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Department of Sustainable Energy Development, Faculty of Energy and Fuels, AGH University of Science and
Technology, Mickiewicza Ave. 30, 30-059 Krakow, Poland
* Correspondence: ksornek@agh.edu.pl

Abstract: Passive solutions in buildings have recently been rediscovered because they allow the
rational use of solar radiation, which promotes energy savings. Thermal energy gained from the sun
may be stored in the form of sensible heat in accumulative solid materials in a building envelope. This
paper proposes an innovative solar air heater that captures and accumulates solar energy during the
day and releases it during the night. The analyzed system is based on inexpensive ceramic modules,
which can be used to construct thermal storage walls or solar chimneys in modern buildings. Both
configurations have been tested experimentally and by a numerical model in ArCADia BIM software.
Experiments have been carried out in laboratory conditions using a specially developed prototype.
Among other parameters, power transferred from the solar air heater to the ventilation air in different
conditions has been analyzed. When airflow was set to 150 m3/h, the maximum power observed
under stable working conditions was approx. 355.0 W when the developed solar air heater operated
as the solar chimney, and approx. 165.0 W when it operated as the solar thermal wall. When airflow
was set to 200 m3/h, the maximum power was approx. 385.0 W. Experimental results have been used
to calculate the efficiency of the solar air heater in real conditions. The total efficiency in the case of
the solar chimney was estimated as 0.25, while in the case of the thermal wall it was estimated as
0.78, which resulted in an annual reduction in energy usage at a level of 190.7 kWh and 556.1 kWh,
respectively (4.8 and 14.0%). In practice, these values can be significantly higher due to the possibility
of increasing the length and shape of the accumulation heat exchanger.

Keywords: thermal energy storage; solar heat storage; solar house; solar air heater; solar chimney;
solar thermal wall

1. Introduction

Currently, approx. 30% of total energy consumption is connected to the operation
of buildings (nearly 130 EJ of energy), and another 21 EJ is used for other construction
services [1]. Among the entire construction sector, residential buildings are responsible for
almost 70% of energy consumption. Energy consumption in buildings refers to many fac-
tors, such as heating and ventilation, lighting, and other domestic appliances [2]. Therefore,
to attain a national goal in energy savings and reduce the carbon footprint, it is imperative
to reduce energy consumption. Many innovative solutions have been proposed for energy-
efficient buildings. One of the most attractive options involves using renewable energy
sources such as solar or biomass energy. Solar energy can be used for electricity production,
as well as for covering the heating and cooling loads of buildings [3–5]. The possibility of
fully or partially heating a building with solar energy has been investigated over the past
decades. The term ‘solar house’ first became familiar in the United States during the 1930s,
when architects began to use large, south-facing windows to take advantage of the winter
sun rays [6]. Technologies based on solar energy utilization have matured and generally
include two types of systems: active solar energy (ASE) systems and passive solar energy
(PSE) systems.
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ASE systems are the systems that use external sources of energy to power blowers,
pumps, and other types of equipment to capture, store, and convert solar energy. In contrast
to ASE systems, PSE systems use solar energy naturally by involving conventional building
elements for the collection, storage, and distribution of solar energy. One of the crucial
aspects of PSE systems is energy storage. The most efficient technique of storing solar
energy is thermal energy storage (TES). There are three types of materials used for thermal
energy storage: sensible, latent, and chemical heat storage (see Figure 1).
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Figure 1. Classifications of thermal energy storage systems [7].

The sensible heat storage (SHS) system is the simplest heat storage system and the
most improved method, with a wide variety of low-price materials. The effect of the thermal
mass in the building envelope is to reduce the indoor temperature fluctuations and to delay
the air temperature minimum and maximum. The solid storage media include sand–rock
minerals, concrete, fire bricks, and ferroalloy compounds [8]. The main parameters of some
selected solid–fluid materials are shown in Table 1.

Table 1. The main parameters of selected solid–fluid materials for sensible heat storage [8–13].

Material
Temperature

Range
◦C

Thermal
Conductivity

W/(m K)

Density
kg/m3

Specific Heat
J/kg K

Rock 20 0.4–7.0 2560 879
Brick 20 0.6–1.0 1600 840

Concrete 20 0.6–3.3 1900–2300 880
Water 0–100 0.57 1000 4190

Engine oil Up to 160 0.13 888 1880

SHS systems utilize the heat capacity and the variations in temperature of the material
during the process of charging and discharging. The amount of stored sensible heat in a
material depends on its heat capacity (energy density) and thermal diffusivity (the rate
at which the heat can be released and extracted). It can be calculated using the following
equations [14]:

Q =
∫ T f

Ti
mCpdT (1)

Q = mCp

(
Tf − Ti

)
(2)

where Q is the amount of heat stored, Ti is the initial temperature, Tf is the final temperature,
m is the mass of the heat storage medium, and Cp is the specific heat.
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In practice, SHS systems can be utilized in buildings in one of several ways, including
the following options:

• The direct gain system, in which south-facing glass admits solar energy into the house,
where it strikes masonry floors and walls that absorb and store the solar heat and
radiate it back out into the room at night.

• The thermal storage wall (Trombe wall), in which the heat is stored in a wall which
also absorbs the solar energy when it comes through the glazing.

• The solar greenhouse, in which the features of the solar thermal storage wall and the
direct gain approach can be combined.

• The roof pond, in which a shallow pond or tank of water sits on a flat roof with its
surface generally contained by a transparent plastic sheet.

• The natural convective loop, in which air is usually used as the heat-transport medium
and works in the same way as the classic thermosyphon water-heating system [15,16].

Among other options, the combination of the direct gain system and thermal storage
walls can be considered a simple and efficient solution to improve the energy performance
of buildings. The classic Trombe wall works by using natural convection. Heat flux ab-
sorbed into the wall heats the air that arrives in the room through the upper vent due to the
natural convection and the thermosyphon phenomenon [17]. The construction of a classic
Trombe wall is grounded on the use of brick, concrete, stone, or raw clay. To augment solar
energy absorption, its outer surface is black [18]. Taking into account different climatic
needs, the following modifications of the Classic Trombe wall have been developed and
tested: Trombe–Michel wall, Water Trombe wall, Zigzag Trombe wall, Thermochromic
Trombe wall, Fluidized Trombe wall, Phase Change Material, and Photovoltaic Trombe
wall. Studies carried out on the different constructions of thermal storage walls show that it
is an effective technology for energy saving; it was also proven to have a significant impact
on enhancing comfort [19]. As shown in Ref. [20], the crucial component of a Trombe wall
is the massive wall. The thickness, materials, and insulation level of the massive wall
were considered and discussed by the authors. Some examples of Trombe walls designed
to improve their utility in applications such as air heating/ventilation/domestic water
heating have been proposed and discussed in Refs. [21,22]. In Ref. [23], a high-flow design
of a solar air heater (SAH) has been integrated with a Trombe wall and its performance
has been studied under various conditions. A new concept of integrating a high-flow,
naturally-driven dual heating system of a Trombe wall integrated with SAH has been
numerically investigated and optimized, and an efficient design configuration has been
proposed by Singh et al. [24]. As was concluded, the coupled Trombe wall–SAH device
was characterized by a shorter payback period and lower environmental impact in com-
parison to the conventional fossil fuel-based heating systems. Furthermore, an innovative
configuration of a modular Trombe wall that can be easily integrated into existing buildings
was proposed by Bevilacqua et al. [25]. Simulations with DesignBuilder were carried out
to evaluate energy savings in a hot Mediterranean climate. Results demonstrated that a
well-managed Trombe wall can be regarded as an interesting solution to achieve energy
savings both in summer and in winter. Discounted payback was calculated as lower than
six years, and the reduction of CO2 emissions was calculated as about 185 kg per year.
Another example of studies devoted to improving the integration of passive solar heating
systems in buildings was presented by Mokni et al. [26]. An experimental study of a Trombe
wall was carried out in the Abha region of Saudi Arabia under real climatic conditions. The
results show that the Trombe wall can meet 80% of the heating needs of the room during
a sunny day with low wind, 42% in the case of a sunny day with strong wind, and 37%
during a day with scattered or low-density clouds. Even in the case of heavy cloud cover,
the Trombe wall can provide 14% of heating needs. The new design of the Trombe wall
was also investigated by Rabani [27]. The exergy and energy analysis of a newly designed
and classic Trombe wall was conducted for the coldest day of the year in Yazd, Iran. Unlike
the classic Trombe wall, this new design of the Trombe wall was characterized by a smaller
width than the classic one, which increased the indoor area. Moreover, it was designed to
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receive solar radiation from three directions from sunrise to sunset in the winter. As a result,
the increase in the convection, conduction, and radiation heat transfer and improvement in
the energy efficiency of the newly designed Trombe wall was observed at a level of 6% in
comparison to the classic one.

Another way to improve the Trombe wall efficiency is by filling the masonry walls
with phase change materials (PCM) to store solar energy during the sunshine hours [28,29].
Trombe walls with PCMs use a smaller volume to store more energy, thus effectively
improving the traditional Trombe wall’s shortcomings of low thermal resistance and
unstable heat transfer [30]. Wijesuriya et al. numerically investigated the effects of using
PCMs on the thermal energy storage of a building. They stated that the use of PCMs reduces
the number of temperature fluctuations during the day inside the space of a residential
building and creates a satisfactory temperature [31]. Javidan et al. found that by increasing
the thickness of phase change materials’ layers, more thermal energy was stored due to the
melting. It was also recognized that by increasing the values of constant input heat flux,
it is possible to increase the buoyancy effects [32]. Furthermore, in Ref. [33], convective
and radiation heat transfer on a cavity with transparent inner walls has been investigated
to consider the effects of buoyancy force and viscosity of phase change materials. The
considered wall was made of brick, in which the cavity containing phase change materials
was included and layers of cement and plaster were placed on the wall. The results
indicated that increasing the heat flux increased the effects of convective heat transfer. In
addition, by applying radiation effects, the melting process of paraffin materials increased
by 31%. In order to improve the thermal performance of the Trombe wall, Duan et al.
chose a mixture of 55% decanoic acid and 45% lauric acid as a kind of PCM to integrate
with the Trombe wall. The results show that the integrated PCM Trombe wall can increase
indoor air temperature by 0.82–1.88 K for the low-heat input mode and 1.75–3.27 K for the
high-heat input mode [29]. Furthermore, Yang et al. performed an energy analysis for a
residential building equipped with the Trombe wall located on its south side. To improve
the effectiveness of the Trombe wall, PCM was mounted in it. The results showed that the
Trombe wall had an acceptable performance in reducing energy consumption by 26.5%
in winter. With the addition of PCM to the Trombe wall, the energy consumption in all
months decreased, and in one year, energy consumption decreased by 18% [34].

Despite the many advantages of introducing PCM to thermal storage walls, their
use is still expensive. Therefore, the use of other heat-accumulating materials should be
considered. This paper explores an innovative idea of SAH composed of a special type of
concrete that can capture and accumulate solar energy during the day and release it during
the night. The analyzed system is based on the inexpensive ceramic modules, which are
typically used in accumulative wood-fired stoves in the form of a heat accumulation system.
Within this system, the heat produced while burning wood is stored in the accumulative
heat exchanger and dissipated up to 12 h after the fire has died out [35]. The advantages
of the heat accumulation system can be used to construct thermal storage walls or solar
chimneys in modern buildings, including net zero energy buildings (NZEB). This novel
configuration of the SAH system was developed and tested. Two configurations were
compared: SAH in the form of the solar chimney, and SAH in the form of a solar thermal
wall. The comparison between the proposed SAH and selected SHS systems available in
the literature is shown in Table 2.
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Table 2. The comparison between the proposed SAH and SHS systems available in the literature.

Authors The Form of SAH Parameters/Objective Heat
Accumulation Conducted Works Ref.

Current work Solar chimney and
solar thermal wall

Development of a novel configuration of SAH
that is composed of inexpensive accumulative
material and tests the operation parameters of
the proposed SAH composed in the form of
the solar chimney and solar thermal wall.

Yes Numerical and
experimental studies -

Singh et al. (2021) Trombe wall

Investigation of a new concept of
integrating a high-flow naturally-driven dual
heating system of Trombe wall integrated with

SAH.

No Numerical studies [24]

Bevilacqua et al.
(2022) Trombe wall

Introduction of an innovative configuration of
a modular Trombe wall that can be easily

integrated into existing buildings
No Numerical studies [25]

Mokni et al. (2022) Trombe wall

Evaluation of the different heat exchange
coefficients, the thermo-circulation in the gap,
and the total amount of heat captured during

the sunshine hours.

No Numerical and
experimental studies [26]

Abdeed et al.
(2019) Trombe wall Optimum design of Trombe wall,

enhancing the thermal comfort. No Numerical studies [36]

Stazi et al. (2012) Trombe wall The optimization of energy and environmental
performances of complex building envelopes. No Numerical studies [37]

Özdenefe et al.
(2018)

Trombe wall

Developing an approach for revealing the
conditions and features of economically

feasible Trombe walls by taking both annual
energy consumption and thermal comfort into

consideration.

No Numerical studies [38]

Rabani et al. (2017)
Trombe wall with

projecting
channel design

Assessment of the temperature variation of the
Trombe wall back and absorber over a 24 h

basis for winters and summers.
No Numerical studies [39]

Javidan et al. (2022) N/A Study the melting process of PCM by applying
constant heat flux and temperature. Yes Numerical studies [32]

Duan et al. (2020) Trombe wall with
PCM

Thermal performance improvement of Trombe
wall via PCM encapsulated

as a thermal storage.
Yes Experimental studies [29]

Yang et al. (2022) Trombe wall with
PCM

The contrast of energy analysis of a typical
building and a building equipped with a

Trombe wall.
Yes Numerical and

experimental studies [34]

Li and Chen (2019) Trombe wall with
PCM

Assessment and discussion of a new design of
a solar composite wall with the porous heat

storage layer.
Yes Numerical studies [28]

Lin et al. (2019)
Trombe wall with

photovoltaic
(PV) panel

Investigation of a PV panel integrated with
Trombe wall for dual purposes (electricity

generation and space heating) and comparison
with the classic Trombe wall.

No Numerical and
experimental studies [40]

The contribution of this work is threefold: (i) the dedicated construction of the SAH is
proposed for pre-heat ventilation air; (ii) a special type of concrete characterized by high
specific heat and low prices is used as an SHS material; (iii) two possible configurations of
the SAH are considered: solar air heater in the form of a thermal storage wall and in the
form of a solar chimney.

Furthermore, the proposed solar air heater is characterized by many advantages,
including the following:

• The use of solar energy can effectively preheat ventilation air in the building, which
increases the efficiency of heat recovery in the air-handling unit and reduces the
primary energy consumption;

• The SAH can be easily integrated both into new and existing buildings (including
traditional, energy-efficient, and net-zero energy objects);
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• The SAH allows for heat accumulation during the day and uses it at night;
• Due to the reduction of primary energy consumption, the use of SAH can be considered

an environmentally friendly solution to improve the energy performance of buildings.

Conversely, the main disadvantages (limitations) of the proposed SAH are as follows:

• The amount of heat stored in the SAH is limited and insufficient to preheat ventilation
air throughout the night;

• The availability of solar radiation is the lowest during winter, which is when the most
heat is consumed by buildings (relatively low coherence between the demand for heat
and the availability of solar radiation);

• Implementation of the SAH increases the airflow resistance, which increases the
electricity consumption by fans in the air-handling unit;

• The SAH configured in the form of the solar chimney has a limited surface, and solar
irradiation reaching each wall depends on the orientation (significantly less solar
energy reaches the north wall than the south wall).

2. Materials and Methods

This work included both experimental and numerical parts. Experiments were carried
out using a specially developed rig with an artificial heat source (simulating sun energy)
and an SHS system in the form of an accumulative heat exchanger. The numerical analysis
was carried out using ArCADia BIM software. The carried out analysis allowed us to
assess the effect of introducing the proposed SHS system on the energy performance of the
exemplary residential building.

2.1. Experimental Rig and Procedure

The experimental rig was developed at the Faculty of Energy and Fuels, AGH UST in
Krakow. It is equipped with a solar air heater, artificial light source, air fan, and control
and measurement devices. The main parameters of the used elements are as follows:

• Solar air heater made of a special type of concrete (“akubet”) composed of ceramic
aggregate with iron and manganese oxides on the aluminum cement bond. Good
thermal parameters of “akubet” result from the fact that it was originally developed
to use in wood-fired stoves [41,42]. The main geometrical and material parameters
of the developed SAH are shown in Figure 2 and Table 3, respectively. A unit with
a length of 1008 mm was tested, but in practical applications it can be extended by
adding further cubic ceramic components.
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Table 3. The main parameters of the “akubet” material used in the tested SAH.

Temperature Range
◦C

Thermal
Conductivity

W/(m K)

Density
kg/m3

Specific Heat
J/(kg K)

Up to 350 1.81 2750 640

• An artificial heat source composed of 16 halogen lamps with individual electric power
of 150 W (2400 W in total);

• An air fan with a nominal flow of 840 m3/h;
• A set of K-type (NiCR-Ni) thermocouple sensors to measure air temperature at the

inlet and the outlet from the SAH (with a measuring range from −40 ◦C to 1200 ◦C
and accuracy ±2.5 ◦C or ±0.0075 × [t]);

• A set of resistance temperature sensors to measure the temperature of the internal
and external walls of the SAH (with a measuring range from −50 ◦C to 400 ◦C and
tolerance ±0.3 + 0.005 × [t]);

• Thermoanemometer to measure airflow (with measuring range 0–20 m/s and tolerance
±0.02 m/s + 3%);

• WAGO PFC200 PLC controller with a set of input and output modules;
• The PC with CoDeSys software;
• The infrared camera NEC ThermoTracer H2640 with a thermal resolution of 640 × 480 pixels,

measuring range from 0 to 120 ◦C, and accuracy ±2% (of reading) or ±2 ◦C.

The scheme and the general view of the experimental rig during the experiment are
shown in Figure 3.
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The experimental procedure was divided into several steps. Based on the conducted
measurements, the following aspects have been analyzed:

• The relationship between the form of the SAH and the increase in the temperature of
the ventilation air (point Section 3.1);

• The relationship between the temperature of the internal walls of the solar air heater
and the increase in the temperature of the ventilation air (point Section 3.2);

• The relationship between the form of the SAH and the power transferred from the
SAH to the ventilation air (point Section 3.3);

• The relationship between the flow of the ventilation air and power transferred from
the SAH to the ventilation air (point Section 3.4).
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To investigate the impact of the form of the SAH on the increase in the temperature
of the ventilation air and the power transferred from the SAH to the ventilation air, the
following configurations of the experimental rig were introduced:

• SAH in the form of the solar chimney was heated by an artificial heat source from all
sides (see Figure 4a);

• SAH in the form of a solar thermal wall was heated by an artificial heat source only
from one side and other walls were insulated from the heat source (see Figure 4b).
Opposite to the classic Trombe walls, glazing was not applied at the current stage, but
it can be implemented in the future.
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2.2. Numerical Analysis

The results obtained during the experiments have been used to perform numerical
analysis. The numerical analysis includes calculations of the temperature efficiency of the
proposed SAH and its impact on the energy performance of the exemplary residential
building (point Section 3.5). All calculations have been performed according to the Polish
methodology of evaluation of the energy performance of buildings [43], and using the
following standards: EN 12831:2003—Heating systems in buildings–Method for calculation
of the design heat load, ISO 13790:2008—Energy performance of buildings—Calculation of
energy use for space heating and cooling, ISO 14683:2007—Thermal bridges in building
construction—Linear thermal transmittance—Simplified methods and default values, and
ISO 6946:2017—Building components and building elements—Thermal resistance and
thermal transmittance—Calculation methods (the listed standards have been used in the
versions that are valid in Poland).

The efficiency of the proposed solar air heater (ηSAH) can be calculated using the
following formula [44]:

ηSAH =
θsup − θext

θint − θext
, - (3)

where θsup is a supply air temperature after the SAH (◦C), θext is an external air temperature
(◦C), and θint is an internal air temperature (◦C).

When considering both the solar air heater and heat recovery unit (recuperator), the
total efficiency of the supply air preheating system can be calculated as follows [43]:

ηoc,n = 1 − [(1 − ηHRS)·(1 − ηSAH)], - (4)

where ηHRS is the efficiency of the heat recovery system and ηSAH is the efficiency of the
solar air heater (-).

The total efficiency of the supply air preheating system is important from the stand-
point of calculating the ventilation heat loss coefficient [43]:

Hve = ρa·ca·∑k bve,k·Vve,k,n, W/K (5)
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where qa is the air density (kg/m3), ca is the specific heat of the air (J/(kgK)), bve,k is the
temperature correction factor for the outdoor airflow efficiency of the heat recovery system,
and Vve,k,n is the time-averaged outdoor air stream in the heated zone (m3/s).

In the case of mechanical ventilation with a heat recovery system (recuperator and
solar air heater), Equation (5) could be written as follows [43]:

Hve = 1200·
{
[β·(1 − ηoc,n)·Vsu] + [β·Vx,su] +

[
(1 − β)·Vin f

]}
, W/K (6)

where β is the share of the operation time of mechanical ventilation fans in a month equal
to the use of the building in a month, ηoc,n is the total efficiency of the supply air preheating
system, Vsu is the average primary airflow from the outside air in the heated zone (m3/s),
Vx,su is an average additional infiltration air stream through leaks in the case of fan operation
in mechanical supply and exhaust ventilation (m3/s), and Vinf is the average additional
stream of external air infiltrating through leaks caused by the action of wind and thermal
buoyancy (m3/s).

Based on the calculated value of the ventilation heat loss coefficient, monthly ventila-
tion heat losses can be specified. Only nine months are included in the calculations (from
September to May) [43].

Qve,n = Hve·(θint,H − θe,n)·tM·10−3, kWh/month (7)

where Hve is the ventilation heat loss coefficient (W/K), θint,H is an average internal temper-
ature (◦C), θe,n is the monthly average external temperature (◦C), and tm is the number of
hours in the analyzed month (h).

Total monthly heat losses are the sum of the monthly transmission heat losses and
the monthly ventilation heat losses. Transmission heat losses include heat lost through the
external walls (or internal walls separating the heated zones from the unheated zones),
roof, ground floor, windows, and doors [43].

QH,ht,n = Qtr,n + Qve,n, kWh/month (8)

where Qtr is the monthly transmission heat losses (kWh/month) and Qve is the monthly
ventilation heat losses (kWh/month).

The annual energy demand of a building for heating and ventilation can be calculated
by summarizing both the monthly heat losses and monthly energy gains (heat gains from
insolation and living heat gains) [43].

QH,nd = ∑ QH,nd,n = ∑
(
QH,t,n − ηH,gn,n·QH,gn,n

)
,

kWh
a

(9)

where QH,ht,n is the total of monthly heat losses (kWh/month), ηH,gn,n is a coefficient
of use for the heat gains in the given month, and QH,gn,n is the monthly energy gains
(kWh/month).

The final and primary energy demand of a building for heating and ventilation can be
calculated as follows [43]:

QK,H =
QH,nd

ηH,tot
,

kWh
a

(10)

QP,H = ∑ (QK,H,i·wH,i + Eel,i·wel,i),
kWh

a
(11)

where QH,nd is the annual energy demand of the building for heating and ventilation (kWh/a),
ηH,tot is an average seasonal efficiency of the heating system (-), wH,i is the non-renewable
prime energy factor for heat generation (-), Eel,i is the annual auxiliary electricity demand
(kWh/a), and wel,i is the non-renewable prime energy factor for electricity generation.

Based on the calculated values of final and primary energy for heating and ventilation
(and also considering energy demand for hot water production), it is possible to assess
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the energy, economic, and environmental aspects that result from the implementation of
the solar air heater for the exemplary residential building. The main parameters of the
analyzed building have been assumed as follows:

• Building located in Krakow, Poland;
• Building designed in passive technology;
• The heat pump is used as a heat source (in central heating system and for heating

domestic hot water);
• Mechanical ventilation with recuperator is used as a ventilation system (assumed

recuperator’s efficiency: 70%);
• Air-handling unit with recuperator located in the attic (all air ducts insulated);
• Supply air inlet connected with the outlet from the solar air heater;
• Heated surface: 158.9 m2;
• Ventilated volume: 362.8 m3;
• Required airflow: 246.5 m3/h.

The general visualization of the analyzed residential building (designed and calculated
in the ArCADia BIM software) is shown in Figure 5.
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3. Results and Discussion

The increase in the temperature of the ventilation air in the solar air heater depends
on several factors, including air flow rate, available heating area, and temperature of the
internal wall of the SAH (which can result from the amount of stored solar energy). All of
the aforementioned factors have been analyzed and discussed in the following sections.
Furthermore, the obtained results have been used to perform numerical analysis.

3.1. Relationship between the Form of the SAH and the Increase in the Temperature of the
Ventilation Air

Among other parameters affecting the efficiency of heating ventilation air in the SAH,
the crucial aspect is the available heating area. Therefore, the increase in ventilation air
temperature was measured and compared for two assumed cases: the SAH in the form of a
solar chimney, when all walls were heated by an artificial light source (Series 1a), and the
SAH in the form of a thermal storage wall, when only one wall was heated by an artificial
light source (Series 1b). Consequently, the heated surface in Series 1a was 0.25 m2, while in
Series 2 it was 1.0 m2. In both discussed Series, airflow was set to approx. 150 m3/h, and
the average light illumination was approx. 250–300 W/m2 (which corresponds to winter
conditions). As is shown in Figure 6, the maximum increase in ventilation air temperature
(approx. 7.3 K) was observed in Series 1a after 4 h of the experiment. Similarly, the increase
in the ventilation air temperature in Series 1b was approx. 3.3 K (it was lower by 54.8%
compared to Series 1a). By comparing these values, it can be noted that the solar air heater
in the form of the thermal storage wall should be only approx. 2.2 times longer than
the solar air heater in the form of the solar chimney to obtain the same increase in the
ventilation air. In addition to Figure 6, which shows the increase in the temperature of the
ventilation air when the SAH operates as either the solar chimney or the solar thermal wall,
Table 4 summarizes the most important facts regarding the temperature measured.
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Figure 6. The increase in the temperature of the ventilation air when the SAH operated as a solar
chimney (Series 1a) and a solar thermal wall (Series 1b).

Table 4. Summarization of the increase in the temperature of the ventilation air when the SAH
operated as a solar chimney (Series 1a) and a solar thermal wall (Series 1b).

Parameter Series 1a Series 1b

The maximum increase in the
temperature observed during

the experiment, K
7.3 3.3

The average increase in the
temperature (during the whole

process), K
4.4 2.3

The average increase in the
temperature in the first phase

(when the light was on), K
5.5 2.5

The average increase in the
temperature in the second phase

(when the light was off), K
3.2 2.1

By analyzing the obtained data, it can be concluded that the nominal operating
parameters of the proposed SAH can be achieved for those days when the Sun’s operation
time is longer than 4 h. Taking into account Polish conditions, this can occur on any sunny
day of the year. When the Sun’s operation time is longer than 4 h, a solar air heater can both
heat ventilation air and collect heat, which can then be dissipated after sunset. However,
the final temperature of supply air (i.e., temperature at the outlet from the SAH) also
depends on the solar irradiation, airflow, and initial temperature at the inlet to the unit.
Furthermore, parameters such as wind speed, air humidity, cloud cover, etc., should be
taken into account in real conditions.

3.2. Relationship between the Temperature of the Internal Walls of the SAH and the Increase in the
Temperature of the Ventilation Air

The next aspect, which is important from the standpoint of the efficiency of heating
ventilation air, is the temperature of the internal walls of the SAH. To assess the relationship
between the temperature of the internal walls of the SAH and the increase in temperature of
the ventilation air, the case of the SAH in the form of a solar chimney was analyzed. Similar
to point Section 3.1, airflow was set to approx. 150 m3/h and the average light illumination
was approx. 250–300 W/m2. As can be observed in Figure 7, the phase when the solar
air heater’s internal surface temperature and the ventilation air temperature noticeably
increased lasts approx. 4 h. After this time, these temperatures remain almost constant,
and it should be noted that the light illumination, inlet air temperature, and airflow were
constant during the experiment. The maximum difference in the outlet and inlet ventilation
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air temperature under stable working conditions was measured at a level of 7.3 K. When
the lights are turned off, the temperatures start to drop. Nevertheless, the heat given off
by the SAH allows the ventilation air to be heated for another 4 h. The average increase
in the air temperature during the whole experiment was 4.4 K, and, in the first phase,
5.5 K when the light was on and 3.2 K when the light was off. In practice, these values can
be significantly higher due to the higher length of the accumulation heat exchanger (and
possible modifications in its geometry) and longer working time. Figure 7 shows variations
in the ventilation air temperature and the temperature of the SAH surface, while Table 5
summarizes the maximum and average levels of the increases in the measured temperature.
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Figure 7. Variations in the ventilation air temperature (at the outlet and inlet to the SAH) and
temperature of the SAH surface when it operated as the solar chimney (Series 1a).

Table 5. Summarization of the temperature of the ventilation air and the SAH surface when it
operated as a solar chimney (Series 1a).

Parameter
Ventilation Air SAH Surface

Inlet to the SAH An outlet
from the SAH

Inside
SAH

Outside
SAH

Maximum temperature
observed during the

experiment, ◦C
22.0

30.2 37.5 52.8

The average temperature
(during the whole process), ◦C 26.4 30.3 38.6

The average temperature in the
first phase (when the light was

on), ◦C
27.6 33.5 46.5

The average temperature in the
second phase (when the light

was off), ◦C
25.2 27.1 30.5

By analogy with the previous discussion, the maximum and average temperature in
real conditions will also be different from the values observed in the laboratory. Apart from
the weather conditions, the real difference between the temperature of the internal and
external walls of the SAH can be derived from the structure and geometry of the ceramic
modules (including greater wall thickness at the corners).

3.3. Relationship between the Form of the SAH and the Power Transferred from the SAH to the
Ventilation Air

The power transferred from the SAH to the ventilation air is a direct result of the
difference between the temperatures of ventilation air at the inlet and outlet from the SAH,
the temperature of the internal surface of the SAH, and airflow (which, as previously
mentioned, was set to 150 m3/h). The average value of power observed under stable
working conditions was approx. 355.0 W when the SAH operated as a solar chimney
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(Series 2a), and approx. 165.0 W when the SAH operated as a solar thermal wall (Series 2b).
Taking into account the whole experiment, the average value of power transferred from the
SAH to the ventilation air was 213.0 W in Series 1a, and 113.9 W in Series 1b; consequently,
the heat transferred from the SAH to the ventilation air during the whole process was
approx. 1715.6 Wh and 910.3 Wh, respectively. Variations in the power transferred from
the SAH to the ventilation air are shown in Figure 8, and the summarized values of power
and heat transfer from the SAH to the ventilation air are given in Table 6.
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Table 6. Power and the heat transferred from the SAH to the ventilation air when the SAH operated
as a solar chimney (Series 1a) and a solar thermal wall (Series 1b).

Parameter Series 1a Series 1b

Maximum power observed during the
experiment, W 355.0 165.0

The average power (during the whole process),
W 213.0 113.9

The average power in the first phase (when the
light was on), W 270.2 125.3

The average power in the second phase (when
the light was off), W 155.9 101.3

The heat transferred from the accumulation heat
exchanger to the ventilation air (during the

whole process), Wh
1715.6 910.3

The heat transferred from the accumulation heat
exchanger to the ventilation air in the first phase

(when the light was on), Wh
1107.8 520.2

The heat transferred from the accumulation heat
exchanger to the ventilation air in the second

phase (when the light was off), Wh
607.8 390.1

Considering the fact that nominal operating parameters of the tested SAH can be
achieved after 4 h, the amount of heat transferred to the ventilation air during sunny days
can be significantly higher. According to [45], the length of the light day in Krakow (Poland)
varies from approx. 8 h during the winter to approx. 16 h during the summer; in practice,
the exact time of sun operation is a result of the weather conditions, cloud cover, and other
factors, so the real time of the SAH operation is shorter than the theoretical length of the
light day. Conversely, taking into account sunny days in March, the time of sun operation
can exceed 11 h. Even ignoring the fact that solar irradiation is higher than the actual
heating capacity of the experimental rig, the theoretically available daily heat generation in
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the developed SAH can be higher than 4000 Wh with SAH in the form of a 1m long solar
chimney, and higher than 2000 Wh with SAH in the form of 1m long solar thermal wall.

3.4. Relationship between the Flow and the Increase in the Temperature of the Ventilation Air

The volume of airflow results from the building’s demand for the supply of air.
Moreover, it is not usually constant over time. Therefore, it is important to determine the
level of temperature, which can be achieved at the outlet from the SAH depending on
the actual airflow. This part of the experiment has been performed for the SAH in the
form of a solar chimney. As is shown in Figure 9, the highest increase in the temperature
of the ventilation air at the outlet from the SAH, 10.5 K, was observed when airflow
was set to 100 m3/h (Series 2a). This value was higher by 43.8% compared to the 7.3 K
observed during Series 2b when the airflow was set to 150 m3/h, and 78.0% compared to
5.9 K measured during Series 2c when the airflow was set to 200 m3/h. Each time, the
average temperature of inlet air was approx. 22 ◦C. Considering the average increase in
the temperature of the ventilation air during the whole analyzed process, the difference
was even higher. The average difference between the ventilation air at the outlet versus
the inlet to the SAH was 6.1 K in Series 2a, which was higher by 38.6% in comparison to
Series 2b (4.4 K), and by 90.6% in comparison to Series 2c (3.2 K). Consequently, it may be
stated that the value of the temperature increase in the SAH is inversely proportional to
the ventilation airflow. Figure 9 shows variations in the ventilation air temperature at the
outlet from the SAH, while Table 7 summarizes the maximum and average levels of the
increases in the measured temperature.
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Table 7. Summarization of the increase in the temperature of the ventilation air when the SAH
operated as a solar chimney and airflow was set to 100 m3/h (Series 2a), 150 m3/h (Series 2b), and
200 m3/h (Series 2c).

Parameter Series 2a Series 2b Series 2c

The maximum increase in the
temperature observed during the

experiment, K
10.7 7.3 6.0

The average increase in the
temperature (during the whole

process), K
6.1 4.4 3.2

The average increase in the
temperature in the first phase (when

the light was on), K
7.7 5.5 4.3

The average increase in the
temperature in the first phase (when

the light was off), K
4.2 3.2 1.8

3.5. Relationship between the Flow of the Ventilation Air and Power Transferred from the SAH to
the Ventilation Air

By comparing the results obtained in Series 2a–2c, it can be concluded that the highest
level of power transferred from the accumulation heat exchanger to the ventilation air was
achieved when airflow was 200 m3/h. The average value of power observed under stable
working conditions was then approx. 385 W, compared to approx. 355.0 W measured
in Series 2b and approx. 348 W measured in Series 2a. Consequently, the heat transfers
from the SAH to the ventilation air were approx. 1848.7 Wh, 1715.6 Wh, and 1607.8 Wh,
respectively. Variations in the power transferred from the SAH to the ventilation air during
the analyzed series are shown in Figure 10, and the summarized values of power and heat
transfer from the SAH to the ventilation air are given in Table 8.
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Table 8. Summarization of the power transferred from the SAH to the ventilation air when the SAH
operated as a solar chimney and airflow was set to 100 m3/h (Series 2a), 150 m3/h (Series 2b), and
200 m3/h (Series 2c).

Parameter Series 2a Series 2b Series 2c

Maximum power observed during the experiment, W 348.0 355 385.0
The average power (during the whole process), W 200.9 213.0 228.8

The average power in the first phase (when the light was on), W 252.1 270.2 292.5
The average power in the second phase (when the light was off), W 149.9 155.9 164.9
The heat transferred from the accumulation heat exchanger to the

ventilation air (during the whole process), Wh 1607.8 1715.6 1848.7

The heat transferred from the accumulation heat exchanger to the
ventilation air in the first phase (when the light was on), Wh 1008.2 1107.8 1213.7

The heat transferred from the accumulation heat exchanger to the
ventilation air in the second phase (when the light was off), Wh 599.6 607.8 635.0

By analyzing the obtained data, it can be concluded that the higher the airflow, the
more heat can be transferred from the SAH to the ventilation air. During the discussed
experiments, approx. 15% more heat was transferred to the air in Series 2c (when its flow
was set to 200 m3/h) compared to Series 2a (when airflow was set to 100 m3/h). In real
buildings, the amount of ventilation air is higher compared to the value set during the
conducted experiments. Consequently, the amount of heat transferred from the SAH to the
ventilation air can be higher than estimated in laboratory conditions.

3.6. Estimation of the Efficiency of the Proposed SAH and its Impact on the Building Performance

Results of the carried-out studies were used to estimate the temperature efficiency of
preheating the ventilation air in the SAH. Calculations were made according to Equation (3)
using data collected during experimental studies. The currently available experimental
data only allowed for the preliminary estimation of the efficiency of the proposed SAH and
will be extended in further works. According to the Polish methodology of evaluation of
the energy performance of buildings, only nine months have been included in the analysis.
The assumed external temperature values are the average monthly values for Krakow
(Poland). Two cases were analyzed:

• Case A: the SAH operates as a solar chimney;
• Case B: the SAH operates as a solar thermal wall (see Figure 11);
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Figure 11. The solar façade of the analyzed building including the SAH in the form of a solar chimney
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As can be observed in Table 9, the estimated efficiency of the SAH ranged from 0.14 to
0.47 in Case A and from 0.53 to 0.71 in Case B. From April to October, estimated efficiency
exceeds 100%, which means that, in these months, the proposed SAH operates in the
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heating mode only for a limited time. The results of the calculations are shown in Table 8.
By averaging the monthly efficiency values, the total efficiency of the SAH was calculated.
In Case A, the total efficiency was estimated as 0.25, while in Case B it is 0.78. Such a high
difference in the efficiency of the SAH is mainly a result of the difference in the heated area
(1 m2 in case A, and 3 m2 in case B).

Table 9. The estimation of the average monthly efficiency of the SAH in the form of a solar chimney
and thermal storage wall.

Parameter/Month I II III IV V IX X XI XII

The average monthly
efficiency of solar chimney 0.14 0.13 0.18 0.26 0.44 0.47 0.28 0.17 0.14

The average monthly
efficiency of solar thermal wall 0.56 0.53 0.71 >1.00 >1.00 >1.00 >1.00 0.66 0.58

The estimated values of the seasonal efficiency of the analyzed SAH system (both in
the form of a solar chimney and solar thermal wall) have been used to calculate the energy
performance of the exemplary residential building. Thus, the final and primary energy
consumption rates for heating and ventilation have been assessed (which also includes the
energy demand for hot water production). As shown in Table 10, by installing the SAH in
the form of a solar chimney (Case A), the reduction in the final energy usage can be at a level
of 190.7 kWh/a (approx. 4.8% compared to a building without the SAH), while by installing
the SAH in the form of a solar thermal wall (Case B), this value is 556.1 kWh/a (approx.
14.0%). Considering the actual price of electricity in EUR is 0.2369 per kWh (based on the
average price in the EU for the second half of 2021 [46]), the theoretical seasonal savings
in heating costs can be achieved at a level of 45.2 EUR (Case A) and 131.7 EUR (Case B),
respectively. In practice, these values could be significantly lower because the additional
power would be consumed by the air-handling unit due to higher airflow resistance in the
SAH area. Furthermore, taking into account investment costs and operational benefits, the
Simple Payback Time (SPBT) and Net Present Value (NPV) can be calculated according
to the equations given in [47]. In this case, the SPBT was estimated at approx. 4.9 years,
while in Case B, it was estimated at approx. 20.0 years. Respectively, the NPV values were
calculated at approx. 166.9 EUR and −1 512.7 EUR (assuming a period of 15 years and a
discount rate of 8%). Although the calculated payback time is long (especially when the
solar air heater in the form of the thermal wall is discussed), the implementation of SAH
should also be considered from the standpoint of energy security (including the ability
to ensure the energy independence of the building) and requirements given by energy
certification rules. Furthermore, the limited resources of primary energy and the constantly
rising prices should be taken into account. Conversely, as was discussed previously, the
real performance of the proposed SAH can be higher than the calculated values, and thus
the payback time can be shorter in practice.
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Table 10. The comparison of the final and primary energy consumption in the exemplary residential
building without the SAH and with the SAH in the form of a solar chimney (Case A) or solar thermal
wall (Case B).

Parameter Building without the SAH
Building with the SAH

Case A Case B

The final energy performance index,
kWh/(m2a) 25.0 23.8 21.5

Final energy consumption, kWh/a 3972.5 3781.8 3416.4
The primary energy performance index,

kWh/(m2a) 74.9 71.5 64.5

Primary energy consumption, kWh/a 11901.6 11361.4 10249.1
Reduction in the final energy

consumption, kWh/a - 190.7 556.1

Reduction in the final energy
consumption, % - 4.8 14.0

Reduction in the number of days when
the operation of the heat pump is

required, h/a
- 5.0 16.3

4. Conclusions

This paper investigates the possibility of developing a solar air heater in the form
of a solar chimney and solar thermal wall. The novel concept of a unit composed of
an accumulation ceramic material was proposed and discussed. Experiments have been
carried out under laboratory conditions using a specially developed prototype. The main
conclusions are as follows:

• As was shown, by using solar radiation (simulated by an artificial light source), it
is possible to heat the ceramic material and use the accumulated heat to preheat the
ventilation air for the subsequent hours.

• The power transferred from the solar air heater to the ventilation air was mainly a
result of the difference between the temperature of the ventilation air at the inlet
and outlet from the unit, the temperature of the internal surface of the unit, and
airflow. When airflow was set to 150 m3/h, the maximum power observed under
stable working conditions was approx. 355.0 W (when the developed solar air heater
operated as a solar chimney), and approx. 165.0 W (when it operated as a solar
thermal wall).

• A higher power, approx. 385 W, was observed when the developed solar air heater
operated as a solar chimney and the airflow was 200 m3/h.

• Experimental results have been used to calculate the efficiency of the solar air heater in
real conditions and assess the impact of the solar air heater on the energy performance
of the exemplary residential building. The total efficiency in the case of the solar
chimney was estimated as 0.25, while in the case of the thermal wall it was estimated
as 0.78, which resulted in the annual reduction in the final energy usage at a level of
190.7 kWh and 556.1 kWh, respectively (4.8 and 14.0%).

• In practice, the total efficiency of the proposed solutions can be significantly higher
due to the possibility of increasing the length and shape of the solar air heater.
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