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Abstract: The building sector presents poor performance in terms of energy efficiency and is looking
for effective alternatives aimed at reducing the use of fossil fuels. The facade is a key element able
to harness renewable energy as an Active Solar Thermal Facade (ASTF). The main purpose of this
study is the assessment of a novel design concept based on a steel sandwich panel technology. The
performance of the active system will be first addressed by a parametric study in order to analyze its
behavior and secondly, by describing a real case based on an experimental test by connecting the active
panels to a heat pump. The study shows the impact of solar irradiation and mass flow on the thermal
jump achieved, while ambient and fluid inlet temperatures are the most influencing parameters in
the efficiency of the facade. When coupled to the heat pump, results from a measurement campaign
demonstrate a remarkable improvement in the performance of the ASTE. The results presented
provide significant proof about the benefits of a synergetic combination of both technologies—solar
facades and heat pumps—as efficient alternatives for the building sector, aiming to improve energy
efficiency as well as reduce their dependence on non-renewable sources.

Keywords: active solar thermal facade; sandwich panels; thermal efficiency; unglazed collector; solar
assisted heat pumps

1. Introduction

Current trends to develop efficient solutions aiming to decarbonize the building sector need
to provide concepts that can effectively reduce the energy bill of buildings, while increasing the
contribution from renewables. Development in the next years of new and modern buildings, equipped
with the latest technologies, will contribute to getting closer to the Nearly Zero Energy Buildings
(NZEB) solution [1].

Solar thermal energy has demonstrated a high potential that is being widely developed thanks to
the pull of renewable industry. Active Solar Thermal Facades (ASTF) as integrated energy harvesting
solutions contributing to more efficient heating and cooling production, are becoming of paramount
interest for the ongoing transformation of the building sector. Currently different alternatives are
available in the market, together with many research initiatives which are under development,
implementing and demonstrating the benefits of these types of combined solutions [2]. There is no a
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unique solution but a wide variety of technologies and different combinations that can transform the
sector moving towards the NZEB concept.

In such a scenario, ASTF also represents a very promising concept [3,4] aiming to incorporate
Renewable Energy Sources (RES) to the building. As the interface connecting the interior of the
building, where comfort is a priority, to the exterior under variable environmental conditions, the
opportunity directly assigned to the facade as a bridge to connect renewable energy sources to the
building has been clearly identified [5-7]. There is a significant variety of technologies for ASTFs with
different degrees of sophistication [8,9]. New developments have been presented over the past few
years [10-17], however, the presence of these solutions are still considered testimonial [18], due to
inadequate approaches and the high resistance to incorporate changes in this sector.

In parallel, heat pumps are becoming of great interest as a low energy solution able to fully cover
the requirements of buildings while making an efficient use of the energy. The European Union has
even established that for reference values of the Seasonal Performance Factor (SPF) above 2.5, this
technology is considered as a renewable solution [19].

A combination of heat pumps with solar technologies, under the Solar Assisted Heat Pump
(SAHP) concept, has already been described in previous research initiatives [20-26], although the
available information and the experiences combining both technologies are still too scarce and very
focused only on standard solar systems. Therefore, there is an increasing need to better understand
the interaction and combination of both concepts—ASTFs and heat pumps—to provide additional
knowledge about the promising potential of both systems when working coupled.

The study described in the present work is arranged under a two-step approach. First an
innovative ASTF is studied, assessing the response of that concept under variable dynamic conditions
by means of a parametric study. In the second step, the interaction of that active facade solution with a
heat pump is quantified, comparing the performance of each component, when working independently
(uncoupled), against the coupled operation mode of the combined SAHP system.

This research is focused on the behavior of a low-temperature ASTF connected to a water-to-water
heat pump. The system was developed as part of a research project [27] finished in 2016, where the
design of an innovative unglazed solar panel based on steel sandwich technology was developed and
its interconnection to a heat pump was preliminary defined. As a result, the system was installed on
Tecnalia’s Kubik® experimental building in Derio, Spain. This facility has a total surface of 18 m?
composed by six prototype active panels connected to the source side of a 6 kW electrically-driven
water-to-water heat pump. Initial tests demonstrated the potential of the system to produce heat for
both space heating and domestic hot water (DHW) purposes [28].

Promoting the use of systems based on well-known and proven technologies, through a new
generation of innovative systems, is the main purpose of this study. Looking for efficient management
of energy, these outcomes are of special interest for the building industry as such concepts will be
required in the upcoming years, looking forward to improving energy efficiency in buildings as well as
reducing their strong dependency on fossil fuels.

2. Materials and Methods

The interest of the current study is to better understand the implications on the performance
of those two main components, the ASTF and the heat pump. First, the active facade is analyzed
independently and later, the interaction with the heat pump is considered, aiming to compare their
response as individual elements and when coupled working under a synergetic approach. In this way
the potential of the active facade and of the combined system can be estimated in terms of the quantity
of energy that can be harnessed and produced. Thus, valid expressions to evaluate the performance of
each individual component are required.

On the one hand, for the ASTF, efficiency is the main parameter that characterizes its behavior.
As indicated in Equation (1) [29], efficiency is a relation between useful energy (Q) and incident solar
energy (Is,) into the collector’s surface (Ac). Useful energy is defined as a function of the temperature
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difference between the fluid inlet and outlet (T,,s—T},) throughout the collector, as described in
Equation (2), with 1h as the mass flow rate and Cyy as the specific heat of water.

These two factors, performance and useful energy, should be maximized but the relationship
between these two is not direct. It could be that for high efficiency the useful energy is insufficient or
that, on the contrary, there is enough energy values even for modest efficiencies in the collector. In
any case, it is necessary to adjust the design according to the intended application with the aim of
maximizing the performance of the system for the expected efficiency and/or production rate.

_ 9
= Ac Isol (1)
Q = mcw (Tout - Ti ) (2)

On the other hand, for the heat pump, the coefficient of performance (COP) of electrically-driven
heat pumps is the main factor considered for the evaluation of the performance. This factor is the
ratio between the extracted thermal output and the consumed electricity, as described in Equation (3).
Therefore, it represents how many kW of heating can be generated from 1 kW of electricity input.
When the heat pump is used for cooling production, the equivalent factor is the energy efficiency ratio
(EER), combining the cooling capacity and the consumed electrical power.

For COP estimation, Qp is the heat delivered by the condenser in heating mode operation of the
heat pump and W is the associated electrical energy consumed by the compressor.

Qu

P =
Cco W,

®)

Electricity can be accounted just for the heat pump or for the complete system (including
additional circulating pumps and devices). When the scope of the analysis is wider and covers
additional components consuming electricity apart from the heat pump, the electricity consumption
indicated in the denominator of the previous equation will increase, reducing the overall efficiency. In
that case, the electricity associated to the auxiliary equipment is considered. This extra consumption is
identified as Wy,,x (Equation (4)).

n
Waux = Z Wconsumer n (4)
1

Depending on the system’s boundary definition, the above indicated electricity consumers will
be taken into consideration as part of the system or not. As a consequence, the resulting system'’s
efficiency is then calculated according to Equation (5).

QH,

COPgyyy = ————
5ys WC + Waux

©)

2.1. Experimental Set-up

The assessment carried out in the following sections is based on the analysis of the experimental
data for the complete system installed as a continuation of previous research [30]. Figure 1 represents
the general scheme of the system as installed in the Kubik® experimental building. Specific devices
are available for the evaluation of the efficiencies for both the active facade and the heat pump.
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(2)

Figure 1. Unglazed solar collector installed on the building’s south oriented facade (left). Sandwich
panel integrating the unglazed solar collector splitting the main components of the solution (right).
Sandwich panel (1), nylon pipes (2), steel cover (3) and header elements (4).

The ASTF was installed on the south wall of this facility at Derio headquarters
(43°17’44.9” N/2°52/16.9” W), Spain (Figure 1, left). A total of six active panels (3 m? each)
was fitted over one of the facades of the building and the resulting design of those initial prototypes
consisted of four main components for each panel (Figure 1, right), such as: the sandwich panel
(1) with a polyurethane insulation core combined with two slotted steel skins. Nylon pipes (2)
installed into the slots of the external skin to be later completed with the final steel cover (3) acting
as a solar absorber. Each panel includes six parallel tubes and modular header elements (4) are
also provided inside for interconnecting them. Dimensions of the standard panel are 3 m length,
1 m wide, and 0.08 m thick. Steel sheets, nylon pipes, and polyurethane insulation were the main
materials used, whose conductivities are respectively, 50 W/m2K, 0.2 W/m2K, and 0.025 W/m2K.
The complete system was hydraulically connected to a storage tank, resulting in a solar loop where
the fluid was circulated by a dedicated pump.

The combination of the active facade with the heat pump represents the full heat production
system and is materialized by interconnecting these two main elements in the hydraulic system as
shown below in Figure 2.

T
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Figure 2. Scheme of the combined Active Solar Thermal Facade (ASTF) + heat pump system as installed
at Kubik® building.
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The complete system described is designed to provide both hot air and domestic hot water (DHW),
being the heat pump that feeds these two loads as the main heat power generator. On the source side
of the heat pump connected to the evaporator, the solar loop is the main contributor, although the
system has flexibility to incorporate a heat recovery system in series with the solar tank of the source
side, by activating a pair of three-way valves. The load side of the heat pump distributes the hot water
outgoing from the condenser to an air-to-water heat exchanger for heating the internal room, or the
DHW storage tank. Depending on the demand needs, the heat pump controls another three-way valve
to provide heat to one of these two loads at each time.

The electric input is related to the heat pump as the main consumer. Additional consumers are
the circulating pump (to make the fluid run through the solar facade), as well as the air-to-water heat
exchangers (air supply and exhaust air recovery modules).

The system was initially designed and installed with the possibility of producing heat or cold
water as the heat pump is externally reversible. This connects the evaporator to the air supply module
chilling the air, while the condenser is connected to the exhaust air module or to the DHW tank,
depending on the needs. The main interest of the research developed in this case is the potential
use of the thermal energy collected by the ASTF combined with the heat pump, whereas the cooling
mode is out of the scope of this study as the temperature levels achieved are just valid for heating and
DHW production and are insufficient for solar cooling applications. Therefore Figure 2 represents the
hydraulic configuration for the hot production mode in a simplified scheme.

As was previously depicted in Figure 1 (left), the active panels were installed in the south facade
while the heat pump, the storage tanks, and the air modules were installed in a utility room (12.5 m?)
inside the experimental facility (Figure 2). Next to that utility room, as depicted in Figure 3 (right), an
air-conditioned space of 55.4 m? is heated by the air distribution system.

* BAND EXHAUST
Fangpuies

S % {AIR SUppLY

Figure 3. Air-conditioned space (left) and utility room (right).

The combined ASTF and heat pump solution is completed with the data acquisition system.
For the solar loop, temperature sensors were located on the surface of the active panels. Additional
temperature sensors were used to record the fluid’s inlet (T7,) and outlet (T,,;) temperatures as well
as the temperature levels in the middle and top parts of the solar storage tank. The flowmeter (FM)
registers the mass flow (7). The solar irradiance (Is,1) on the vertical south-oriented facade is recorded
by a pyranometer located on the roof of the building. An anemometer inside a weather station on the
roof also measures the external ambient temperature (T,,,,5), wind speed (V), and wind direction (D).

For the heat pump, the heat delivered is measured differentiating the contribution for DHW
(heat-meter 1) from the energy used for space heating (heat-meter 2). The heat required by the heat
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pump that is absorbed through its source side is recorded by heat-meter 3. This low-level heat is
provided by the solar circuit, by the exhaust recovery element, or by the combination of both. The
electricity consumed by the heat pump and the rest of the components is recorded by smart meters.
When the electricity consumption of all components is taken into account, the overall system’s COP is
also calculated (Equation (5)). Tables 1 and 2 describe the main components of the production system
and the measurement equipment, respectively.

Table 1. Main components of the production system.

Component Type/Model Description/Capacity
Heat pump F1155 by Nibe 6 kW power. Electrically driven
Air supply module SAM 40 (2 units) 350 W and 600 m%/air volume
Exhaust air module FLM (2 units) 350 W and 700 m3/air volume
Solar pump Wilo-stratos 25 140 W nominal power
Domestic hot water (DHW) tank VPB 200 from Nibe 285-L capacity
Solar tank AHPS from Nibe 176-L capacity
Actuators Belimo Motorized 3-way valve + actuator

Table 2. Description of the experimental measurement equipment.

Parameter Measurement Device Type/Model Uncertainty
Surface temperature (°C) RTD-PT100 Thermo Sensor GmBH +0.1°C
Fluid temperature in pipes and tanks (°C) RTD-PT100 Thermo Sensor GmBH +0.1°C
. . Kamstrupp Ultraflow
Mass flow (l/min) Ultrasonic Flowmeter Multical 801 +0.0132 L/seg
Solar irradiation (W/m?) Pyranometer Kipp & Zonen CMP - 6 +5%
Wind speed (m/s) Anemometer Vaisala WXT520 +3%
External air temperature (°C) RTD-PT100 Vaisala WXT520 +0.3 °C
Thermal power/energy (kW/kWh) Heat-meter Kamstrupp multical 402 +2.15%
Electrical power (W/kWh) Smart meter Carlo Gavazzi EM 200 +1.5%

The assessment presented has a double approach and both are linked to the prototype
system described:

e  First, to proceed on an assessment previously carried out, a study is developed by means of a
parametric assessment, aiming to analyze the impact that changes on five dynamic factors have
on the system’s response. A numerical assessment is performed for this study, by means of a
Computer Fluid Dynamic (CFD) model that was previously developed and validated using the
data monitored for prototypes under real working conditions.

e Second, based on the analysis of the experimental data for the complete system installed, a
comparison of the efficiency achieved by the ASTF and the heat pump both working separately
and together is studied.

In the following sections, the way to proceed for each case is carefully described.

2.2. Parametric Assessment of the ASTF

This assessment is an extension of a previous study [30], where key design parameters for the
panel and the circuit were analyzed highlighting the importance of the skin and pipe materials. In
the current research an additional study for five different dynamic parameters was carried out. These
dynamic parameters included fluid inlet temperature, mass flow rate, ambient temperature, solar
irradiation, and wind speed.

Based on the ASTF prototype, a validated numerical model was developed using ANSYS
FLUENT® v18.2. This model was the tool used to simulate the dynamic parameters assessing the
effect of these on both the performance and energy collected by the active facade.

The aim of the model was to calculate the heat transfer within solids and between solids and fluid
which represents the two main thermal transfer processes inside the collector. The model allows to
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simulate the outlet temperature, a parameter that will allow to calculate the energy gained in the panel
as the difference between inlet and outlet temperatures for certain mass flow rates (Equation (2)) as
well as efficiency (Equation (1)). Combining Equations (1) and (2) the solar collector’s efficiency is
calculated by Equation (6).
o m Cw(Tout - Tln)
= Lso1Ac

The incident solar radiation, (g;4), is transformed into a heat flux [31]. Thus, the heat absorbed by
the exposed surface is equal to the product of solar irradiance and surface absorptance (Equation (7)).

©)

Jirad = & Lsop ()

The heat released back to the ambient by radiative and convective effects is described in Equation (8).
The first term reflects the convective heat exchange as a function of the convective coefficient (h,) and
the temperature difference between the absorber sheet (T,;;) and the ambient temperature (T,,,p). The
second term, as described in Equation (9), is the radiation emitted to the environment combining the
emissivity (¢) and Stefan-Boltzmann’s constant (o).

q = hw(Tamp — Taps) + Grad (8)
Qrad = 8‘7(T;1ky - T;l) )

For the energy equation, the conduction heat transfer governed by Fourier’s law was considered.
The heat flux absorbed by the internal flow through the pipe, (7y), is described by Equation (10), with
as the convective heat transfer coefficient between the fluid and pipe wall, Ty as the fluid temperature,
and T), as the pipe’s wall temperature:

g = he(Tf = Ty) (10)

All these assumptions are depicted as boundary conditions for the different sides of the
computational domain in Figure 4, corresponding to a portion of the solar panel. The symmetry
condition together with the parallel configuration of the pipes inside the collector enable a simplification
of the system to a 100 mm long X 160 mm wide section containing one single pipe. The headers
connecting the pipes in the top and bottom sides provide a uniform flow representing a small area
compared to the complete surface of the collector, so it can be ignored in the calculation [29].

Total Temperature

34.05
33.66
33.28
32.90
32.52
32.14
31.76
31.37
30.99
30.61
30.23
29.85
29.46
29.08
28.70
28.32
27.94
27.55
27.17 Adiabatic wall
26.79

26.41

Pressure outlet
Exterior Wall (absorber)

symmetry
Massflow-inlet

Interior Wall (adiabatic wall)

[c]

Figure 4. Three-dimensional-Computer Fluid Dynamic (3D)-CFD model, with the boundary conditions
representing the computational domain of the solar panel.
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The convective heat transfer between the fluid zones and the corresponding faces is solved
by coupling the momentum and energy equations, using a second order upwind. The SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) pressure-based solver was implemented for the
pressure discretization.

To represent the fluid crossing the panel, an interior and exterior wall are defined in the model, as
well as a mass flow inlet and pressure outlet. For the lateral faces, the symmetry condition allows the
replica of multiple pipes to calculate the effect of several parallel pipes (six in the benchmark case) in
the longitudinal axis. The width of the modeled section then determines the distance between parallel
pipes under this approach.

Under steady-state conditions, the model simulates the heat transfer effects that have been
described, estimating the absorber’s surface temperature (T,;s) as well as the fluid’s outlet temperature
(Tout)- Tamp, Tin, and 11 are direct inputs to the model while the irradiation is transformed into a heat flux
and the wind velocity is used to estimate the heat transfer coefficient (hy). Alternative environmental
conditions can be used as inputs for the steady-state model when stable conditions are achieved. For
this purpose, values recorded in 1-min frequency are clustered on an hourly basis to smooth transitory
effects while the performance is simulated by the model describing different periods in the day.

The model was initially validated through experimental testing carried out by comparing simulated
Tout values with experimentally monitored temperatures. For three consecutive days in summer with
active 6 m? and 18 m? surfaces, the model provided very good matching [30]. For the current parametric
study, aimed to understand the effect when changing external environmental conditions on the ASTF’s
performance, additional verifications were performed considering different days throughout the year.
Figure 5 shows the correlation between simulated and experimental values for Ty

[ o
50 4 -

(SIM)

out

0 : g T ' g T T T T g : T T T T
0 10 20 30 40 50
T (EXP)

out

Figure 5. Comparison of simulated and experimentally measured temperatures for fluid on the outlet
of the collector in the ASTF.

The parametric study developed for the analysis of dynamic parameters considers values within
a realistic range, with the aim of quantifying their influence on the collector’s performance as well as
on the thermal difference achieved. A baseline was selected for the set of five parameters which gives
an efficiency (n) of 0.43 and temperature difference (T,,+ — Tj,) of 2.8 °C.

Taking this baseline as a reference (Table 3) the study was developed by modifying one of the
parameters at each time, while the rest are fixed. In such a way, the potential of each measurement to
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harness solar energy is evaluated and each parameter with its different level of impact is highlighted,
to clearly identify those of higher relevance.

Table 3. Baseline, maximum, and minimum values for the performed parameters.

Parameter Baseline Values Lower Limit Upper Limit
Solar irradiation (Is,;) 600 W/m2K 100 W/m2K 1000 W/m2K
Wind speed (V) 1.5m/s 1m/s 6 m/s
Fluid inlet temperature (T},) 15°C 10°C 45°C
Ambient temperature (T,;,) 14 °C 5°C 40°C
Mass flow rate (ri1) 0.13 kg/s 0.04 kg/s 0.2 kg/s

2.3. Experimental Assessment of the Combined System under Coupled and Uncoupled Operation Modes

The experimental assessment is based on the performance analysis of the ASTF and the COP of
the heat pump, comparing two different scenarios: when they operate as independent devices and
later when they are coupled. The extensive experimental campaign carried out for several months
during 2017 and 2018 under variable environmental conditions and different operating modes offers
a valuable opportunity to provide such comparative analysis. This second part of the research is
developed as an analysis of the experimentally recorded data during the tests carried out, based on the
interpretation of the achieved results. Therefore, the model used for the parametric analysis is not
employed in this case.

To make the comparison possible, two requirements are needed: (1) equivalent days regarding
external environmental conditions but (2) with different working conditions. The second condition is
controlled during the experimental testing by connecting or disconnecting the heat pump but the first
one is fully governed by real weather conditions.

The review of the information collected during the experimental campaign identified two
equivalent days fulfilling both requirements with different working conditions but for very similar
environmental conditions. A difference of almost one year on a clear sunny day provides this possibility.
When looking at the data collected during 2017 and 2018 respectively, a rather similar pattern can
be appreciated between the 17 June 2017 average ambient temperature (T,) of 21.18 °C and solar
irradiance (I5,) of 3.178 kWh/m?) and the 26 June 2018 average ambient temperature (T,) of 20.57 °C
and solar irradiance (Is,;) of 3.137 kWh/m?2. Figure 6 represents the evolution for ambient temperature
and solar irradiance in the south vertical facade for both reference days.
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Figure 6. Comparison of environmental conditions for the two days analyzed.
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The day in 2017 (Day 1) was operated with a “disconnected heat pump” working mode while the
other day in 2018 (Day 2) was operated with a “connected heat pump” mode. For the first one, just
the solar circuit keeps working while the heat pump is switched off. The solar storage tank is then
charged to a maximum value and as there is no energy-demanding load, the storage keeps the heat
inside. Figure 7 shows this case for Day 1 where the peak value on the temperature arises some few
hours after the maximum irradiance due to the inertia of the fluid inside the circuit. After that peak
temperature a cooling effect in the storage tank can be appreciated due to a continuous operation of the
circulating pump even in the absence of irradiance, resulting in a steeper temperature decrease after
the maximum value is reached. Nevertheless, in order to appreciate the effect on the temperature’s
evolution if the continuous operation of the pump did not occur, the thermal losses due to the storage’s
efficiency were estimated (dotted line in Figure 7) considering that the circulating pump was switched
off once the maximum temperature was achieved.

500 45
450
400 40
350
& Q
€ 300 — 35 2
\ ~
; c
= 250 =
= 5
— 200 30 3
[
150
100 25
50
O 1 T T T T T 1 20
0:00 5:00 10:00 15:00 20:00
Isol Day 1 Solar tank REAL Solar tank ESTIMATED

Figure 7. Temperature evolution in the solar storage tank during Day 1 (real and estimated cooling
after maximum value).

In the case with a connected load, a DHW consuming pattern demands energy from the heat
pump in eight different moments of the day, providing a total of 33.27 kWh of useful thermal energy.
The source of the heat pump extracts the heat from the solar tank reducing the average temperature of
that tank. Figure 8 represents the temperature profiles in both tanks (the solar and the DHW tank) as
well as the accumulated thermal energy produced by the heat pump for DHW purposes.
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Figure 8. Temperature evolution in the solar storage tank and the DHW tank and accumulated DHW
energy output in Day 2.

The calculation procedure for the comparative assessment consists of the processing and
combination of the data recorded in different days. Aiming to represent the performance of the
two main components under study, the useful energy produced is calculated for the ASTF while the
COP is representative of the heat pump’s response.

For the ASTF, the production (Q) of the panels is estimated using the temperature difference
between the output and the input (T, — Tj;) as well as the mass flow rate (ri1). With those parameters,
productions are calculated (Equation (2)) for both days.

For the case of the heat pump, the COP measured in Day 2 under load conditions (Equation (3)) is
compared against theoretical COP values as there are no real data available for Day 1 as the heat pump
is off. Therefore, two different and comparable technologies are considered according to the simplified
models depending on the thermal jump as provided by Staffell et al. [32]. It is also important to take
into consideration that those are maximum values and that for to real service conditions, results are in
general significantly lower [32].

3. Results

3.1. Parametric Assessment of the ASTF

The parametric study shows the difference between inlet and outlet water temperature (Toyt — Tj)
together with collector’s efficiency (). Thermal difference also represents the heat transfer according
to Equation (1). The results are provided for each variable parameter, distinguishing between dynamic
design parameters and dynamic environmental parameters.

3.1.1. Dynamic Designs Parameters

Dynamic design parameters are those that can be configurated when the system is running. Once
the design of the complete assembly is fixed and defined, the fluid inlet temperature and mass flow
rate are those parameters that can be varied.

As described in Figure 9, when the inlet water temperature increases 35 degrees (from 10 to
45 °C), the temperature difference decreases, whereas the efficiency of the collector also decreases. The
temperature drops down from 3.23 to 0.49 °C and the efficiency from 0.49 to 0.07, respectively. Thus,
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a linear trend between the fluid inlet temperature, together with the heat transfer and the efficiency
is appreciated.

1.0 2

0.8+ A (TDut-Tin) -4

0.6 \ -3

u _J"O-L)

efficiency

{00 {

X s TR L \ -2

0 8 16 24 32 40

T, (C)
Figure 9. Results of the parametric study. Efficiency and temperature difference vs. fluid inlet temperature.

On the other hand, when the mass flow rate rises from 0.04 kg/s to 0.2 kg/s an increase in
efficiency from 0.34 to 0.46 occurs, while (T, — Tj,) decreases from 7.45 to 1.99 °C (Figure 10). The
opposite trend between heat transfer and efficiency obtained is similar to results achieved by equivalent
studies [4,33,34]. The main consequence of this situation is that, for high flow rates, the heat transfer is
lower because the temperature increase in the fluid outlet is less pronounced since the conduction
effect is more limited. Even with this reduction in the thermal jump, the increase in the flow implies
that the efficiency is higher in absolute terms.
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"o 12
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Figure 10. Results of the parametric study. Efficiency and temperature difference vs. mass flow rate.
3.1.2. Dynamic Meteorological Parameters

Unlike dynamic design parameters, meteorological parameters cannot be controlled. On the
other hand, these parameters can be predicted. Based on recorded values through the experimental
campaign, maximum and minimum values for ambient temperature, solar radiation, and wind speed
were selected (Table 3) and the collector behavior was estimated in this case.

Figure 11 shows the variation of efficiency and temperature difference due to ambient temperature
changes. When the ambient temperature varies from 5 to 40 °C, both parameters increase from 0.34



Energies 2020, 13, 597 13 of 21

to 0.72 for the efficiency and from 2.22 to 4.73 °C for the temperature difference, showing a linear
tendency in both cases.
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Figure 11. Results of the parametric study. Efficiency and temperature difference vs. ambient temperature.

The solar irradiation apparently can be considered as one of the most influencing parameters
because it is the main source providing energy to the collector. A significant effect can be appreciated
for the case of temperature difference (Tou — Tiy) [29] and consequently the increase of irradiation
implies a higher energy output, but the impact is less significant on the efficiency. Even for big increases
of irradiation (Figure 12) from 100 W/m?K to 1000 W/m?K, the efficiency barely changes from 0.40 to
0.43, while the (T, — Tjy) linearly rises up strongly from 0.44 to 4.71 °C. A ten times variation in the
irradiance implies the same proportional variation in the thermal difference with a linear relation, but
just a small variation of three percentual points is perceived in the efficiency.
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Figure 12. Results of the parametric study. Efficiency and temperature difference vs. solar irradiation.

The wind effect [35] was taken into account for velocities ranging from 1 to 6 m/s. When the wind
is higher, the efficiency and temperature differences are lowered (Figure 13) due to losses associated
with the convective effect (Equation (8)). The progression indicated for the wind implies reductions on
the efficiency and temperature from 0.46 to 0.27 and 3.06 to 1.8 °C, respectively. This trend is similiar
to assessments made by other authors [36,37].
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Figure 13. Results of the parametric study. Efficiency and temperature difference vs. wind speed.

3.2. Experimental Assessment Performance of the System Combining ASTF Coupled to a Heat Pump

The difference in the performance of the ASTF for two similar days is shown in Figure 14 where
the energy collected by the solar facade on each day is represented, highlighting a day with no
load (Day 1) compared with another day where the heat pump is delivering heat (Day 2) for DHW
(as was previously depicted in Figure 8). For almost the same amount of available irradiance, the
collector coupled to the heat pump collects 5.6 times more energy compared with the case with no
load. Therefore, the efficiency of the collector follows the same tendency. The specific energy extracted
for both scenarios as well as efficiencies are described in Table 4.
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Figure 14. Experimental results for the irradiance and solar production during Days 1 and 2.

- 400

- 300

- 200

- 100

-« Production Day 2

Isol Day 2

20:00

Isol Day 1

- = = = Production Day 1

Table 4. Comparison of the efficiency and energy harnessed by the ASTFE.

Day 1 Day 2

Incident radiation (kWh/m?) 3.178 3.137
Collected energy (kWh/m?) 0.307 1.722
Efficiency of the collector (%) 0.10 0.55

Production (kW/m?2)
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The measured maximum COP value considers just the electricity consumed by the heat pump
(COPy14x) using the coupled system during Day 2. The estimated values for geothermal (ground
source heat pump (GSHP)) and air-based (air source heat pump (ASHP)) solutions considering the
theoretical values are displayed in Table 5 showing the differences in the performance of the alternative
solutions for the heat pump. Moreover, the overall system’s measured COP (COPgys) is also described
when the electricity consumed by the solar loop and the rest of the components are also added to
estimate the efficiency (Equations (4) and (5)).

Table 5. Coefficient of performance (COP) values for experimental values on Day 2 and estimated
values for that day. GSHP: ground source heat pump; ASHP: air source heat pump.

cor
Measured COP)4x for Day 2 4.76
Estimated COPy4x for GSHP 5.18
Estimated COPy4x for ASHP 3.94
Measured COPgys for Day 2 3.99

The overall energy balance for Day 2 represents a total useful DHW consumption of 33.27 kWh, as
well as an electric consumption of 7.69 kWh and 1.24 kWh for the heat pump and auxiliary components,
respectively. This electric consumption of other consuming devices is split in 0.35 kWh for the solar
loop’s circulating pump and 0.89 kWh for the supply and exhaust air modules. This case represents an
intensive productive scenario providing heat for DHW purposes. This implies a total of 14 working
hours for the heat pump between 7:10 am to 9:10 pm where the available irradiation and heat production
instants are coincident, in a schedule representative of residential use. When the matching between
energy collection and energy production is not achieved, either because the production is required at
night time or because there is a cloudy day, the storage tank size represents one of the key aspects for
the design optimization.

4. Discussion

The result of the parametric assessment identifies that those parameters with the highest effect on
heat transfer rates are the solar irradiation and mass flow. Temperature differences of up to 4.27 and
5.44 °C are achieved respectively between the limit values considered. Other parameters affecting the
temperature with lower relevance are, fluid inlet temperature (2.77 °C), ambient temperature (2.5 °C),
and wind speed as the least influencing one (1.26 °C).

Regarding efficiency, the fluid inlet temperature and ambient temperature display the greatest
variance, giving a maximum variation of 0.41 and 0.38 respectively, followed by wind speed (0.19),
mass flow (0.11), and solar irradiation (0.03).

Consequently, the temperature difference and the energy collected is maximized when solar
irradiation and ambient temperature present higher values while mass flow, fluid inlet temperature,
and wind speed are minimum. If efficiency is the factor that wants to be maximized, the reduced fluid
inlet temperature together with high ambient temperatures and calm wind speeds are desirable. The
influence of the mass flow rate in the efficiency is less significant, since the effect of the irradiance
is negligible.

It is relevant to highlight that those parameters with the highest impact in the temperature
difference (mass flow and solar irradiation) represent the lowest impact on efficiency. Figures 15 and 16
display the performance of the maximum and minimum values for each of the five dynamic variables
assessed, thus displaying the most influential ones.
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Figure 16. Summary of the parametric study representing the maximum and minimum achievable

efficiency values.

For the case of the experimental assessment of the coupled and decoupled system, the measured
values for the two selected days demonstrated that, for the ASTF, the yield can significantly increase
from 10% to 55% and the total energy collected is 5.6 times higher. For the heat pump, although
quite close, the COP level for a theoretical geothermal case was not achieved with the tested SAHP
solution. However, it is worth noticing that the real performance of heat pumps is in general below
those theoretical values.

These results are fully dependent on the case studied and energy produced and time required
by the heat pump to provide that heat. Even if there is a quite low possibility to get many additional
comparable days with a one-year difference as in the case presented, the assessment of the coupled
system’s behavior should be directly studied even if there is no reference day for the uncoupled
working mode.

As a final contribution, Figure 17 provides information about two additional days under coupled
operation mode that did not match with comparable days with the uncoupled mode. Even if a similar
comparison as the one assessed for Days 1 and 2 cannot be performed in this case to quantify the
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changes on the efficiency and COP, these two days are presented as they provide additional and
valuable information about the production capabilities of the SAHP system. Even with less available
irradiance (23% lower), Day 3, also in summer, represents a total daily DHW production of 46.7 kWh
and a COPy4x of 4.77 for 2.0 kWh energy collected by the ASTE. During Day 4 in winter, the production
is 21.03 kWh, the COPyy4x is 4.47, and the energy harnessed by the collectors is 0.61 kWh.
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Figure 17. Experimental results for the irradiance and the solar production during Days 3 and 4.

The study presented here is part of an active research initiative, where ASTF concepts are
considered as interesting and competitive solutions to be adopted when renewable energies for
buildings are valuated. Even if other systems and technologies are available in the market, such
as conventional flat plate and vacuum collectors, the system suggested represents an innovative
alternative based on low-temperature collectors integrated into sandwich panels. In such a way the
benefit of a low-cost facade and a collector together with a reduced and simplified operation is achieved,
although the solar yield is also smaller when compared to collectors operated at higher temperatures.

The main aim of the analysis performed is to properly understand and quantify the response of
this solution under different working conditions and when coupled to a heat pump. This information
evaluates the proposed system as a feasible alternative to other solutions that are less competitive
and/or technically not possible in certain cases. The limitations of space are a clear restriction for roof
placed collectors in dense urban environments, while radiated surface on facades is still unexploited.
In parallel, limitations for geothermal systems are also present, especially in renovation, due to high
costs or space constraints.

To identify conditions and scenarios where the ASTF performs best as well as the energy that can
be achieved, a parametric assessment was first developed. The necessity to properly regulate the mass
flow rate and inlet fluid temperature were stated, while the most convenient external environmental
conditions for energy production were also identified. This information represents a valuable input
when these ASTFs are proposed for building designs as well as for the operation of the collector
once installed.

Additionally, implications for a combined ASTF and heat pump solution were identified. Based
on experimentally obtained data, improvement on the ASTF performance was demonstrated while the
COP of the heat pump remains on a quite high level. Moreover, there is still room for improvement as
similar experiences [38] highlighted that alternative ways to interconnect components and/or operate
them can provide optimized efficiencies.

As a conclusion, the interest of considering the suggested system as a valid and competitive
alternative to ground source or air source heat pumps was preliminary identified, while the increase
on the ASTF performance was demonstrated.

The research activity for the coupled system is still ongoing, aiming to better characterize the
response of the combined solution. The cases presented are three example days and additional research
considering other production profiles, together with different environmental conditions, are necessary
to better understand the possibilities of the combined SAHP system. Especially the overall potential
of the solution and its limitation must be studied as well as the implications for extreme conditions.
In winter, with low temperatures and no irradiance, prevention measurements are suggested based
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on the solutions employed by the heat pump technology (electrically-driven defrosting system or
alcohol-based mixtures). In summer, the positioning of the collector oriented vertically south implies
that the higher radiation peaks are not coincident with the hot months, therefore the overproduction
issues are less significant allowing more balanced designs for heat production.

A wider characterization of the system will allow to estimate the performance of the overall system
for different scenarios and to compare it with alternative concepts. The main goal is to demonstrate the
possibilities of the system conceived, aiming to provide additional solutions to designers and building
users. The results obtained in this case indicate that the potential of the system to compete with those
technologies is relevant enough and therefore, there is a need to completely address the analysis of
the system.

5. Conclusions

The research developed and presented here is a detailed analysis about the efficiency of an
Active Solar Thermal Facade (ASTF) working under different boundary conditions. The result is a
two-step analysis. First, a parametric assessment for the active facade application for different dynamic
design and meteorological parameters was carried out. Based on a previously built and validated
numerical model, the influence of variating these parameters in the heat transfer (T, — Tj,) and
efficiency was quantified. Secondly, an experimental test was performed, based on an extensive testing
campaign in our facilities, which studied the benefits in the performance of the ASTF and energy
production. The active facade was first monitored as an independent component to later analyze a
coupled operation mode together with a heat pump, demonstrating that the combination provides
benefits on the performance for both technologies.

The relevant conclusions of the parametric study are that there are a set of parameters fully
governed by environmental conditions (irradiance, ambient temperature, and wind speed) that have a
significant influence on the behavior of the ASTF. On the other hand, there are some other parameters
that can be controlled during the operation of the ASTF (fluid inlet temperature and mass flow rate).
The challenge of a continuous configuration of these adaptable values depending on the external
situation strongly contributes to achieving higher performances for the ASTF.

In addition, the experimental assessment provided very relevant results about the performance of
the system combining the ASTF with a heat pump. The active facade’s performance was multiplied by
5.5. In the same line, the energy collected by the panels experienced a similar progression from 0.307 to
1.722 kWh/m?2.

For the heat pump, although quite close, the COP level for a theoretical geothermal case was not
achieved in this case. However, it is worth noticing that the real performance of heat pumps is in
general below the theoretical values and the potential of the combined system is very significant in this
case. Consequently, the interest of considering the suggested SAHP system as a valid alternative to
ground source or air source heat pumps was described.

Solar energy on the one hand and heat pumps on the other demonstrated the high potential for
improving the efficiency of buildings, but the synergetic combination of both technologies is a clear
opportunity to boost the performance of coupled systems.

Although the case is mainly limited to a comparison between two days, and further study is
needed on different environmental conditions, as well as on heating production profiles, the results
obtained are very promising in the way towards more efficient and sustainable buildings. The research
activity in this field is still ongoing and aimed at better characterizing the system and its components for
those alternative working scenarios and information about two additional days was also anticipated.
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Nomenclature

Cuw Specific heat capacity of the water (J/kg °C)

cor Coefficient of performance for the heat pump

COPsys Coefficient of performance for the system

Qn Heat supplied by the condenser (W)

We Associated electrical energy consumed by the heat pump (W)
Waux Associated electrical energy consumed by auxiliary components (W)
M Flowmeter

hy Convective heat transfer coefficient between fluid and pipe wall (W/m2K)
hy Convective heat transfer coefficient between absorber and ambient air (W/mzK)
Vw Wind speed (m/s)

Dy Wind direction

A Thermal conductivity (W/m2K)

Q Heat power (W)

m Mass flow rate (kg/s)

Lo Solar irradiation W/(m?2)

Ac Collector area

q Specific heat power (W/m?)

qr Heat flux absorbed by the fluid (kW/m?2)

Grad Heat flux emitted by radiation effect (KW/m2K)

Jirad Absorbed heat flux due to solar irradiance (W/m?)

Tomb Ambient temperature (°C)

Tiy Inlet fluid temperature (°C)

Tout Outlet fluid temperature (°C)

Tops Surface temperature for the absorber (°C)

Tsky Sky temperature (°C)

Ty Fluid temperature (°C)

T, Pipe wall temperature (°C)

AT Thermal difference-heat transfer capacity (°C)

o Stefan—Boltzmann constant (5.68 10-8 W/m? K*)

a Absorptivity (-)

£ Emissivity (-)

n Efficiency (%)
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