors in it, or by main-
taining a small flow through the slab’s piping and measuring the water 
temperature at the outlet. The binary control variables are 𝛿𝑐𝑎 for the 
active cooling, 𝛿𝑐𝑝 for the passive cooling, and 𝛿ℎ𝑎 for the active heating. 
With 𝑇𝑎𝑚𝑏 the ambient temperature and 𝐼𝑔𝑙𝑜 the global horizontal solar 
radiation, we get the input (3) at time step 𝑘, to predict the next state 
of the system (4).
𝜑𝑘 = (𝑇𝑧𝑜𝑛𝑒, 𝑇𝑠𝑙𝑎𝑏, 𝑇𝑎𝑚𝑏, 𝐼𝑔𝑙𝑜, 𝛿𝑐𝑝, 𝑇𝑎𝑚𝑏𝛿𝑐𝑝,

𝛿𝑐𝑎, 𝑇𝑎𝑚𝑏𝛿𝑐𝑎, 𝛿ℎ𝑎, 𝑇𝑎𝑚𝑏𝛿ℎ𝑎, 𝐼𝑔𝑙𝑜𝛿ℎ𝑎)⊤𝑘 (3)

𝑦𝑘+1 = 𝜃𝜑𝑘 (4)

To motivate this choice of variables, consider the generic mathemat-
ical model (5) of a solar-thermal collector, with 𝐶𝑐𝑜𝑙 the thermal capac-
ity of the collectors, 𝑇𝑐𝑜𝑙 its temperature, 𝑚̇ the mass flow through it, 𝑇𝑖𝑛
its supply temperature, 𝐻𝑐𝑜𝑙(𝑣𝑤𝑖𝑛𝑑 ) its wind speed dependent convec-
tive heat transfer, 𝐴𝑐𝑜𝑙 its area, 𝜀𝑐𝑜𝑙 its overall radiative emissivity, 𝐼𝑐𝑜𝑙
the perpendicular solar radiation, 𝜎 the Stefan-Boltzmann constant, and 
𝜀𝐼𝑅 its infrared emissivity. For the identification model, we treat 𝑇𝑠𝑙𝑎𝑏 as 
an approximation of 𝑇𝑖𝑛, and 𝐼𝑔𝑙𝑜 as an approximation of 𝐼𝑐𝑜𝑙, since the 
collector orientation is rather flat. The state 𝑇𝑐𝑜𝑙 is neglected, since its 
time constant is fast, compared to the building. After initial trials, 𝑇𝑠𝑘𝑦
and 𝑣𝑤𝑖𝑛𝑑 were discarded from the model, because the former is strongly 
correlated with the ambient temperature, and the latter does not show 
a significant impact on the output.
𝐶𝑐𝑜𝑙𝑇̇𝑐𝑜𝑙 = 𝑐𝑏𝑚̇(𝑇𝑖𝑛 − 𝑇𝑐𝑜𝑙) +𝐻𝑐𝑜𝑙(𝑣𝑤𝑖𝑛𝑑 )(𝑇𝑎𝑚𝑏 − 𝑇𝑐𝑜𝑙)

𝐴𝑐𝑜𝑙𝜀𝑐𝑜𝑙𝐼𝑐𝑜𝑙 + 𝜎𝜀𝐼𝑅𝐴𝑐𝑜𝑙(𝑇 4
𝑠𝑘𝑦 − 𝑇

4
𝑐𝑜𝑙) (5)

We collect identification data over a whole year, using simple rule-
based control with superimposed randomization. If the zone tempera-
ture is below 22 ◦C, the heating is randomly used with a 75% probability 
or not used with a 25% probability for that day. If the zone temperature 
is above 23 ◦C and it is night, the system chooses randomly between do-
ing nothing, active cooling or passive cooling with equal probability for 
that night. This is a long identification period and the randomized con-
troller results in some constraint violations. It may be possible to obtain 
a good model of the plant with a shorter or less excited dataset. How-
ever, optimizing the system identification procedure is not the focus of 
this paper. We refer the interested reader to [39,40] for an overview of 
some alternative methods that may be applied. The identification prob-
lem (6) is formulated as a minimization of a Frobenius norm, with 𝑌 =
[

𝑦2 … 𝑦𝑀
]

∈ ℝ2×𝑀−1, Φ =
[

𝜑1 … 𝜑𝑀−1
]

∈ ℝ15×𝑀−1, and 𝑀
the number of samples in the data set. We find that the identified model 
works well for summer, transient and winter conditions. 
min
𝜃
‖𝑌 − 𝜃Φ‖

2
𝐹 (6)

2.3.  Model predictive control

The MPC (7) is implemented in Gurobi [41], version 10.0.1, and 
tries to minimize the electricity consumed for heating and cooling the 
building over a horizon of 𝑁 = 24, i.e. 24 h. It is a mixed-integer prob-
lem, which tend to have solving times that grow exponentially with the 
length of the horizon. Since our system requires day-ahead planning 
to exploit the day-and-night cycle, the long time step of 3600 s is nec-
essary to keep the solving time within reasonable bounds. The power 
for passive cooling corresponds to the power of the circulation pumps 
𝑃𝑝𝑎𝑠 = 100W. The power for active cooling combines the circulation 
pumps and the reversible heat pump to 𝑃𝑎𝑐𝑡 = 900W. Self-consumption 
of the PV generation is not considered in the optimization. For the for-
mulation of the control problem, we introduce the shorthand notation 
𝛿 =

(

𝛿𝑐𝑎 𝛿𝑐𝑝 𝛿ℎ𝑎
) for the binary control variables introduced in Sec-

tion 2.2. The MPC formulation is completed by the measurement of the 
current state and the weather forecast (7b), the dynamic constraints
(7c), and the state constraints (7d). Eqs. (7f) and (7g) enforce that the 

cooling is disabled during sunshine, while (7h) enforces that only one 
mode of operation can be active at a time. Lastly, (7i) to (7k) are a 
heuristic method to restrict the number of switches each mode can have 
over the horizon, including the current time step, hence the terms begin 
one time step in the past. We note that this method does not guarantee to 
limit the number of switches to the desired upper bound in closed-loop 
operation. We allow each cooling mode to have one on-off cycle over 
the horizon, while allowing two for the heating mode. These switching 
constraints vastly reduce the time to solve the resulting mixed-integer 
linear program. From a mechanical point of view, reducing the number 
of switches reduces the wear and tear on the circulation pump, valves 
and heat pump. 

min
𝛿,𝑦

𝑁−1
∑

𝑘=0
(𝑃𝑎𝑐𝑡𝛿ℎ𝑎,𝑘 + 𝑃𝑎𝑐𝑡𝛿𝑐𝑎,𝑘 + 𝑃𝑝𝑎𝑠𝛿𝑐𝑝,𝑘) (7a)

𝑠.𝑡.

𝑦0, 𝛿−1, 𝑇𝑎𝑚𝑏,[0∶𝑁−1], 𝐼𝑔𝑙𝑜,[0∶𝑁−1] known (7b)

𝑦𝑘+1 = 𝜃𝜑𝑘 (7c)
(

21 ◦C
20 ◦C

)

≤ 𝑦𝑘 ≤
(

24.5 ◦C
35 ◦C

)

(7d)

𝛿𝑘 ∈ {0, 1}3 (7e)

𝛿𝑐𝑎,𝑘 = 0 if 𝐼𝑔𝑙𝑜,𝑘 > 3W∕m2 (7f)

𝛿𝑐𝑝,𝑘 = 0 if 𝐼𝑔𝑙𝑜,𝑘 > 3W∕m2 (7g)

𝛿ℎ𝑎,𝑘 + 𝛿𝑐𝑎,𝑘 + 𝛿𝑐𝑝,𝑘 ≤ 1 (7h)
𝑁−1
∑

𝑗=−1
|𝛿ℎ𝑎,𝑗+1 − 𝛿ℎ𝑎,𝑗 | ≤ 4 (7i)

𝑁−1
∑

𝑗=−1
|𝛿𝑐𝑎,𝑗+1 − 𝛿𝑐𝑎,𝑗 | ≤ 2 (7j)

𝑁−1
∑

𝑗=−1
|𝛿𝑐𝑝,𝑗+1 − 𝛿𝑐𝑝,𝑗 | ≤ 2 (7k)

∀𝑘 ∈ {0,… , 𝑁 − 1}

Since the satisfaction of (7d) cannot be guaranteed, it is actually 
implemented as a soft constraint. Moreover, the data and model are 
normalized to a mean of zero and a standard deviation of one. Both 
are not explicitly expressed in (7) for the sake of legibility. The state 
constraints are chosen to be (21 ◦C, 25 ◦C) for the zone and (20 ◦C, 
35 ◦C) for the radiant slab, based on [42]. As is expected when us-
ing a data-driven model, we observe some inaccuracy over the con-
trol horizon. This is particularly relevant for the cooling, which is dis-
abled during the day, thus cannot correct errors until the following 
night. We account for this by adding an extra safety margin of 0.5K to 
the upper zone temperature limit, lowering it to 24.5 ◦C for the actual
optimization.

2.4.  Reference system and control

We compare the PVT system to a conventional heating and cooling 
system, using the same reversible heat pump (2), but with an exter-
nal air-brine heat exchanger unit with a fan power of 200W, instead 
of the PVT collectors. This corresponds to the system shown on the 
center-left of Fig. 2. A rule-based controller with the switching temper-
atures 21 ◦C and 22 ◦C for heating, and 24 ◦C and 25 ◦C for cooling is 
used. This represents a typical heating and cooling system for residential
buildings.

2.5.  Domestic hot water

For the sake of a simpler analysis, we investigate the PVT sys-
tem’s efficiency in providing domestic hot water (DHW) separately. The 
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methodology is essentially a simplified version of the one for the build-
ing, hence, we only provide a brief description of the simulation model, 
system identification, input data and MPC in this section. The same sim-
ulated components described above are used to charge a 600 L hot wa-
ter tank, modeled as one state. The capacity is on the larger side for 
a single-family house, to better enable the system to utilize the hours 
with the most favorable ambient conditions, but still much smaller than 
the stratified storage tanks often used for solar-thermal heating sys-
tems, which can be well over 1000 L. A stochastic DHW profile with 
an average thermal consumption of 6.97 kWh∕d was generated using 
[43]. We multiplied the generated mass flow profile with a constant 
Δ𝑇 = 40K to obtain a thermal power profile. This results in high peak 
powers of up to 35 kW. As will be shown in Section 3.3, these peaks de-
plete the storage tank faster than it can be recharged, resulting in the 
water temperature dropping significantly below the lower limit. Real 
human occupants would arguably halt their hot water consumption in 
this case, but for the scope of this paper, we consider it an acceptable 
simplification to neglect this. Because the DHW tank shows faster dy-
namics than the building, a shorter time step for the MPC of 900 s is
used.

Since the PVT system cannot reach the necessary temperatures for 
DHW passively, we only consider the active solar-assisted heating mode. 
This simplifies the input vector to (8), introducing the storage tank tem-
perature 𝑇𝑑ℎ𝑤, the DHW consumption power 𝑃𝑑ℎ𝑤 and control variable 
𝛿𝑑ℎ𝑤. To avoid confusion with Sections 2.2 and 2.3, we introduce new 
terminology with the output 𝑧, the model 𝜔 and the inputs 𝜓 in (9). 
Just as with the building, the system identification and evaluation pe-
riods each cover a whole year. The regular charging and discharging of 
the tank is already well-excited, so no dedicated system identification 
procedure is necessary. 
𝜓𝑘 = (𝑇𝑑ℎ𝑤, 𝑃𝑑ℎ𝑤, 𝛿𝑑ℎ𝑤, 𝑇𝑎𝑚𝑏𝛿𝑑ℎ𝑤, 𝐼𝑔𝑙𝑜𝛿𝑑ℎ𝑤)⊤𝑘 (8)

𝑧𝑘+1 = 𝜔𝜓𝑘 (9)

Because the highest peaks in DHW consumption tend to occur in 
the morning, and we want to utilize solar-assisted heating during the 
sunny afternoon hours of the previous day, we use a horizon of 24 h, i.e. 
𝑁 = 96, for the MPC (10). For the reasons already mentioned in Sec-
tion 2.3, this long horizon results in excessive solving times. Since the 
short time step is forced by the time constants of the system, we imple-
ment a work-around and split the control vector into a binary and a con-
tinuous component 𝛿𝑑ℎ𝑤 =

(

𝛿⊤𝑏𝑖𝑛 𝛿⊤𝑐𝑜𝑛
)⊤. The binary component has a 

horizon of 𝑁𝑏𝑖𝑛 = 24 and is constrained by (10g), allowing two switches 
during the first 6 h of the total horizon. The continuous component is 
constrained by (10e). This relaxed reformulation increases the solving 
speed significantly. The MPC is completed by a cost function minimizing 
the electricity consumption,3 the dynamics in (10c), and the state con-
strains (10d). The forecast 𝑃𝑑ℎ𝑤 in (10b) is based on a looped averaged 
daily consumption profile. Similar to the MPC in (7), the normaliza-
tion and the implementation of (10d) as a soft constraint are omitted 
for legibility. Just as with the building, the reference system in Fig. 2 
in combination with a rule-based controller with the same temperature 
limits is used for comparison. 

min
𝛿𝑑ℎ𝑤 ,𝑦

𝑁−1
∑

𝑘=0
𝛿𝑑ℎ𝑤 (10a)

𝑠.𝑡.

𝑧0, 𝛿𝑑ℎ𝑤,−1, 𝑃𝑑ℎ𝑤,[0∶𝑁−1], 𝑇𝑎𝑚𝑏,[0∶𝑁−1], 𝐼𝑔𝑙𝑜,[0∶𝑁−1] known (10b)

𝑧𝑘+1 = 𝜔𝜓𝑘 (10c)

45 ◦C ≤ 𝑧𝑘 ≤ 55 ◦C (10d)

0 ≤ 𝛿𝑐𝑜𝑛,𝑘 ≤ 1 (10e)

3 Since the electric power is proportional to the one-dimensional 𝛿𝑑ℎ𝑤, we can 
omit the numerical value of the power.

Table 3 
Energy use and electricity generation, compared to the reference system. 
(‘Elec.’: Electric. ‘Ther.’: Thermal).

 Cooling  Heating  PV
 Elec.  Ther.  EER  Elec.  Ther.  COP
 kWh  kWh  kWh  kWh  kWh

 Reference  385.0  1869.2  4.86  1965.7  7040.8  3.58
 Active  209.7  1263.4  6.02
 Passive  25.2  697.6  27.68

 PVT system  Total  234.9  1961.0  8.35  1539.3  6915.1  4.49  15,944

Table 4 
Zone and slab temperature constraint violations in Kelvin-hours, com-
pared to the reference system.

𝑻 𝒖𝒑
𝒛𝒐𝒏𝒆 𝑻 𝒍𝒐𝒘

𝒛𝒐𝒏𝒆 𝑻 𝒖𝒑
𝒔𝒍𝒂𝒃 𝑻 𝒍𝒐𝒘

𝒔𝒍𝒂𝒃

 Reference  6.6  41.2  0  0.3
 PVT system  0  25.9  0  3.6

𝛿𝑏𝑖𝑛,𝑘 ∈ {0, 1} (10f)
𝑁𝑏𝑖𝑛−1
∑

𝑗=−1
|𝛿𝑏𝑖𝑛,𝑗+1 − 𝛿𝑏𝑖𝑛,𝑗 | ≤ 2 (10g)

∀𝑘 ∈ {0,… , 𝑁 − 1}

3.  Results

3.1.  Building

Over the evaluation period of one year, summarized in Tables 3 and 
 4, we find that the PVT system requires 39.0% less electric energy for 
cooling and 21.7% less for heating, compared to the reference, saving 
a total of 576.5 kWh, while generating 15.9MWh of electricity from the 
photovoltaics. Two factors contributing to the lower energy consump-
tion are the operation during favorable ambient conditions, and the lack 
of an external fan in the PVT system. The PVT system supplies 4.9% more 
thermal cooling energy, which can be explained with the losses caused 
by the need to cool several hours ahead of time. The energy efficiency 
ratio (EER) is increased by 71.8%, partially due to the passive cooling 
mode, which contributes 35.6% of the cooling energy while only con-
suming 10.7% of the electricity. The coefficient of performance (COP) 
of the heating, which does not use the passive mode, is increased by 
25.4%. Only small violations of the comfort constraints of a few Kelvin-
hours over one year are found with either system. The average time to 
solve the MPC problem on an eight-core Intel Core i9-11900K processor 
is 0.32 s and the maximum 7.70 s. This is fast, relative to the 3600 s time 
step, but it could take significantly longer on a cheaper processor one 
might prefer to deploy to control one small building [44].

Fig. 7 shows five days of operation with the PVT system during 
summer. The zone temperature with the reference system is added for 
comparison. The two temperature profiles look similar, which is unsur-
prising, considering they are strongly influenced by internal and am-
bient gains, which are identical for both simulations. The changes in 
zone temperature over one day fall into a band of around 1.5K, which 
should not cause the occupants thermal discomfort from rapid temper-
ature changes. Fig. 8 shows five days of winter data. The daily zone 
temperature changes are even smaller with around 1K.

Fig. 9 provides some insights into the different operation of heat-
ing and cooling with the PVT and reference systems. Unsurprisingly, 
the top plot shows that the predictive and weather-aware controller of 
the PVT system only activates the cooling at night. Active cooling of-
ten occurs right after dusk and right before dawn. The first can be ex-
plained by an immediate need to cool during particularly hot days, the 
second by a need to boost insufficient passive cooling before the system
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Fig. 7. Time-series of PVT system during summer. Top: Ambient temperature and global horizontal radiation. Middle: Zone temperature and constraints, with 
reference system for comparison. Bottom: Control.

becomes disabled by the sunrise. The passive cooling is most often ac-
tive during the middle of the night around 02:00 to 05:00, after the 
ambient air has significantly cooled down. Incidentally, the rule-based 
controller of the reference system also mostly activates the cooling dur-
ing the favorable nightly hours. This is an incidental result of the thermal 
characteristics of the building and the weather, and is not intentionally 
induced by our control design choices. However, it does benefit the en-
ergy efficiency of the reference system, shown in Table 3, and arguably 
highlights the efficiency of the PVT system even more. Conversely, the 
bottom plot compares the activation patterns for the heating. The PVT 
system is most often activated during the sunny afternoon hours, but 
also during the early morning hours, when the ambient temperature is 
at its lowest. This may be caused by the MPC slightly underestimating 
the temperature loss during the night. Similar to the cooling, the refer-
ence system incidentally activates the heating mostly during favorable 
hours as well. The above point about how this further highlights the ef-
ficiency of the PVT system applies again. Unintended by us, the simple 
reference method happens to behave in a way beneficial to its own effi-
ciency, rather than a more random way, which is what we would have
expected.

To isolate the behavior of the PVT collectors in operation, Fig. 10 
shows the cooling power density (measured at the heat pump) and col-
lector temperature (measured at the return) for active and passive opera-
tion as a function of ambient and sky temperature. Calling back to Fig. 4, 
we see a stronger correlation with the ambient temperature. While the 
passive cooling power strongly depends on the ambient conditions, the 
active cooling power is dominated by the temperature lift from the heat 
pump, whose power limit causes the ceiling in the cooling power in the 

top plots. Overall, we find a passive cooling power density for the PVT 
collectors of up to 100W∕m2, which is in line with experimental find-
ings from a comparable system in Madrid [28]. Furthermore, review 
papers covering a wide range of technologies and situations [9,12,13], 
more or less similar to our setting, report thermal power densities over-
whelmingly in line with our results. Fig. 11 shows the heating power 
density and collector temperature as a function of the ambient temper-
ature and global horizontal radiation. Again, we see a strong depen-
dence on the ambient temperature, because the PVT collectors act as a 
heat exchanger for the heat pump as much as they are a solar-thermal
device.

3.2.  Sensitivity to sky temperature modeling

The largest uncertainty in the thermodynamic modeling methodol-
ogy is arguably the calculation of the radiative sky temperature. While 
we rely on a well-established building simulation library for this pur-
pose, a review of various calculation methods finds deviations of -19% 
to +28% from a chosen reference for cooling in temperate climate [37]. 
To estimate the impact of a potential bias in the calculation of the sky 
temperature, Table 5 provides a sensitivity analysis of the cooling per-
formance as a function of fixed offsets added to the default weather 
dataset, detailed in Section 2.1. Regarding the respective shares of ac-
tive and passive cooling, we note that the default results are a bit of 
an outlier, compared to the consistent pattern found for the variations. 
Since the control system is based on a non-convex optimization prob-
lem, finding local minima or maxima for a parameter variation is not 
particularly surprising. Looking at the EERs, we find a consistent pattern 
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Fig. 8. Time-series of PVT system during winter. Top: Ambient temperature and global horizontal radiation. Middle: Zone temperature and constraints, with reference 
system for comparison. Bottom: Control.

Fig. 9. Top: Averaged daily control action for cooling with the PVT system and 
the reference. Bottom: Averaged daily control action for heating with the PVT 
system and the reference.

for all variants. As expected, a lower sky temperature improves the ef-
ficiency significantly for passive cooling, but only marginally for active 
cooling, which is more dominated by convective heat transfer. Varying 
the sky temperature over a band of 20K only changes the total energy 
consumption for cooling by 5%. We thus conclude that our general find-
ings are robust with respect to uncertainty in the modeling of the sky 
temperature.

3.3.  Domestic hot water

For the generation of DHW over one year, Table 6 shows a reduction 
of the electricity consumption of 27.4% with the PVT system, compared 
to the reference. The total constraint violations, clearly visible in the ten-
day extract of operation data in Fig. 12, are higher with the PVT system, 
but are barely above 1K h per day on average, which we consider to be 
acceptable. This is likely caused by the inherent inaccuracy of the con-
sumption forecast, combined with the 900 s time step of the MPC, which 
sometimes causes a delay in correcting to a prediction error, compared 
to the quicker response of the reference controller. We further note that 
if we combine the results for the building and DHW, the PVT system is 
a net producer of electricity, with the generation being more than six 
times higher than the consumption. However, taking the domestic elec-
tricity consumption into account would significantly reduce this ratio. 

Table 5 
Sensitivity of cooling performance to offsets of the radiative sky 
temperature. (‘Elec.’: Electric. ‘Ther.’: Thermal).

 Passive  Active
 Elec.  Ther.  EER  Elec.  Ther.  EER
 kWh  kWh  kWh  kWh

𝑇𝑠𝑘𝑦 + 10K  26.8  717.0  26.76  208.8  1250.6  5.99
𝑇𝑠𝑘𝑦 + 5K  26.9  730.3  27.15  205.2  1232.3  6.01
 Default  25.2  697.6  27.68  209.7  1263.4  6.02
𝑇𝑠𝑘𝑦 − 5K  25.8  733.5  28.43  203.4  1226.1  6.03
𝑇𝑠𝑘𝑦 − 10K  26.9  774.5  28.79  197.1  1189.8  6.04
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Fig. 10. Cooling power density and collector temperature for active and passive operation as a function of ambient and sky temperature.

Table 6 
Energy use and lower temperature limit violation for DHW.

 Electric  Thermal  COP 𝑇𝑣𝑖𝑜𝑙
 kWh  kWh  Kh

 Reference  940.8  2505.4  2.66  354.7
 PVT system  683.1  2500.4  3.66  437.8

A comparison of the two trajectories in the bottom plot in Fig. 13 shows 
the impact of the predictive solar-assisted heating. The MPC activates 
more often during the sunny afternoon hours in anticipation of the sig-
nificant consumption peak the next morning. Moreover, the recharging 
after the quick depletion of the storage tank in the morning starts as 
soon as the consumption increases, as opposed to the purely reactive 
response of the reference system. The average solving time for the MPC 
is 0.10 s with a maximum 1.11 s.

3.4.  Cost estimate

In this section, we compare the higher costs of the PVT system to 
the expected energy savings. Based on our experience and consultation 
with industrial partners, we give a high and low estimate for a number 
of upfront and ongoing expenses, listed in Table 7. Some components 
assumed to cost the same for both systems are omitted. The most signif-
icant items on the list are PVT collectors and their installation. The ex-
ternal, fan-powered heat exchanger unit of the reference system is more 
expensive than the internal, passive heat exchanger of the PVT system, 
but not enough to offset the costs of the PVT collectors. Furthermore, 
the PVT system requires more piping, as well as four actuated three-way 
valves, which incurs additional material and installation costs. For the 

controllers, we assume a small single-board computer for the MPC, and 
a generic low-cost chip for the rule-based controller, which requires very 
little computation. The MPC also requires a weather forecast, for which 
we assume an annual subscription fee. The range of electricity tariffs 
is oriented on the prices currently found in Switzerland,4 but with an 
additional increase on the upper end, in anticipation of such increases 
in the future. We further assume the tariffs for electricity consumption 
and feed-in to be coupled, i.e. both to be either high or low.

Combining these cost assumptions with the results of the above sec-
tions, we calculate the amortization time for nine scenarios in Table 8, 
using high, low and geometric mean values for both the electricity and 
system costs. Based on some assumptions about the longevity of the in-
stalled components, we set a target amortization time of no more than 
20 years, which is only reached for the high-end estimate of the electric-
ity tariffs combined with the low-end estimate of the system costs. The 
combination of high electricity tariffs and mean system costs narrowly 
misses the threshold.

4.  Discussion

While we consider the simulation to be reasonably detailed, we will 
discuss some of the implemented simplifications in the following: Ther-
mal elements with complex geometries are split into one-dimensional 
layers and represented by strings of thermal nodes. Even if the total 
thermal capacity and conductivity matches the real object, the selection 
of the nodes influences the thermal activation, particularly for surface 
layers. We mitigate this by avoiding layers with high thermal capacity 

4 On the 25th of February, 2025, the exchange rate according to Google Finance
is 1 CHF = 1.11 USD = 1.07 EUR.
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Fig. 11. Heating power density and collector temperature as a function of ambient temperature and solar radiation.

Table 7 
Estimated component costs for both systems.

 Details  Unit  PVT system  Reference
 PVT 58.8m2 total  CHF  25,000–35,000
 Internal HEX 5 kW thermal Δ𝑇 = 2K  CHF  1000 - 1500
 External HEX 7 kW thermal  CHF  3000–4000
 Reversible HP 7 kW thermal  CHF  7000–8000  7000–8000
 Piping  CHF  2000–3000  1500–2500
 Additional valves and actuators  CHF  1200–2400
 Installation  CHF  10,000–20,000  5000–10,000
 Control hardware  CHF  100–300  10–30
 Weather forecast  CHF/a  100–250
 Electricity cost  PVT: 2457 kWh Ref: 3292 kWh  CHF/kWh  0.25–0.40  0.25–0.40
 PV generation 15 944 kWh  CHF/kWh  0.05–0.10

Table 8 
Amortization times for PVT system in years assuming low, geomet-
ric mean and high estimates for system and electricity costs.

 System
 Low  Mean  High

 Low  32.9  43.4  60.4
 Electricity  Mean  23.1  29.8  40.0

 High  16.3  20.8  27.2

in direct contact with the air. Similarly, the indoor air is represented 
by one node, neglecting stratification. The internal gains are a fixed, 
repeating pattern, without any of the random behaviors real humans 
in a building may display, like opening windows or placing an unin-
tended source of heat near the thermostat. These simplifications are im-
plemented because they lower the computational requirements without 

significantly impacting the accuracy, or because a more realistic im-
plementation would depend on parameters with high uncertainty. Sim-
ilar methodologies are used in professional building simulation tools 
[31,45,46].

Since the same building and DHW models are used for the PVT and 
reference systems, and the HVAC components that differ are modeled in 
a comparable manner, we do not believe that the aforementioned points 
introduce an inherent bias regarding the results and conclusions. One 
exception to this is the ideal weather forecast, which may benefit the 
predictive control of the PVT system to some extent. However, the use of 
ideal weather forecasts is a common practice in simulation-based studies 
on MPC for buildings [47–49]. To forecast the DHW consumption, we 
use a simple, non-ideal method based on averaged daily consumption. 
More advanced methods exist [50,51], but are omitted for the scope of 
this paper.

Sections 2.2 and 2.3 already mention the inaccuracies of the iden-
tified model. While this is nothing unusual in system identification, it 
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Fig. 12. Ten days of DHW operation. Top: Load profile. Middle: Tank temperature with reference system and rule-based control. Bottom: Tank temperature with 
PVT system and MPC.

Fig. 13. Top: Averaged daily power of DHW consumption. Bottom: Averaged 
daily control action with the MPC-controlled PVT system and the rule-based 
reference.

may have a disproportionate impact on the nocturnal cooling, because 
the corresponding control action happens ahead of time without the 
possibility of corrections during the day. A more accurate model might 
improve the control performance, but since the relationship between 
model accuracy and control performance in MPC is complicated, we re-
frain from making any predictions about the practical impact thereof at 
this point. If minimizing the computational requirements of the MPC is 
not a high priority, the use of a stochastic model should be considered. 
This could replace the heuristic safety margin on the upper zone tem-

perature constraint, mentioned in Section 2.3, and result in a more opti-
mal cooling performance, especially if correlations between the degree 
of inaccuracy and any input values were found, which would enable 
a dynamic safety margin. Stochastic MPC has been applied to build-
ings before, including classical parametric [52] and more recent non-
parametric [53] approaches, but to the best of our knowledge not with 
an HVAC system similar to ours.

Despite the benefits shown in this paper, the PVT system also has 
two fundamental disadvantages, compared to a conventional heating 
and cooling system: The first one is the low power density of the noc-
turnal cooling and the resulting high surface area requirement. While 
the heat pump-assisted active cooling mode substantially mitigates this 
problem, the PVT system is still much larger than a conventional air-
source system, which makes it best suited for buildings with a high ra-
tio of roof to floor area. The second one is the higher installation costs, 
detailed in Section 3.4. Regarding this cost estimate, we used a simple 
calculation method and rough estimates, based on our practical expe-
rience in our specific location. While we find the costs of the PVT sys-
tem to be too high for most of the scenarios in Table 8, the balance 
may be different elsewhere. Since our expertise in this regard is lim-
ited to Switzerland, we leave it to the reader to substitute their own 
local prices, if desired. We believe that the most likely scenario for im-
proved cost-effectiveness is a substantial increase in electricity tariffs. 
Nevertheless, we propose three possibilities to lower the cost of build-
ing the system: (1) The largest item in our cost estimate is the purchase 
of the PVT collectors, which are a niche technology with low production 
volume. In contrast, the cost of conventional PV panels has seen an ex-
ponential decrease, as production has increased [54]. While we do not 
expect the production volume of PVT collectors to ever come close to 
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that of conventional PV panels, even a moderate decrease of their unit 
cost could significantly improve the expected amortization time. (2) The 
second biggest cost item is the installation of the PVT collectors. Since 
we do not expect the salaries of roofers and electricians to decrease, 
the most promising approach appears to be a partially pre-fabricated 
installation system, to which the collectors would be attached, and that 
would simultaneously enforce the statics of the roof to carry the addi-
tional weight, in order to enable a faster installation. Modular building 
systems have been introduced to lower construction costs in the past 
[55]. (3) We assume a small industrial computer to execute the MPC on 
location. Depending on the desired level of data privacy, and assuming 
the building has an internet connection, a cloud-based solution may be 
cheaper. This cost item is of low significance, compared to the previous 
two.

Lastly, we note here that buildings and HVAC systems are designed 
for the climate in which they are located, and for an intended use. In our 
case a residential building in temperate climate. Evaluating our methods 
under different conditions, such as a hotter climate or an office building, 
would thus require a different, appropriately designed building, which 
is outside of the scope of this paper, and would merit its own study. 
However, an estimate of how the system would perform in different 
climates can be derived from the properties of the collectors stated in 
Section 2.1 and the performance reported in Section 3.1. Moving toward 
a colder climate, the required cooling would soon drop to insignificant 
levels, or it could be provided by free cooling with cold ambient air. 
The COP for heating would decrease from lower source temperatures 
for the heat pump. In the likely case that the colder climate zone is 
located further from the equator, the lower solar radiation would add 
to this. Moving toward a warmer climate, the opposite thereof would 
apply for the heating case. Regarding the cooling case, in a warm and 
humid climate, we infer from Figs. 4 and 10 that the contribution of ra-
diative cooling would likely become insignificant, because of the lower 
atmospheric transmissivity, and because the higher cooling load would 
require active cooling most of the time. For a hot and dry climate, ar-
guably the most interesting case, the cooling efficiency would benefit 
from a low nocturnal sky temperature. This may be offset by a higher 
ambient temperature, depending on how quickly the temperature drops 
after sunset5 On the other hand, the cooling load during the day would 
also be very high under these conditions. If the overall conditions are 
still favorable for nocturnal cooling, one may consider to increase the 
thermal storage capacity by installing radiant slabs on the floor and the 
ceiling, which would also increase the day-time cooling power by dou-
bling the heat exchange surface. Moreover, the convective heat transfer 
rate is higher when cooling from above, therefore, the achievable cool-
ing power would likely more than double, compared to an underfloor 
radiant slab alone.

5.  Conclusion

A simulation-based evaluation of a novel PVT-based heating and 
cooling system for a single-family house in Central European climate 
shows significant reductions of the electricity consumption of 39.0% for 
cooling, 21.7% for heating and 27.4% for DHW, when compared to a 
conventional reference system, without sacrificing thermal comfort. We 
find the serial connection of the heat pump and the PVT collectors to 
be effective at mitigating the problem of low power density commonly 
found with nocturnal radiative cooling, showing a high EER for active 
as well as passive operation. Using the system for heating and cooling 
required compromises in its design, rather than optimizing it for one of 
these tasks. This proved to be little hindrance, achieving good perfor-
mance for either one. We further find the thermal capacity of the radi-
ant slab to be sufficient to maintain a comfortable indoor temperature 

5 A low sky temperature contributes to lowering the ambient temperature the 
same way it draws heat from our PVT collectors.

throughout a summer day, while being restricted to nocturnal cooling, 
for the given building. Two separate mixed-integer linear MPC formu-
lations using data-driven models, one for heating and cooling, and one 
for DHW, are shown to solve quickly and reliably. Both make use of 
constraints and relaxations tailored to their respective applications to 
accelerate the optimization, compared to a more straight-forward im-
plementation. A cost estimate with multiple scenarios indicates that the 
higher installation costs of the PVT system can be recuperated by its 
lower electricity consumption in less than 20 years, but only for the 
scenario with high-end estimates for the electricity tariffs and low-end 
estimates for the installation costs.
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