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Abstract:

Solar energy building applications are attracting increasing attention from researchers, engineers,

businessmen and officials due to their significant benefits in sustainable development, such as energy

saving, cost reduction and environmental protection. Trombe wall, as a classical passive solar heating

technique, has been studied for many years. A variety of concepts, methodologies and experiences have

been developed during relevant research. Especially in recent years, numerous studies on Trombe wall

have been published, which implies a rising attention to this technique. This review focuses on the

classification, experimental assessment, modeling methods, and evaluation metrics for Trombe wall. In

detail, nine types of Trombe walls are introduced according to their materials, structures and functions.

Four experimental methods and two modeling methods of Trombe wall are discussed based on their

functions, advantages, disadvantages, and applicability. Three aspects of evaluation metrics for Trombe

wall are summarized in terms of technique, economy and environment. Moreover, the current and

future research of Trombe wall are discussed at the end. The authors consider this article would be

useful for their peers and can facilitate the technical development of Trombe wall.

Keywords: Trombe wall; classification; experimental assessment, modeling methods; evaluation

metrics

1. Introduction

Building is the base for human production and living. About 20-40% of the world’s total energy

consumption is related to the building sector [1-5], wherein, 33-55% of the building energy supply is

consumed by HVAC to maintain a comfortable indoor environment [6—10]. Therefore, the reduction of



HVAC energy consumption is always a main focus for building energy conservation. One of the best

approaches to achieve this goal is by using a passive system (e.g. passive solar heating), which can

reduce the building heating demand by up to 87% [11].

Among numerous passive technologies, Trombe wall, is one of the classical passive solar heating

methods which has the features of simple construction, high efficiency, and zero operation cost [12]. It

can achieve up to 30% reduction of the building energy consumption [13]. Therefore, it has attracted

increasing attention from scholars and engineers. Several scientific studies on Trombe wall have been

carried out with regard to structure retrofit [14], modeling method [15], design method [12],

optimization [16] and engineering practice [17]. These studies have provided significant support for the

development and applications of Trombe wall. Numerous review articles on passive solar heating [18],

solar chimney [19], opaque solar facades [20], passive building [21], passive wall [22], and bionic

green architecture [23], have introduced this development and application of Trombe wall. Moreover,

specific review articles [12,24] have also been published on the classification, influence factors, design

parameters and evaluation indexes of Trombe wall.

However, the following research aspects are insufficient and still need to be completed so as to

supplement the current reviews on Trombe wall:

® Few of the current reports have thoroughly reviewed the experimental methods and modeling

methods for Trombe wall, which are essential for relevant research and development. A summary

of these is needed and useful.

®  Only a brief introduction on evaluation indexes of Trombe wall is given in current review articles

[12,24]. A detailed summary on evaluation indexes for Trombe wall as well as data statistics are

necessary, which can provide complete information on the evaluation references for research and



development.

®  As anumber of innovative modifications on Trombe wall have been proposed in recent years, e.g.

air-purification Trombe wall [25-32] and electrochromic Trombe wall [33], a new review of

Trombe wall classification is necessary as well.

In this paper, an overview of Trombe wall research is provided with regard to classification,

experimental assessment, modeling methods, and evaluation metrics. In Section 2, the methodology of

this Trombe wall review is described. In Section 3, the classification of Trombe wall into nine different

types is introduced. In Section 4, four experimental methods for testing Trombe wall performance are

summarized. In Section 5, two modeling methods for Trombe wall research are presented. In Section 6,

evaluation metrics for Trombe wall in terms of technique, economy and environment are summarized.

In Section 7, the discussion for the current and future research of Trombe wall as well as the

suggestions are provided. In Section 8, the main conclusions from this review of Trombe wall are

presented.

2.  Methodology

This review on Trombe wall covers the English research articles from 2001 to 2019. Its review

process follows the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)

method which contains the procedures of identification, screening, eligibility check, and inclusion

[34,35]. The detailed process of this review is as follows (Fig. 1):

(1) In the field of building and renewable energy, academic journals are commonly published by

Elsevier, Springer, Taylor & Francis, Sage, Wiley, and MDPI. Therefore, ScienceDirect,

SpringerLink, Taylor & Francis Online, SAGE Journals, Wiley Online Library, and MDPI are

chosen as the search engines in this review. Moreover, as Trombe wall is a famous passive solar



technology and it is sometimes named by solar wall, “Trombe” and “solar wall” are used as the

keywords to search articles. After duplicates removed, the obtained records are merged finally.

(2) The records searched are screened by their titles and abstracts. Those having clear relationship

with Trombe wall are kept. Furthermore, the scope of solar fagade (e.g. solar wall, solar chimney)

and passive technology (e.g. passive heating, passive house) are also considered as the screening

criterion to select the records, because Trombe wall lies in the field of solar facade and passive

technology.

(3) The screened records are assessed for eligibility through full text. The articles which are most

related to Trombe wall are remained.

(4) According to the topics of this review, all the selected articles are summarized and analyzed in

terms of classification, experimental assessment, modeling method, and evaluation metric. In

addition, the statistical analysis for the research quantity and performance data of Trombe wall are

provided based on the selected articles.

Fig. 1 Methodology of Trombe wall review

3.  Classification of Trombe wall

Trombe wall was initially developed as a simple architectural component, which absorbs solar

radiation to heat the circulating air in the channel and stores the heat in the wall mass for indoor heating.

However, further research provided many new modified versions of Trombe wall. In this review, in

terms of its structures, materials and function, Trombe wall is classified in the following major types:

(1) Classical Trombe wall; (2) Composite Trombe wall; (3) Phase change material (PCM) Trombe wall,



(4) Photovoltaic (PV) Trombe wall; (5) Water Trombe wall; (6) Fluidized Trombe wall; (7)

Air-purification Trombe wall; (8) Electrochromic Trombe wall; and (9) Trombe wall with translucent

insulation material (TIM). Fig. 2 provides an overview of Trombe wall classification and Fig. 3

illustrates a summary of Trombe wall studies since 2001.

Fig. 2 Overview of Trombe wall classification (PCM - Phase change material; PV - Photovoltaic; TIM

- Translucent insulation material; TC - Thermal-catalytic-oxidation; PC - Photocatalytic-oxidation;

PTC - Photocatalytic-thermal-catalytic).

Fig. 3 Summary of Trombe wall research in ScienceDirect, SpringerLink, Taylor & Francis Online,

SAGE Journals, Wiley Online Library, and MDPI.

3.1. Classical Trombe wall

Classical Trombe wall is the most basic and simplest type in the classification mentioned above. It

was invented in 1881 by the American engineer, Edward Morse, who patented it [24]. However, this

kind of wall was named as Trombe wall due to the promotion by Felix Trombe and Jacque Michel (a

French engineer and a French architect) [24], who applied this technique to a building for the first time

in Odeillo, France in 1967 [12].

The classical Trombe wall mainly consists of four parts: glass, air channel, thermal storage wall

and vents (in some cases, there are no vents) (Fig. 4a). The thermal storage wall is constructed with

materials of high thermal capacity so that the absorbed solar radiation can be stored for a long time.

The wall surface is commonly coated with a black color paint to achieve higher solar absorptivity. The



glass is used to transmit the light and create greenhouse effect in the air channel. A space heating cycle

is then created due to the air-density difference between the hot channel and the cold room, as

presented in Fig. 4a. In general, the vents are operated with panels, which turn off to prevent the

inverse thermo-siphon phenomena during the night when the outside temperature is low and no solar

radiation exists.

Fig. 4 (a) A classical Trombe wall and its retrofits with (b) roller shade, (c) venetian blind, (d) internal

thermal fins [14] or (e) water spraying system [36].

To improve the performance of the classical Trombe wall, many scholars have proposed a series of

modifications to its structure. For example, a roller shade [37-39] or a venetian blind [40—47] can be

added to prevent overheating from the sun in summer (Fig. 4b and c). Additionally, thermal fins can be

attached to the internal wall surface to improve the heat transfer during winter [14] (Fig. 4d).

Furthermore, a water spraying system can be installed in the vents on the opposite wall to provide

cooling through water evaporation, when Trombe wall functions as a solar chimney during summer [36]

(Fig. 4e). Moreover, a zigzag Trombe wall, which is a spatial arrangement of classical Trombe wall and

normal wall can be employed to improve solar heating during cold mornings and avoid overheating

during the day [12,24]. In addition, Long et al. [48] presented a new Trombe wall which included a

solar collector and reflection layer to increase the thermal insulation of the wall in summer by storing

excess absorbed solar energy into a water tank and preventing solar radiation from reaching the

massive wall.

3.2. Composite Trombe wall



Due to the low thermal resistance of a classical Trombe wall, the indoor room is easily affected by

the outside environment and there is substantial thermal loss. To overcome these drawbacks, a

composite Trombe wall, which is also known as Trombe-Michel wall, was developed as illustrated in

Fig. 5a. This wall consists of six components: glass, non-ventilated air channel, thermal storage wall,

ventilated air channel, insulation layer and vents. Different from a classical Trombe wall, this

configuration uses thermal storage wall and greenhouse effect of outside air channel to collect solar

energy, and inside air channel to heat the room through air cycle. As the room-heating process is

separate from the outside heat-collection process, the influence of external environment can be reduced

with this modification. Moreover, the insulation layer increases the overall thermal resistance of the

wall system as well, which can reduce the thermal loss during the night in cooperation with the panels.

Different from the above-mentioned composite Trombe wall, Chen et al. [49,50] proposed a new

type of composite Trombe wall with porous absorber (Fig. 5b). In this type of wall, the added porous

absorber works as a heat storage buffer that initially absorbs solar heat and then distributes it to the air

in the channel or the thermal storage wall. Moreover, this porous component can also function as a

semi-thermal insulator to increase the thermal resistance of Trombe wall and prevent heat loss on

cloudy days or at night when solar radiation is not available [49].

Fig. 5 (a) A composite Trombe wall and (b) a new composite Trombe wall with porous absorber

3.3.  PCM Trombe wall

In classical Trombe wall, thermal storage wall stores energy in the form of sensible heat, so the

thermal storage capacity is generally limited. To increase the storage capacity, phase change materials



(PCM), have been introduced into Trombe wall for latent heat storage [51-74]. A PCM Trombe wall

with a PCM layer attached to the outside surface of an insulation wall is illustrated in Fig. 6a. Its

working process is identical to that of the classical Trombe wall, except for the latent heat storage. A

PCM layer can also be installed in the middle of the air channel [55,69,74], which results in a style

similar to a composite Trombe wall (except that the thermal storage wall is made by PCM).

Consequently, this type of Trombe wall combines the advantages of a composite Trombe wall and a

PCM Trombe wall, and can be regarded as a hybrid type.

Fig. 6 (a) A PCM Trombe wall and its retrofits with (b) delta winglet vortex generators in wall surface

[72] or (c) NTG.

Some retrofits have also been made on the PCM Trombe wall to improve its performance. For

example, Zhou et al. [72] installed many miniature delta winglet vortex generators on the outside wall

surface to enhance the heat transfer into the air flow by increasing turbulence (Fig. 6b). Kara et al. [59]

created a novel triple glass (NTG) consisting of an ordinary glass, a Prismasolar glass, and a low-e

glass, to reflect the radiation with high incidence angle during summer (to prevent overheating) and to

transmit the radiation with low incidence angle in winter (to collect heat) (Fig. 6¢).

3.4. PV Trombe wall

This is a type of Trombe wall integrated with PV technology which can provide both heating and

power supply simultaneously. Fig. 7 presents a PV Trombe wall with PV cells installed in the outside

glass (PVGTW), wall surface (PVMTW) and venetian blinds (PVBTW), respectively. The heating

operation of this wall is identical to that of a classical one, but the PV cells also share part of the solar



energy for electricity generation. This means that the heating performance of PV Trombe wall is worse

than that of a classical Trombe wall. However, there are two advantages of PV Trombe wall. One is that

the electricity can be used for other purposes, such as domestic appliances. The other advantage is that

overheating can be alleviated in summer since the solar energy is partly converted into electricity.

Therefore, considering the multifunctional demands of heating and electricity as well as the

comprehensive benefits of power-supply and overheating-prevention, many studies on Trombe wall

have focused on this PV type [75-95]. Hu et al. [82,83], compared the above three types - PVGTW,

PVMTW, and PVBTW - by both experiment and simulation. The results indicated that for annual

heating load reduction, the best performance was exhibited by PVBTW, then PVMTW, and then

PVGTW. For annual electricity generation, PVBTW performed similar to PVGTW but better than

PVMTW. For total annual electricity saving, PVBTW performed best, while PVGTW and PVMTW

were similar. Ahmed et al. [75] used a porous medium to fill up the air channel of a PV Trombe wall.

By combining with DC fan, the thermal and electrical efficiencies were increased of 20% and 0.5%,

respectively, compared to a PV Trombe wall without porous medium.

Fig. 7 PV Trombe wall with PV cells integrated in (a) outside glass, (b) wall surface or (c) venetian

blinds

3.5.  Water Trombe wall

Similar to the purpose of introducing PCM into Trombe wall, water is also employed for the

thermal storage of Trombe wall, due to its better thermal capacity compared to ordinary wall materials.

A schematic of water Trombe wall is illustrated in Fig. 8. Except that some water tanks constitute the

10



thermal storage wall, the rest of the components are similar to a classical Trombe wall. However, a

main problem of water Trombe wall is the construction for water tanks in the thermal storage part,

which is more difficult than constructing the ordinary Trombe walls [12,24].

Fig. 8 A water Trombe wall

3.6. Fluidized Trombe wall

The air channel of this kind of Trombe wall is filled with many small-scale, low-density and

high-absorption particles that form a porous structure [96] (Fig. 9). Solar heat is initially collected by

the fluidized particles and subsequently transferred into the air. Due to the increased contact area within

the porous structure, the circulated air is intensively heated and carries large amounts of energy into the

indoor room for space heating. It has been reported [96] that the heating performance is improved by

using fluidized particles when compared to a classical Trombe wall. To prevent the small particles

carried by the circulated air, from entering the internal room and polluting the indoor environment, two

filters are respectively installed at the top and bottom of the air channel.

Fig. 9 A fluidized Trombe wall

3.7.  Air-purification Trombe wall

Air-purification Trombe wall is a new type of Trombe wall that has been developed recently [25—

32]. Tt is helpful to reduce the indoor formaldehyde (especially in a new-built house) in many

developing regions where building materials containing formaldehyde are still used due to economic

11



and technical limitation. This Trombe wall integrates the idea of air purification into the conventional

heating process, which extends the functions of classical Trombe wall. It can also be divided into two

sub-types according to the degradation principle: thermal-catalytic-oxidation Trombe wall (TC-Trombe

wall) [27,28] and photocatalytic-oxidation Trombe wall (PC-Trombe wall) [25,26,29,31] (Fig. 10).

Recently, these two sub-types were also combined to form a photocatalytic-thermal-catalytic-Trombe

wall (PTC-Trombe wall) [30]. However, regardless of their differences, the main operation process of

these sub-types is identical: during the heating process, polluted indoor air passes through the

degradation modules, wherein the contaminants, e.g. formaldehyde, can be converted into harmless

substances by the catalytic reaction. Then, the purified air is supplied to the indoor room.

Fig. 10 (a) A TC-Trombe wall [27] and (b) a PC-Trombe wall [25]

3.8. Electrochromic Trombe wall

This type of Trombe wall is almost identical to a classical Trombe wall except that the outside

glass is replaced by an electrochromic glass [33]. Due to its electrochromic property, the outside glass

also provides shade to avoid overheating and reduce cooling load during summer. This function is

similar to that of roller shade or venetian blinds, but can be achieved easily by changing the electric

field without any mechanical motion. Pittaluga [33] has simulated the annual energy consumption of

this electrochromic Trombe wall in DesignBuilder software. The results show that an annual energy

saving of 29.5% (cooling and heating load) can be achieved when compared to a classical Trombe wall.

3.9. Trombe wall with translucent insulation material

Due to its light weight feature and good acoustic insulation, translucent insulation material (TIM)
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has been used to replace single or multiple glazed covers. Many studies on TIM were conducted during

the 1980s and 1990s by the Fraunhofer Institute for Solar Energy Systems in Germany [97] under the

International Energy Agency’s Solar Heating and Cooling Program Task 20. The world’s largest TIM

Trombe wall was installed at Strathclyde University in the UK [98]. Three years of monitoring showed

that the building uses 40% less energy than official “good” category buildings in the UK, and the south

facade has a monthly net heat gain into the building even in the middle of winter in Glasgow.

The most advanced TIM is aerogel insulation which is the only known solid with high

transmittance and low thermal conductivity. It could achieve 0.1 W/m?K U-values and allow 90% of

light to pass through [99,100]. Fricke et al. [101-103] and Riffat [104] have explored the potential

building applications of the aerogel TIM.

Granular silica acrogel TIM was integrated with PCM by Berthou et al. [105] in France in 2015. A

4.41 m? full-scale TIM-PCM wall was tested on a light weight building in southern France. The results

show that the TIM-PCM wall has great potential for energy saving in buildings in winter and shoulder

seasons with sunny weather conditions. Moreover, Souayfane et al. [106,107] investigated this

TIM-PCM wall with regard to thermal comfort in summer and economy. The results show that

TIM-PCM wall faces a major problem of indoor overheating in summer and may be economically

attractive in polar and subarctic climates.

A new version of Trombe wall, which consists of PCM, insulating aerogel and a textured surface,

was recently proposed by Delft University of Technology under its DoubleFace 2.0 project [108]. It

was found that the lightweight, translucent, and adjustable Trombe wall could reduce the energy

demand for heating of a typical Dutch household by 25-30% [108].

TIM has also been employed in water Trombe wall, resulting in the development of a hybrid type

13



of Trombe wall, namely Transwall [109-112] (Fig. 11). In addition to the properties of water Trombe

wall, this type of wall can also improve the indoor lighting and the direct heat gain during daytime due

to the transparency of the materials. Moreover, the aesthetic value can be increased by providing visual

access to the indoor space [24].

Fig. 11 A Transwall with air gap

4. Experimental assessment of Trombe wall research

Experiment is the most effective method to test and understand the actual performance of a

Trombe wall. In this paper, the existing experimental methods for Trombe wall are divided into four

types: reduced-scale thermal box, full-scale thermal box, stand-alone Trombe wall module, and actual

testing house. Table 1 offers a comparison between each set-up type and Fig. 12 provides a graphic

example for them.

Table 1 Comparison between each experimental method

Fig. 12 Different experimental methods for Trombe wall: (a) a reduced-scale thermal box [14]; (b) a

full-size thermal box [113]; (c) a stand-alone Trombe wall module [83]; (d) an actual testing house

[114].

4.1. Reduced-scale thermal box

This method involves constructing a reduced scale thermal box to simulate thermal performance

14



of an ordinary building in which a Trombe wall is installed. This experimental set-up has the

advantages of space saving, flexible arrangement and cost saving. In addition to measurements under

actual climate condition, this device may also be placed in a climatic chamber for a repetitive test of

Trombe wall, to obtain more comparable and diverse results under controllable environment. However,

if the similarity law is ignored in the reduced-scale design,, the reduced-scale experimental results of a

Trombe wall may be greatly different from the actual performance of a full-scale Trombe wall.

Therefore, it is important to consider the similarity law in the reduced-scale experiment. Table 2

provides some references for reduced-scale thermal box used in current Trombe wall studies. It should

be noted that no clear description with regard to the similarity design has ever been reported in

reduced-scale experiments. This limitation should be addressed in the future studies.

Table 2 References for reduced-scale thermal box used in Trombe wall studies

4.2.  Full-scale thermal box

Compared to reduced-scale thermal box, the full-scale thermal box is used to simulate a building

which has an absolutely or approximately real size. The tested Trombe wall in this experimental model

is also full scale. This method can obtain more reasonable results compared to the reduced-scale

method. Nevertheless, space limitation and increased cost are the disadvantages of this method. Table 3

provides some references for full-scale thermal box used in current Trombe wall studies.

Table 3 References for full-scale thermal box used in Trombe wall studies
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4.3. Stand-alone Trombe wall module

In this method, only a testing Trombe wall is fabricated and measured, without an adjacent parts to

simulate a room. This method requires less expenses and space compared to the full-scale thermal box.

If the size is appropriate, this stand-alone module can also be placed into a climatic chamber for more

diverse experiments.

However, the inlet and outlet of stand-alone Trombe wall module are directly connected with the

ambient environment, while an actual Trombe wall is connected with an indoor room. Due to the great

difference between the indoor and ambient environments, the experimental results obtained from this

stand-alone Trombe wall module cannot accurately reflect its operation performance in a real

application. In other words, this method can only reflect the independent performance of the tested

Trombe wall. Nevertheless, this method is suitable for a comparative research of different Trombe

walls, because only the same outside condition is required regardless of whether it is an indoor room or

ambient environment.

Table 4 provides some references for stand-alone Trombe wall module used in current Trombe

wall studies.

Table 4 References for stand-alone Trombe wall module used in Trombe wall studies

4.4.  Actual testing house

This Trombe wall experiment is based on a real house or a simplified house. It can be carried out

through two ways: (1) by adding a testing Trombe wall in existing rooms (room retrofit); (2) by

building a new test house with a testing Trombe wall (newly built house).

16



For the former approach, as building retrofit is necessary, the selection for an existing house

should consider the feasibility for structural retrofit and the suitability for experimental requirements.

Space saving can be achieved in this way since no extra space is occupied. However, it is uncertain

whether cost saving is achieved compared to the above-mentioned experimental methods, because the

cost for demolishing or modifying an existing wall should be taken into consideration as well.

In the second method, the technical restriction for a Trombe wall experiment is small because a

new house can be freely designed according to any experimental requirement. However, it would result

in a great cost for space, money and time. If a complete test house is considered for a series of technical

experiments and not just for a Trombe wall experiment, the shared cost for Trombe wall may be small.

Therefore, this method is generally suitable for a comprehensive experimental cluster of which one

purpose is a Trombe wall experiment.

The Trombe wall experiment in an actual testing house is similar to that in a full-scale thermal box.

However, it can include more actual factors of a buildings, such as architectural construction, building

materials, human behaviors or appliance behaviors. Therefore, the testing results in an actual testing

house can provide more actual and practical information for engineering applications.

Table 5 provides some references for actual testing house used in current Trombe wall studies.

Table 5 References for actual testing house used in Trombe wall studies

5.  Modeling methods of Trombe wall research

Simulation is a cost-space-time-saving approach to predict the performance of a Trombe wall. It is

also the basis for computer-based optimization for a Trombe wall. The general modeling for a Trombe

17



wall includes glass modeling, airflow modeling and mass-wall modeling. Since the flow problem is

generally very complex, the airflow modeling is the most significant step for Trombe wall modeling. In

this paper, according to the complexity of airflow assumption, the modeling methods for a Trombe wall

are divided into two types: flow-simplified model and CFD model. Table 6 offers a comparison

between both types.

Table 6 Comparison between different types of modeling method

5.1. Flow-simplified model

The main assumption in this kind of model is that the airflow in a Trombe wall is an ideal

unidirectional plug flow and no turbulence exists. The thermodynamic property of the channel-air at

the same height can be considered identical and uniform. Based on this assumption, a flow-simplified

Trombe wall model can be built by combining different methods of glass modeling, airflow modeling,

and mass-wall modeling. Fig. 13 provides a summary of available methods for flow-simplified Trombe

wall modeling, including three methods for glass modeling, two methods for airflow modeling, and two

methods for mass-wall modeling.

Fig. 13 Method summary for flow-simplified Trombe wall modeling

The glass modeling can be carried out by uniform assumption, one-dimension assumption or

two-dimension assumption. The uniform assumption means that the whole glass is considered uniform

and its temperature can be represented by one uniform value (Fig. 13al). According to the
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one-dimension assumption, the glass temperature only varies along the height and it is a function of the

height (Fig. 13a2). In the two-dimension assumption, the glass temperature varies along both the height

and the width, and it is a function of the height and the width (Fig. 13a3). As the glass thickness is

usually thin enough, the glass temperature is considered constant along the thickness. For an ordinary

glass, the temperature generally varies very little along the width, so the uniform assumption and the

one-dimension assumption are commonly used in the modeling [15,30,75,87]. However, for a

particular glass, e.g. PV-integrated glass [79,91-93], if its materials are inhomogeneous, the

two-dimension assumption is preferable.

The airflow can be modeled by either uniform assumption or one-dimension assumption. For the

former, the heat transfer within the air channel is calculated based on one uniform temperature (average

temperature) (Fig. 13b1). Although this method can reduce computation, it is necessary to know the

temperature regularity with the height or the relationship between uniform temperature and inlet-outlet

temperature in advance [139,163]. For the latter method, the air temperature changes along the height

and the heat transfer is calculated separately within the air-node at each height (Fig. 13b2). This is a

more general method because it needs less temperature information compared to the former one.

The mass-wall modeling can be performed by either steady assumption or one-dimension

assumption. In the steady assumption, the heat transfer within the mass wall is considered a steady

conduction and it can be calculated by Fourier’s law (Fig. 13c1). This method is only suitable for a

steady calculation or a mass wall of small thermal capacity. In the one-dimension assumption, the wall

temperature only changes along the thickness (Fig. 13c2). This method is closer to actual conditions for

a mass wall of thermal storage, so it is used commonly.

The heat transfer coefficient for heat convection on each surface is determined by empirical
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correlation. For multi-layer structure of glass, channel, and wall, the modeling method can refer to the

above assumptions. Note that the high-dimension model undoubtedly has high accuracy but does not

mean a great increase in accuracy. In other words, the low-dimension model can be also useful if the

accuracy is high enough. Moreover, the computation time can be reduced by the low-dimension model.

As the most complex fluid problem is simplified, the flow-simplified model can be quickly solved

through computer programming. Therefore, this model is suitable for long-term simulation of a Trombe

wall. However, the simplification also leads to missing information for detailed airflow areas, which

makes the flow-simplified model unsuitable for structure optimization of a Trombe wall.

The flow-simplified model of Trombe wall can be built by numerous programming tools, e.g.

Matlab [46,82], Matlab/Simulink [77], and FORTRAN [14,80,91]. Moreover, TRNSYS provides a

complete model for Trombe wall by assuming uniform glass, uniform airflow, and one-dimension wall

[164]. EnergyPlus [165], IESVE [166], ESP-r [167], and IDA ICE [168] provide indirect conditions for

Trombe wall modeling.

Table 7 provides some references for flow-simplified model used in current Trombe wall studies.

Table 7 References for flow-simplified model used in Trombe wall studies

5.2.  CFD model

A CFD model for Trombe wall can be also regarded as a detailed model for Trombe wall. It is

built mainly based on Navier-Stokes equations. As the Navier-Stokes equations consider many

fluidic-factors (compressibility, stress, dissipation), a CFD model can provide detailed information with

regard to the temperature-, velocity-, and pressure-field within any part of a Trombe wall. Therefore,
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this method is suitable for structure optimization of a Trombe wall. However, the complexity of CFD

model also leads to considerable computation as well as time-consumption, which limits the simulation

duration for a Trombe wall.

A Trombe wall modeling with CFD method includes geometric modeling, meshing,

governing-equation selection, boundary-condition decision, and solution-method selection. k—¢

turbulence model is often used to handle a Trombe wall problem [122,134,182,183]. A few studies have

also used laminar model [69,184] or k—m turbulence model [185,186] for this purpose. Boussinesq

approximation is generally adopted to handle the buoyancy force so as to simplify the solution

[31,121,134,183].

CFD model of a Trombe wall can be built by numerous commercial software. e.g. Fluent

[44,115,126,187] (within ANSYS at present), ANSYS CFX [78,81], Solidworks Flow Simulation [188],

and CFD Flex [189].

Table 8 provides some references for CFD model used in current Trombe wall studies.

Table 8 References for CFD model used in Trombe wall studies

6. Evaluation metrics of Trombe wall

6.1. Technical performance

6.1.1. Temperature

Temperature is the most common parameter used for Trombe wall evaluation

[33,58,142,158,189,196-203]. It is also the calculation base for the other evaluation indexes of Trombe

wall. A general temperature-measurement includes the temperatures of the outside and inside
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glaze-surfaces, the channel air, the outside and inside wall-surfaces, the inlet and outlet vents, and the
indoor room. The performance of a Trombe wall can be reflected by the different temperatures in
different aspects. For example, the high temperature of channel air and outlet vent can indirectly
indicate high efficiency of Trombe wall. The high indoor temperature during winter can reflect a low
heating load or a good thermal environment.

In addition, there are some formalized evaluation indexes for Trombe wall performance in terms
of temperature fluctuation.

Thermal load leveling (TLL): This index is equal to the difference between the maximum and
minimum of indoor temperature (T ;0 and Ty ) divided by their sum [94]:
L = rmax = Trmin (1)

Ty max + Trmin

In this equation, the numerator represents the degree of the indoor temperature fluctuation and the
denominator reflects the basic value of such variation. A greater numerator and a smaller denominator
indicate more fluctuation. Hence, TLL indicates the stability of the indoor temperature.

Decrement factor (f): It is defined as the ratio of temperature amplitude at the inside

wall-surface to that at the outside wall-surface [94]:

Tw inside max ~ Tw inside min
f= ()

Tw outside max Tw outside min

where Ty, inside max > Twinsidemin » Twoutside max » lwoutsidemin are the maximum- and
minimum-temperature of inside and outside wall-surface, respectively. This index represents the
temperature attenuation by the wall.

Relative fluctuation number (V): The fluctuation of indoor temperature is dependent on that of
outdoor temperature. V is defined as the ratio of indoor temperature variation coefficient (T,;) to
outdoor temperature variation coefficient (T,,,) [114]:

22



V =Tyi/Tyo A3)
T, =T,/T, 4)
where T,, equals the temperature variation coefficient, T, is the standard deviation of the temperature
distribution, and T, is the mean temperature. A lower value of V' indicates more stable indoor thermal
environment [114]. Besides, T,, can be used to evaluate the temperature fluctuation intensity [114].
6.1.2. Energy

An energy evaluation of a Trombe wall can be carried out in terms of either energy supply or
energy demand. Although energy supply and energy demand are usually related, they provide two
opposite viewpoints to evaluate a Trombe wall.

Energy gain (Qgqn): This is an evaluation index from the aspect of energy supply by Trombe
wall. In terms of thermal energy, energy gain can be calculated by the sum of the heat gain through air
circulation (Q,;,) and thermal storage wall (Q,,q1):

Qgain = Qair + Qwan (%)
For a PV Trombe wall, the electricity generation is also evaluated as one aspect of energy gain [82,89].

Energy load: This is also regarded as energy demand or energy consumption for maintaining an
indoor thermal environment after using a Trombe wall. It includes heating load and cooling load for
winter and summer, respectively. Building energy simulation can be used to obtain this energy load.

Solar fraction (SF): This index contains the information of energy gain and energy load. It
indicates the level of solar energy used for room heating. It can be expressed as the ratio of effective
solar heating to total heating demand [59,153]:

SF = anin Qheating,without ™ _Qheating

anin + Qheating Qheating,without T™wW

(6)

where Qpeqting and Qpeating,without Tw are the heating load of a building with and without a Trombe
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wall, respectively.
New degree days (NDDs): This index is a variation of a widely used index - Degree days [151].
It equals the accumulation of the absolute difference between the indoor temperature T, and the limits

of the comfortable temperature T,opmp [151]:

fz [T, = (Teoms +AT)],  Tp > Teoms + AT

NDDs =40,  Tepms = AT < Ty < Topmy + AT (7)

Z[(Twmf —AT)=T.|, T, <Teoms—AT
where Teopmp & AT is the variation limit for acceptable room temperature. As the increased deviation
of T, from T,ompr & AT, leads to increased energy consumption for cooling and heating, NDDs can
indicate the performance of a Trombe wall in terms of energy demand.
Energy payback time for the use of embodied energy (EPT): This index considers the energy
consumption not only during operation, but also during production, transportation, installation, and

scrap disposal (the latter four are considered the embodied energy) [177]. It is given as follows [177]:

_ year - (AEEry — AEE,f)

EPT 3

Epryrer = Epryw
where Epryrer, Epryrw are the annual primary operating energy used by the house without or with
Trombe wall respectively, AEE,.r, AEEry, are the annualized embodied energy of the normal wall
and Trombe wall respectively, and year is the life cycle time. EPT indicates the periods when the
additional invested embodied energy by using a Trombe wall can be recovered by the primary
operating energy savings [177].
6.1.3. Efficiency
Since efficiency is a frequently used evaluation parameter for Trombe wall, it is described in

detail in this section.

Thermal efficiency (7,;,): Since heating represents the major function of Trombe wall, this index
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is often adopted to analyze the Trombe wall performance [27,53,59,204,205]. It can be expressed as the
ratio of the thermal energy supplied by Trombe wall, to the solar radiation falling on Trombe wall

surface (Qgq;):

Nen = anin
th —
Qsol

(€))

Absorption-storing efficiency (174_s) and dissipation efficiency (1,): These two indexes convey
opposite meaning. They respectively indicate the ability of a Trombe wall to absorb and store the heat
from solar radiation during daytime, and to discharge this heat for the indoor room during night [116].

They are expressed as [116]:

mwallcp A T/t

s = (10)
Ta-s Qsol

p = “eacrare (an
night

where m,,q;; is the mass of the thermal storage wall, ¢, is its thermal capacity, AT is the

temperature rise during the time ¢, tgischarge 1S the total discharging time of the stored heat in

Trombe wall, tp;4p is the duration of the night time.

Load reduction efficiency (1;,44): Since the air circulation driven by Trombe wall via the upper
and lower vents causes an air stratification in the indoor space, only a part of the entire heat gain from
Trombe wall can be directly used to reduce the heating load [53]. Therefore, to reflect the effectiveness
of the heat supply from a Trombe wall, the load reduction efficiency parameter is used [53]:

_ Qload,reduction
Nioad =

12
anin ( )
where Qjoa4 requction 15 the energy saving brought by a Trombe wall.

Exergy efficiency (7., ): Different from energy analysis, exergy analysis can provide information
on the energy quality and the maximum work potential [179]. Therefore, some scholars have adopted

exergy analysis for Trombe wall research [179,204]. Exergy efficiency can be expressed by the ratio of
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the gained exergy (EXgq4;,,) and the solar radiation exergy (Exgo;) [179,204]:

_ Exgain

Nex (13)

Exsol

Electrical efficiency (7,): This parameter is specially used for PV Trombe wall [77,80,83,93,95].

It is usually defined by the following two equations [77,83]:

_ Qelc Qelc

Ne = or (14)
¢ Qsol EQsol

where Qg is the electricity generated by PV Trombe wall, and ¢ is the ratio of PV cell coverage. In
the former equation, the PV cells are regarded as the parts of Trombe wall and the result is related to
the performance of whole wall. In the latter equation, the result concerns the performance of the PV
cells themselves and it is affected by the thermal effect of Trombe wall. To investigate the
comprehensive efficiency of PV Trombe wall, the total efficiency is used which is a combination of the
electrical efficiency and thermal efficiency and is given as follows [77,83]:

Neotatthe = Men e O Nen + Ne/Mpower (15)
The former equation directly represents the efficiency considering the total energy quantity. The latter
equation considers the quality difference of electric energy and thermal energy, and it is converted into
the same by a standard fuel electric plant efficiency - n,ower [83].

Formaldehyde degradation efficiency (nycpo): This parameter is specially used for a TC
Trombe wall and it can reflect the indoor formaldehyde-removal ability. This index was developed to
integrate the degradation performance with the thermal performance [27]. Actually, the formaldehyde
removal efficiency can be reflected in the thermal storage performance of the catalyst layer, because
the thermal catalytic oxidation reaction is initiated when the catalyst layer reaches the start-off

temperature after absorbing sufficient solar radiation [27]. Thus, the index is defined by [27]:

_ Qucro

= 16
NucHO Qsor (16)
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where Qpcpo 1s the formaldehyde-degradation heat consumption which can be calculated by the
equivalent electricity consumption of an electric heater that heats the catalyst layer to achieve the same
formaldehyde degradation as by solar energy. Subsequently, the total efficiency which integrates the
formaldehyde degradation efficiency with the thermal efficiency is given by [27]:
Neotatthe = Men T Nucro (17)
It should be highlighted that Equation (16) and (17) can be extended to evaluate other types of
air-purification Trombe walls, by varying some terms through the similar analysis as described above.
6.2. Economic analysis
6.2.1. Auxiliary energy cost

Auxiliary energy cost is a direct evaluation index for the operation cost of a building with a
Trombe wall, but it can also indirectly reflect the cost-saving performance of Trombe wall. This cost
can be calculated by multiplying the consumed quantity of the auxiliary energy (e.g. electricity, gas, oil,
biomass) by its unit price. A lower value implies more cost saved by Trombe wall. However, only a
limited number of studies [56] have ever used this method.
6.2.2. Life cycle cost (LCC)

As a common economic analysis tool, LCC is often adopted to evaluate the cost of a building

with Trombe wall [16,90,206]. A detailed LCC for Trombe wall can be expressed as follows [16]:

1+

N
LCC = Caux,heat (a) [(1 + meWF - fsalv (1_+T) )] + Cwall + CTW(a)

(18)
Py
+ [(Qaux.heat - Q) — PWF]

aux,heat

where a is the Trombe wall area ratio, C,,,;; is the existing wall cost, Cry (a) is the cost of Trombe
wall, Cayxnear(a) is the cost of auxiliary heating system, Q(a) is the annual saved energy due to the
Trombe wall, Quuxneqt 1S the annual auxiliary heating energy consumption without Trombe wall, f,,
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is the operating and maintenance fraction, fy,;, is the salvage fraction, i is the inflation rate, r is the
interest rate (equivalent to discount rate), N is the years of investment, PWF is the Present Worth
Factor, P, is the thermal energy price, and 7g,x peqr 1S the auxiliary heating system efficiency.

6.2.3. Payback period (PP)

PP is also a common economic index used for Trombe wall analysis [107,173,206,207]. It
represents the period when the accumulative operation-cost saving of Trombe wall can offset the
additional investment of Trombe wall compared to a normal wall. A PP for Trombe wall can be
expressed as:

_ Crw,i = Creyi

PP (19)

B CRef,o —Crwo
where Cryi, Crw.o> Crefi» Crero are the investment and operation costs of a Trombe wall and a
normal wall, respectively. If PP exceeds the acceptable time for consumers, there will be less value in
adopting a Trombe wall.
6.3. Environment impact
6.3.1. Indoor environment

Indoor thermal comfort is a non-negligible aspect to evaluate the performance of a Trombe wall,
because the major task of this wall is to maintain a suitable temperature for people indoor. Winter
heating and summer overheating are both important issues with regard to the indoor thermal comfort

for a Trombe wall. Some available methods for thermal comfort evaluation of a Trombe wall are listed

in Table 9.

Table 9 Estimation methods for thermal comfort introduced in previous studies
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Indoor air quality (IAQ) is another aspect which has been studied in recent years since the

development of air-purification Trombe wall [25-27]. A relevant evaluation index for an

air-purification Trombe wall is the pollutant-removal efficiency which is expressed by the ratio of the

removed pollutant concentration to the initial pollutant concentration [27]. However, this index can

only reflect an [AQ-improvement efficiency rather than an IAQ state, because it is related to the

air-purification Trombe wall rather than the room. More attention should be paid to the evaluation of

the room’s IAQ if an air-purification Trombe wall is used in the building.

6.3.2. Outdoor environment

With regard to the outdoor environment impact of a Trombe wall, the life cycle assessment can

provide a complete answer which includes the stages of fabrication, operation, and disposal. The

available evaluation indexes are listed in Table 10. GWP, which is also called CO, emissions, is used

more frequently than other indexes in the environmental assessment of a Trombe wall, not only for a

life-cycle analysis [174,208-210] but also for an annual analysis [82,90,173,206]. GWP can be

calculated by multiplying the quantity of energy consumption of a Trombe wall by its unit CO>

emissions.

Table 10 Evaluation indexes available in the life cycle assessment for Trombe wall [208]

6.4. Statistical analysis

To display the ranges of Trombe wall performance reported in the literature, Fig. 14 provides the

statistics for thermal efficiency, heating load reduction, energy saving, and solar fraction according to

Trombe wall types. In terms of thermal efficiency, the average values are 49.3% (Classical Trombe
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wall), 51.6% (PCM Trombe wall), 35.6% (PV Trombe wall), 40.4% (Air-purification Trombe wall),

and 35.2% (Trombe wall with TIM). In terms of heating load reduction, the average values are 50.0%

(Classical Trombe wall), 63.1% (PCM Trombe wall), 54.1% (Water Trombe wall), and 50.3% (Trombe

wall with TIM). In terms of energy saving, the average values are 34.1% (Classical Trombe wall) and

17.6% (Electrochromic Trombe wall). In terms of solar fraction, the average values are 60.7%

(Classical Trombe wall), 70.0% (PCM Trombe wall), 57.4% (Water Trombe wall), and 62.4% (Trombe

wall with TIM).

Fig. 14 Statistics for thermal efficiency [15,27,29-31,43,44,47,53,59,69,70,72,75—

77,80,81,83,85,87,93,105,114,130-133,136,138,139,153,179,184,186,193,204,211-214], heating load

reduction [16,53,61,107,114,117,123,148,169,175,177,206,215-217], energy saving [33,147,148,217],

and solar fraction [59,153,213,216,218-220] of different types of Trombe wall.

7.  Discussion and suggestions

7.1. Multifunctional development

As can be seen from Fig. 3, an increasing number of studies have considered a multifunctional

Trombe wall, e.g. PV Trombe wall [75,76,83,87] and air-purification Trombe wall [25-32]. This

reflects the trend for the future development of conventional Trombe wall. It is also an idea to solve the

problems of the current heating-only Trombe wall. For example, besides the electricity generation for

user, the PV Trombe wall has the potential to reduce summer overheating and increase aesthetic value.

The new multifunctional walls can be created by combining the current Trombe wall with other

functional demands of a building, e.g. sound insulation, natural lighting, CO, removal and O, supply
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(photosynthesis), and dehumidification or humidification.

7.2.  Translucent insulation material application

Low thermal resistance is a typical problem for Trombe wall [12,24]. Some modifications of the

Trombe wall have been proposed to solve this problem, e.g. composite Trombe wall [200]. However,

this modification usually results in a complex wall structure (Fig. 5). With the development of

translucent insulation material (TIM), especially aerogel insulation which can reach 0.1 W/(m?K)

U-values and allow 90% of light through [99,100], better thermal insulation can be realized for Trombe

wall without a complex wall structure. Numerous studies have applied aerogel materials in Trombe

wall in recent years and have observed good performance [105—108]. In addition, the aesthetic value of

Trombe wall can also be improved by using TIM, e.g. Transwall [12]. Therefore, the TIM application

in Trombe wall is also a future direction for Trombe wall development. It should be noted that

overheating in summer by using TIM in Trombe wall needs to be carefully dealt with as well [106].

7.3.  Reduced-scale experiment

Considering the flexible arrangement, space saving and cost saving, the reduced-scale experiment

is a recommended experimental method for Trombe wall. It is worth popularizing this approach for

Trombe wall research. Although the similarity design is the key for a reduced-scale experiment, the

similarity principle is usually ignored in the current Trombe wall studies [14,74,75,117,118,121,122].

Therefore, the design and description of experimental similarity should be added in the future

reduced-scale experiments for Trombe wall. In addition, the location for reduced-scale experiments

should be carefully chosen because the ambient conditions can influence the experimental results and

are different in different place. For example, wind velocity and air temperature are different at different

heights, which may result in differences between the ambient conditions of reduced-scale experiment
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and full-scale one.

7.4.  Modularized modeling

The flow-simplified model is a useful approach to simulate the long-term performance of a

Trombe wall. Many commercial software (e.g. TRNSYS [164], EnergyPlus [165], IESVE [166], ESP-r

[167], and IDA ICE [168]) have provided certain solutions for this type of modeling. However, they

also lack flexibility to deal with a complex or new Trombe wall (e.g. Trombe wall with heterogeneous

PV glass [91], PV Trombe wall with PCM [77], and Air-purification Trombe wall [32]). Numerous

studies have built this type of model by programming (see Table 7). Although their research points are

different, the modeling methods are similar. Fig. 13 provides a summary of flow-simplified Trombe

wall modeling which includes glass modeling, airflow modeling, and mass-wall modeling. Obviously,

a general modeling process and some common modeling methods exist for Trombe wall modeling.

Therefore, it is possible to develop a modularized modeling tool which modularizes the modeling

process for glass, airflow as well as mass-wall by encapsulating original mathematical formulas and

empirical data. This tool can be helpful for scholars and engineers to simplify the modeling process and

reduce the work load.

7.5. Aesthetic evaluation

The existing evaluation metrics for Trombe wall are mainly focused on technical, economic and

environmental aspects. No aesthetic evaluation method for Trombe wall has been found to date.

However, low aesthetic value is a problem for conventional Trombe wall [12,24], which is an

underlying obstacle for its popularization. Therefore, aesthetic evaluation should also be considered for

developing a new Trombe wall. One possible idea to evaluate the aesthetic value of a Trombe wall is to

carry out comparative rating. For example, people can be asked to rank the pictures of different Trombe
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walls or different walls (including Trombe wall) by aesthetic feeling. Then the statistical data can be

analyzed to give a representative aesthetic score. If more aesthetic evaluations are provided, a guideline

for solving the aesthetic problem of Trombe wall can be summarized with some normal forms.

8. Conclusions

Trombe wall is an important type of passive solar heating technology. Numerous studies have been

carried out in last two decades regarding the retrofits, experiments, modeling, and optimization of

Trombe wall. In this review, the authors attempted to present a methodological overview of Trombe

wall research and have summarized the classification, experimental assessment, modeling methods,

and evaluation metrics of Trombe wall mentioned in current literature. The major conclusions are

drawn as follows:

(1) Trombe wall can be classified into nine types which include classical Trombe wall, composite

Trombe wall, PCM Trombe wall, PV Trombe wall, water Trombe wall, fluidized Trombe wall,

air-purification Trombe wall, electrochromic Trombe wall, and Trombe wall with TIM. In recent

years, a multifunctional tendency of Trombe wall is observed, e.g. PV Trombe wall and

air-purification Trombe wall. Moreover, the use of TIM, especially aerogel material, is a good

solution for improving the low thermal resistance and low aesthetic value of Trombe wall.

(2) The experimental methods for Trombe wall are divided into four types, including reduced-scale

thermal box, full-scale thermal box, stand-alone Trombe wall module, and actual testing house.

Reduced-scale thermal box is a good experimental approach due to its flexible arrangement, space

saving, and cost saving features. However, the similarity principle and testing location should be

considered in the experimental design. If different experiments (including Trombe wall testing)

need to be conducted in an actual environment, then an actual testing house can be a good choice.
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(3) The modeling methods for Trombe wall can be classified into two types which include

flow-simplified model and CFD model. For a flow-simplified Trombe wall model, it is

recommended to develop a modularized modeling tool so as to simplify the modeling process for

glass, airflow, and mass-wall. If a structural optimization for a Trombe wall is needed, a CFD

model is recommended.

(4) The evaluation of a Trombe wall can be carried out in terms of its technical performance,

economic analysis and environmental performance. In addition, it is recommended to consider the

aesthetic evaluation in future Trombe wall research. This can be helpful to improve the aesthetic

value of current Trombe walls and eliminate the obstacle for their popularization.

Acknowledgments

This research is supported by grants from the National Key Research and Development Program

(No. 2016YFC0700400) and the National Natural Science Foundation of China (Nos. 51590911,

51678468).

References

[1] Tian Z, Zhang X, Jin X, Zhou X, Si B, Shi X. Towards adoption of building energy simulation

and optimization for passive building design: A survey and a review. Energy Build

2018;158:1306-16. doi:10.1016/j.enbuild.2017.11.022.

[2] Harkouss F, Fardoun F, Biwole PH. Passive design optimization of low energy buildings in

different climates. Energy 2018;165:591-613. doi:10.1016/j.energy.2018.09.019.

[3] Bano F, Sehgal V. Finding the gaps and methodology of passive features of building envelope

optimization and its requirement for office buildings in India. Therm Sci Eng Prog 2019;9:66—

93. doi:10.1016/j.tsep.2018.11.004.

34



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Marin P, Saffari M, de Gracia A, Zhu X, Farid MM, Cabeza LF, et al. Energy savings due to

the use of PCM for relocatable lightweight buildings passive heating and cooling in different

weather conditions. Energy Build 2016;129:274—83. doi:10.1016/j.enbuild.2016.08.007.

Sun X, Gou Z, Lau SSY. Cost-effectiveness of active and passive design strategies for existing

building retrofits in tropical climate: Case study of a zero energy building. J Clean Prod

2018;183:35-45. doi:10.1016/j.jclepro.2018.02.137.

Tian Z, Si B, Shi X, Fang Z. An application of Bayesian Network approach for selecting

energy efficient HVAC systems. J Build Eng 2019;25:100796.

doi:10.1016/j.jobe.2019.100796.

Kim D-B, Kim DD, Kim T. Energy performance assessment of HVAC commissioning using

long-term monitoring data: A case study of the newly built office building in South Korea.

Energy Build 2019;204:109465. doi:10.1016/j.enbuild.2019.109465.

Toub M, Reddy CR, Razmara M, Shahbakhti M, Robinett RD, Aniba G. Model-based

predictive control for optimal MicroCSP operation integrated with building HVAC systems.

Energy Convers Manag 2019;199:111924. doi:10.1016/j.enconman.2019.111924.

Wang W, Yuan M, Li YZ, Li C. Numerical investigation on the impact of an on-top sunspace

passive heating approach for typical rural buildings in northern China. Sol Energy

2019;186:300-10. doi:10.1016/j.solener.2019.05.013.

Kim B, Yamaguchi Y, Kimura S, Ko Y, Ikeda K, Shimoda Y. Urban building energy modeling

considering the heterogeneity of HVAC system stock: A case study on Japanese office building

stock. Energy Build 2019;199:547-61. doi:10.1016/j.enbuild.2019.07.022.

Akaf HR, Kohansal ME, Moshari S, Gholami J. A novel decision-making method for the

35



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

prioritization of passive heating systems use; case study: Tehran. J Build Eng 2019;26.

doi:10.1016/j.jobe.2019.100865.

Hu Z, He W, Ji J, Zhang S. A review on the application of Trombe wall system in buildings.

Renew Sustain Energy Rev 2017;70:976-87. doi:10.1016/j.rser.2016.12.003.

Hordeski MF. Dictionary of energy efficiency technologies. West Virginia, United States:

Fairmont Press; 2004.

Abbassi F, Dehmani L. Experimental and numerical study on thermal performance of an

unvented Trombe wall associated with internal thermal fins. Energy Build 2015;105:119-28.

doi:10.1016/j.enbuild.2015.07.042.

Demou AD, Grigoriadis DGE. 1D model for the energy yield calculation of natural convection

solar air collectors. Renew Energy 2018;119:649-61. doi:10.1016/j.renene.2017.12.030.

Jaber S, Ajib S. Optimum design of Trombe wall system in mediterranean region. Sol Energy

2011;85:1891-8. doi:10.1016/j.solener.2011.04.025.

Mendonca P, Braganca L. Sustainable housing with mixedweight strategy-A case study. Build

Environ 2007;42:3432-43. doi:10.1016/j.buildenv.2006.08.025.

Chan HY, Riffat SB, Zhu J. Review of passive solar heating and cooling technologies. Renew

Sustain Energy Rev 2010;14:781-9. doi:10.1016/j.rser.2009.10.030.

Monghasemi N, Vadiee A. A review of solar chimney integrated systems for space heating and

cooling application. Renew Sustain Energy Rev 2018;81:2714-30.

doi:10.1016/j.rser.2017.06.078.

Quesada G, Rousse D, Dutil Y, Badache M, Hallé S. A comprehensive review of solar facades.

Opagque solar facades. Renew Sustain Energy Rev 2012;16:2820-32.

36



doi:10.1016/j.rser.2012.01.078.

[21]  Sadineni SB, Madala S, Boehm RF. Passive building energy savings: A review of building

envelope components. Renew Sustain Energy Rev 2011;15:3617-31.

doi:10.1016/j.rser.2011.07.014.

[22]  Omrany H, GhaffarianHoseini AA, GhaffarianHoseini AA, Raahemifar K, Tookey J.

Application of passive wall systems for improving the energy effciency in buildings: A

comprehensive review. Renew Sustain Energy Rev 2016;62:1252—69.

doi:10.1016/j.rser.2016.04.010.

[23] YuanY, Yu X, Yang X, Xiao Y, Xiang B, Wang Y. Bionic building energy efficiency and

bionic green architecture: A review. Renew Sustain Energy Rev 2017;74:771-87.

doi:10.1016/j.rser.2017.03.004.

[24]  Saadatian O, Sopian K, Lim CH, Asim N, Sulaiman MY. Trombe walls: A review of

opportunities and challenges in research and development. Renew Sustain Energy Rev

2012;16:6340-51. doi:10.1016/j.rser.2012.06.032.

[25] YuB, LiN,HeW,JilJ, Zhang S, Chen H. Multifunctional solar wall for dehumidification,

heating and removal of formaldehyde: Part 1. System description, preparation and performance

of SiO2/TiO2adsorbent. Build Environ 2016;100:203—14. doi:10.1016/j.buildenv.2016.02.007.

[26] YuB, HeW, LiN, Zhou F, Shen Z, Chen H, et al. Experiments and kinetics of solar PCO for

indoor air purification in PCO/TW system. Build Environ 2017;115:130—46.

doi:10.1016/j.buildenv.2017.01.026.

[27] YuB,He W, Li N, Wang L, Cai J, Chen H, et al. Experimental and numerical performance

analysis of a TC-Trombe wall. Appl Energy 2017;206:70-82.

37



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

doi:10.1016/j.apenergy.2017.08.171.

Yu B, Jiang Q, He W, Hu Z, Chen H, Ji J, et al. The performance analysis of a novel

TC-Trombe wall system in heating seasons. Energy Convers Manag 2018;164:242-61.

doi:10.1016/j.enconman.2018.02.093.

Yu B, Hou J, He W, Liu S, Hu Z, Ji J, et al. Study on a high-performance

photocatalytic-Trombe wall system for space heating and air purification. Appl Energy

2018;226:365-80. doi:10.1016/j.apenergy.2018.05.111.

Yu B, Yang J, He W, Qin M, Zhao X, Chen H. The performance analysis of a novel hybrid

solar gradient utilization photocatalytic-thermal-catalytic-Trombe wall system. Energy

2019;174:420-35. doi:10.1016/j.energy.2019.02.121.

Wu SY, Xu L, Xiao L. Air purification and thermal performance of photocatalytic-Trombe

wall based on multiple physical fields coupling. Renew Energy 2019.

doi:10.1016/j.renene.2019.10.039.

Yu B, Li N, Ji J. Performance analysis of a purified Trombe wall with ventilation blinds based

on photo-thermal driven purification. Appl Energy 2019;255:113846.

doi:10.1016/j.apenergy.2019.113846.

Pittaluga M. The electrochromic wall. Energy Build 2013;66:49-56.

doi:10.1016/j.enbuild.2013.07.028.

Lu M, Lai J. Review on carbon emissions of commercial buildings. Renew Sustain Energy Rev

2020;119:109545. doi:10.1016/j.rser.2019.109545.

The PRISMA Group. PRISMA Flow Diagram. PRISMA 20009.

http://www.prisma-statement.org/documents/PRISMA 2009 flow diagram.pdf.

38



[36] Rabani M, Kalantar V, Dehghan AA, Faghih AK. Empirical investigation of the cooling

performance of a new designed Trombe wall in combination with solar chimney and water

spraying system. Energy Build 2015;102:45-57. doi:10.1016/j.enbuild.2015.05.010.

[37] Chen B, Chen X, Ding YH, Jia X. Shading effects on the winter thermal performance of the

Trombe wall air gap: An experimental study in Dalian. Renew Energy 2006;31:1961-71.

doi:10.1016/j.renene.2005.07.014.

[38] Stazi F, Mastrucci A, di Perna C. Trombe wall management in summer conditions: An

experimental study. Sol Energy 2012;86:2839-51. doi:10.1016/j.solener.2012.06.025.

[39] Briga Sa A, Boaventura-Cunha J, Lanzinha JC, Paiva A. An experimental analysis of the

Trombe wall temperature fluctuations for high range climate conditions: Influence of

ventilation openings and shading devices. Energy Build 2017;138:546-58.

doi:10.1016/j.enbuild.2016.12.085.

[40]  Piotrowski JZ, Stroy A, Olenets M. Mathematical modelling of the steady state heat transfer

processes in the convectional elements of passive solar heating systems. Arch Civ Mech Eng

2013;13:394-400. doi:10.1016/j.acme.2013.02.002.

[41]  Olenets M, Piotrowski JZ, Stroj A. Mathematical description of heat transfer and air movement

processes in convectional elements of a building’s passive solar heating systems. Energy

Procedia 2014;57:2070-9. doi:10.1016/j.egypro.2014.10.172.

[42]  Olenets M, Piotrowski JZ, Stroy A. Heat transfer and air movement in the ventilated air gap of

passive solar heating systems with regulation of the heat supply. Energy Build 2015;103:198—

205. doi:10.1016/j.enbuild.2015.05.051.

[43] HuZ, Luo B, He W. An Experimental Investigation of a Novel Trombe Wall with Venetian

39



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Blind Structure. Energy Procedia 2015;70:691-8. doi:10.1016/j.egypro.2015.02.177.

Hong X, He W, Hu Z, Wang C, Ji J. Three-dimensional simulation on the thermal performance

of a novel Trombe wall with venetian blind structure. Energy Build 2015;89:32-8.

doi:10.1016/j.enbuild.2014.12.014.

Hu Z, He W, Hong X, Ji J, Shen Z. Numerical analysis on the cooling performance of a

ventilated Trombe wall combined with venetian blinds in an office building. Energy Build

2016;126:14-27. doi:10.1016/j.enbuild.2016.05.016.

He W, Hu Z, Luo B, Hong X, Sun W, Ji J. The thermal behavior of Trombe wall system with

venetian blind: An experimental and numerical study. Energy Build 2015;104:395-404.

doi:10.1016/j.enbuild.2015.06.078.

He W, Hong X, Wu X, Pei G, Hu Z, Tang W, et al. Thermal and hydraulic analysis on a novel

Trombe wall with venetian blind structure. Energy Build 2016;123:50-8.

doi:10.1016/j.enbuild.2016.04.042.

Long J, Yongga A, Sun H. Thermal insulation performance of a Trombe wall combined with

collector and reflection layer in hot summer and cold winter zone. Energy Build 2018;171:144—

54. doi:10.1016/j.enbuild.2018.04.035.

Chen W, Liu W. Numerical analysis of heat transfer in a passive solar composite wall with

porous absorber. Appl Therm Eng 2008;28:1251-8. doi:10.1016/j.applthermaleng.2007.10.017.

Chen W, Liu W. Numerical analysis of heat transfer in a composite wall solar-collector system

with a porous absorber. Appl Energy 2004;78:137-49. doi:10.1016/j.apenergy.2003.07.003.

Zhu N, Li S, Hu P, Lei F, Deng R. Numerical investigations on performance of phase change

material Trombe wall in building. Energy 2019;187:116057.

40



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

doi:10.1016/j.energy.2019.116057.

Li S, Zhu N, Hu P, Lei F, Deng R. Numerical study on thermal performance of PCM Trombe
Wall. Energy Procedia 2019;158:2441-7. doi:10.1016/j.egypro.2019.01.317.

de Gracia A, Navarro L, Castell A, Ruiz-Pardo A, Alvarez S, Cabeza LF. Experimental study
of a ventilated facade with PCM during winter period. Energy Build 2013;58:324-32.
doi:10.1016/j.enbuild.2012.10.026.

Luo C, Xu L, Ji J, Liao M, Sun D. Experimental study of a modified solar phase change
material storage wall system. Energy 2017;128:224-31. doi:10.1016/j.energy.2017.04.020.
Leang E, Tittelein P, Zalewski L, Lassue S. Numerical study of a composite Trombe solar wall
integrating microencapsulated PCM. Energy Procedia 2017;122:1009-14.
doi:10.1016/j.egypro.2017.07.467.

Onishi J, Soeda H, Mizuno M. Numerical study on a low energy architecture based upon
distributed heat storage system. Renew Energy 2001;22:61-6.
doi:10.1016/S0960-1481(00)00049-5.

Sun D, Wang L. Research on heat transfer performance of passive solar collector-storage wall
system with phase change materials. Energy Build 2016;119:183-8.
doi:10.1016/j.enbuild.2016.03.048.

De Gracia A, Navarro L, Castell A, Ruiz-Pardo A, Alvarez S, Cabeza LF. Solar absorption in a
ventilated facade with PCM. Experimental results. Energy Procedia 2012;30:986-94.
doi:10.1016/j.egypro.2012.11.111.

Kara YA, Kurnug A. Performance of coupled novel triple glass and phase change material wall
in the heating season: An experimental study. Sol Energy 2012;86:2432-42.

41



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

doi:10.1016/j.solener.2012.05.012.

Fiorito F. Trombe walls for lightweight buildings in temperate and hot climates. Exploring the

use of phase-change materials for performances improvement. Energy Procedia 2012;30:1110—

9. doi:10.1016/j.egypro.2012.11.124.

Kolaitis DI, Founti MA. Solar wall enhanced with phase-change materials: a detailed numerical

simulation study. Adv Build Energy Res 2017;11:87-103.

doi:10.1080/17512549.2016.1143875.

Shi T, Li S, Zhang H, Li Z, Zhu M. Preparation of palygorskite-based phase change composites

for thermal energy storage and their applications in Trombe walls. J Wuhan Univ Technol

Mater Sci Ed 2017;32:1306-17. doi:10.1007/s11595-017-1746-z.

Zhou Y, Zheng S, Zhang G. Artificial neural network based multivariable optimization of a

hybrid system integrated with phase change materials, active cooling and hybrid ventilations.

Energy Convers Manag 2019;197:111859. doi:10.1016/j.enconman.2019.111859.

Liu X, Zhou Y, Zhang G. Numerical study on cooling performance of a ventilated Trombe wall

with phase change materials. Build Simul 2018;11:677-94. do0i:10.1007/s12273-018-0434-z.

Liu S, Li Y. An experimental study on the thermal performance of a solar chimney without and

with PCM. Renew Energy 2015;81:338-46. doi:10.1016/j.renene.2015.03.054.

Tenpierik M, Wattez Y, Turrin M, Cosmatu T, Tsafou S. Temperature control in (translucent)

phase change materials applied in facades: A numerical study. Energies 2019;12.

doi:10.3390/en12173286.

Zhou Y, Wah Yu C. The year-round thermal performance of a new ventilated Trombe wall

integrated with phase change materials in the hot summer and cold winter region of China.

42



[68]

[69]

[70]

[71]

[72]

[73]

[74]

Indoor Built Environ 2019;28:195-216. doi:10.1177/1420326X18807451.

Zhou Y, Zheng S, Zhang G. Multivariable optimisation of a new PCMs integrated hybrid

renewable system with active cooling and hybrid ventilations. J Build Eng 2019;26:100845.

doi:10.1016/j.jobe.2019.100845.

Li W, Chen W. Numerical analysis on the thermal performance of a novel PCM-encapsulated

porous heat storage Trombe-wall system. Sol Energy 2019;188:706-19.

doi:10.1016/j.solener.2019.06.052.

Zhou Y, Zheng S, Zhang G. Study on the energy performance enhancement of a new PCMs

integrated hybrid system with the active cooling and hybrid ventilations. Energy

2019;179:111-28. doi:10.1016/j.energy.2019.04.173.

Zhou Y, Yu CWF, Zhang G. Study on heat-transfer mechanism of wallboards containing active

phase change material and parameter optimization with ventilation. Appl Therm Eng

2018;144:1091-108. doi:10.1016/j.applthermaleng.2018.04.083.

Zhou G, Pang M. Experimental investigations on thermal performance of phase change

material - Trombe wall system enhanced by delta winglet vortex generators. Energy

2015;93:758-69. doi:10.1016/j.energy.2015.09.096.

Zhou G, Pang M. Experimental investigations on the performance of a collector-storage wall

system using phase change materials. Energy Convers Manag 2015;105:178-88.

doi:10.1016/j.enconman.2015.07.070.

Zalewski L, Joulin A, Lassue S, Dutil Y, Rousse D. Experimental study of small-scale solar

wall integrating phase change material. Sol Energy 2012;86:208-19.

doi:10.1016/j.solener.2011.09.026.

43



[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Ahmed OK, Hamada K, Salih AM. Enhancement of the performance of Photovoltaic/Trombe

wall system using the porous medium: Experimental and theoretical study. Energy

2019;171:14-26. doi:10.1016/j.energy.2019.01.001.

LinY, JiJ, Zhou F, Ma Y, Luo K, Lu X. Experimental and numerical study on the performance

of a built-middle PV Trombe wall system. Energy Build 2019;200:47-57.

doi:10.1016/j.enbuild.2019.07.042.

Aelenei L, Pereira R, Gongalves H, Athienitis A. Thermal performance of a hybrid BIPV-PCM:

Modeling, design and experimental investigation. Energy Procedia 2014;48:474-83.

doi:10.1016/j.egypro.2014.02.056.

Kundakci Koyunbaba B, Yilmaz Z. The comparison of Trombe wall systems with single glass,

double glass and PV panels. Renew Energy 2012;45:111-8. doi:10.1016/j.renene.2012.02.026.

Jie J, Hua Y, Gang P, Jianping L. Study of PV-Trombe wall installed in a fenestrated room

with heat storage. Appl Therm Eng 2007;27:1507-15.

doi:10.1016/j.applthermaleng.2006.09.013.

Jiang B, Ji J, Yi H. The influence of PV coverage ratio on thermal and electrical performance

of photovoltaic-Trombe wall. Renew Energy 2008;33:2491-8.

doi:10.1016/j.renene.2008.02.001.

Koyunbaba BK, Yilmaz Z, Ulgen K. An approach for energy modeling of a building integrated

photovoltaic (BIPV) Trombe wall system. Energy Build 2013;67:680-8.

d0i:10.1016/j.enbuild.2011.06.031.

Hu Z, He W, Ji J, Hu D, Lv S, Chen H, et al. Comparative study on the annual performance of

three types of building integrated photovoltaic (BIPV) Trombe wall system. Appl Energy

44



[83]

[84]

[85]

[86]

[87]

[88]

[89]

2017;194:81-93. doi:10.1016/j.apenergy.2017.02.018.

Hu Z, He W, Hu D, Lv S, Wang L, Ji J, et al. Design, construction and performance testing of a

PV blind-integrated Trombe wall module. Appl Energy 2017;203:643-56.

doi:10.1016/j.apenergy.2017.06.078.

Koyunbaba BK, Yilmaz Z. The comparison of single-glass, double-glass and building

integrated photovoltaic Trombe wall system applied to a test room in Izmir. Archit Sci Rev

2013;56:99-99. doi:10.1080/00038628.2013.783434.

Ahmed OK, Hamada KI, Salih AM. Performance analysis of PV/Trombe with water and air

heating system: an experimental and theoretical study. Energy Sources, Part A Recover Util

Environ Eff 2019;0:1-21. doi:10.1080/15567036.2019.1650139.

Vats K, Tiwari GN. Performance evaluation of a building integrated semitransparent

photovoltaic thermal system for roof and faade. Energy Build 2012;45:211-8.

doi:10.1016/j.enbuild.2011.11.008.

Lin Y, Ji J, Lu X, Luo K, Zhou F, Ma Y. Thermal and electrical behavior of built-middle

photovoltaic integrated Trombe wall: Experimental and numerical study. Energy

2019;189:116173. doi:10.1016/j.energy.2019.116173.

Ji J, Yi H, Pei G, He HF, Han CW, Luo CL. Numerical study of the use of

photovoltaic-Trombe wall in residential buildings in Tibet. Proc Inst Mech Eng Part A J Power

Energy 2007;221:1131-40. doi:10.1243/09576509JPE364.

Jovanovic J, Sun X, Stevovic S, Chen J. Energy-efficiency gain by combination of PV modules

and Trombe wall in the low-energy building design. Energy Build 2017;152:568-76.

doi:10.1016/j.enbuild.2017.07.073.

45



[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

Irshad K, Habib K, Thirumalaiswamy N. Energy and cost analysis of photo voltaic trombe wall

system in tropical climate. Energy Procedia 2014;50:71-8. doi:10.1016/j.egypro.2014.06.009.

Jie J, Hua Y, Wei H, Gang P, Jianping L, Bin J. Modeling of a novel Trombe wall with PV

cells. Build Environ 2007;42:1544-52. doi:10.1016/j.buildenv.2006.01.005.

Jie J, Hua Y, Gang P, Bin J, Wei H. Study of PV-Trombe wall assisted with DC fan. Build

Environ 2007;42:3529-39. doi:10.1016/j.buildenv.2006.10.038.

Sun W, Ji J, Luo C, He W. Performance of PV-Trombe wall in winter correlated with south

facade design. Appl Energy 2011;88:224-31. doi:10.1016/j.apenergy.2010.06.002.

Taffesse F, Verma A, Singh S, Tiwari GN. Periodic modeling of semi-transparent photovoltaic

thermal-trombe wall (SPVT-TW). Sol Energy 2016;135:265-73.

doi:10.1016/j.solener.2016.05.044.

Irshad K, Habib K, Thirumalaiswamy N. Performance evaluation of PV-Trombe wall for

sustainable building development. Procedia CIRP 2015;26:624-9.

doi:10.1016/j.procir.2014.07.116.

Tung¢ M, Uysal M. Passive solar heating of buildings using a fluidized bed plus Trombe wall

system. Appl Energy 1991;38:199-213. d0i:10.1016/0306-2619(91)90033-T.

Voss K. Solar energy in building renovation - results and experience of international

demonstration buildings. Energy Build 2000;32:291-302.

doi:10.1016/S0378-7788(00)00052-9.

Twidell JW, Johnstone C, Zuhdy B, Scott A. Strathclyde University’s passive solar,

low-energy, residences with transparent insulation. Sol Energy 1994;52:85-1009.

doi:10.1016/0038-092X(94)90084-F.

46



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Baetens R, Jelle BP, Gustavsen A. Aerogel insulation for building applications: A

state-of-the-art review. Sol-Gel Handb 2015;3-3:1385-412. doi:10.1002/9783527670819.ch45.

Schultz JM, Jensen KI. Evacuated aerogel glazings. Vacuum 2008;82:723-9.

doi:10.1016/j.vacuum.2007.10.019.

Caps R, Fricke J. Fibrous insulations with transparent cover for passive use of solar energy. Int

J Thermophys 1989;10:493-504. doi:10.1007/BF01133545.

Fricke J, Caps R, Bittner D, Heinemann U, Himmer E, Kadur A. Thermal loss coefficients of

monolithic and granular aerogel systems. Sol Energy Mater 1987;16:267—74.

doi:10.1016/0165-1633(87)90026-8.

Fricke J. Aerogels and their applications. J Non Cryst Solids 1992;147-148:356—62.

doi:10.1016/S0022-3093(05)80644-1.

Riffat SB, Qiu G. A review of state-of-the-art aerogel applications in buildings. Int J

Low-Carbon Technol 2013;8:1-6. doi:10.1093/ijlct/cts001.

Berthou Y, Biwole PH, Achard P, Sallée H, Tantot-Neirac M, Jay F. Full scale experimentation

on a new translucent passive solar wall combining silica aerogels and phase change materials.

Sol Energy 2015;115:733-42. doi:10.1016/j.solener.2015.03.038.

Souayfane F, Biwole PH, Fardoun F. Thermal behavior of a translucent superinsulated latent

heat energy storage wall in summertime. Appl Energy 2018;217:390-408.

doi:10.1016/j.apenergy.2018.02.119.

Souayfane F, Biwole PH, Fardoun F, Achard P. Energy performance and economic analysis of

a TIM-PCM wall under different climates. Energy 2019;169:1274-91.

doi:10.1016/j.energy.2018.12.116.

47



[108] Tenpierik M. Double Face 2.0. A lightweight translucent adaptable Trombe wall. RuMoer

2017;66. Adapta.

[109] Nayak JK. Transwall versus trombe wall: Relative performance studies. Energy Convers

Manag 1987;27:389-93. doi:10.1016/0196-8904(87)90117-8.

[110] Nayak JKK. Thermal performance of a water wall. Build Environ 1987;22:83-90.

doi:10.1016/0360-1323(87)90045-X.

[111] Nisbet SK, Kwan CM. The application of the transwall to horticultural glasshouses. Sol Energy

1987;39:473-82. doi:10.1016/0038-092X(87)90054-5.

[112] Nisbet SK, Mthembu NS. Transwall modelling using effective conductivities. Sol Energy

1992;49:127-38. doi:10.1016/0038-092X(92)90147-3.

[113] Kriuger E, Suzuki E, Matoski A. Evaluation of a Trombe wall system in a subtropical location.

Energy Build 2013;66:364—72. doi:10.1016/j.enbuild.2013.07.035.

[114] Zhu J, Chen B. Simplified analysis methods for thermal responsive performance of passive

solar house in cold area of China. Energy Build 2013;67:445-52.

doi:10.1016/j.enbuild.2013.07.038.

[115] Kurtbas I, Durmus A. Unsteady heat transfer by natural convection in the cavity of a passive

heating room. Int J Therm Sci 2008;47:1026-42. doi:10.1016/j.ijthermalsci.2007.08.001.

[116] Hassanain AA, Hokam EM, Mallick TK. Effect of solar storage wall on the passive solar

heating constructions. Energy Build 2011;43:737-47. doi:10.1016/j.enbuild.2010.11.020.

[117] Abbassi F, Dimassi N, Dehmani L. Energetic study of a Trombe wall system under different

Tunisian building configurations. Energy Build 2014;80:302-8.

doi:10.1016/j.enbuild.2014.05.036.

48



[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

Dimassi N, Dehmani L. Experimental heat flux analysis of a solar wall design in Tunisia. J
Build Eng 2016;8:70-80. doi:10.1016/j.jobe.2016.10.001.

Cekon M, Slavik R. A non-ventilated solar facade concept based on selective and transparent
insulation material integration: An experimental study. Energies 2017;10.
doi:10.3390/en10060815.

Dimassi N, Dehmani L. Performance comparison between an improved and a classical Trombe
wall: An experimental study. J Build Phys 2017;40:372—95. doi:10.1177/1744259116673368.
Serageldin AA, Abdelrahman AK, Ookawara S. Parametric study and optimization of a solar
chimney passive ventilation system coupled with an earth-to-air heat exchanger. Sustain
Energy Technol Assessments 2018;30:263-78. doi:10.1016/j.seta.2018.10.010.

Abdeen A, Serageldin AA, Ibrahim MGE, El-Zafarany A, Ookawara S, Murata R.
Experimental, analytical, and numerical investigation into the feasibility of integrating a
passive Trombe wall into a single room. Appl Therm Eng 2019;154:751-68.
doi:10.1016/j.applthermaleng.2019.03.090.

Ferndndez-Gonzalez A. Analysis of the thermal performance and comfort conditions produced
by five different passive solar heating strategies in the United States midwest. Sol Energy
2007;81:581-93. doi:10.1016/j.solener.2006.09.010.

Jie J, Bin J, Hua Y, Tin-tai C, Wei H, Gang P. An experimental and mathematical study of
efforts of a novel photovoltaic-Trombe wall on a test room. Int J Energy Res 2008;32:531-42.
doi:10.1002/er.1362.

Ji J, Luo CL, Sun W, He W, Pei G, Han CW. A numerical and experimental study of a
dual-function solar collector integrated with building in passive space heating mode. Chinese

49



[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Sci Bull 2010;55:1568-73. d0i:10.1007/s11434-010-3117-4.

Rabani M, Kalantar V, Dehghan AA, Faghih AK. Experimental study of the heating

performance of a Trombe wall with a new design. Sol Energy 2015;118:359-74.

doi:10.1016/j.solener.2015.06.002.

Rabani M, Kalantar V, Rabani M. Heat transfer analysis of a Trombe wall with a projecting

channel design. Energy 2017;134:943-50. doi:10.1016/j.energy.2017.06.066.

Briga-Sa A, Boaventura-Cunha J, Lanzinha JC, Paiva A. Experimental and analytical approach

on the Trombe wall thermal performance parameters characterization. Energy Build

2017;150:262-80. doi:10.1016/j.enbuild.2017.06.018.

Xu L, JiJ, Luo C, Sun D, Xiong J, Liao M. Comparative research on solar phase change

material storage wall systems under different summer working conditions. Energies 2017;10.

doi:10.3390/en10111878.

Hernandez AL, Quifionez JE. Experimental validation of an analytical model for performance

estimation of natural convection solar air heating collectors. Renew Energy 2018;117:202-16.

doi:10.1016/j.renene.2017.09.082.

Dong J, Chen Z, Zhang L, Cheng Y, Sun S, Jie J. Experimental investigation on the heating

performance of a novel designed trombe wall. Energy 2019;168:728-36.

doi:10.1016/j.energy.2018.11.125.

Yu T, LiuB, Lei B, Yuan Y, Bi H, Zhang Z. Thermal performance of a heating system

combining solar air collector with hollow ventilated interior wall in residential buildings on

Tibetan Plateau. Energy 2019;182:93-109. doi:10.1016/j.energy.2019.06.047.

Rabani M, Rabani M. Heating performance enhancement of a new design trombe wall using

50



[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

rectangular thermal fin arrays: An experimental approach. J Energy Storage 2019;24:100796.
doi:10.1016/j.est.2019.100796.

Long J, Jiang M, Lu J, Du A. Vertical temperature distribution characteristics and adjustment
methods of a Trombe wall. Build Environ 2019;165:106386.
doi:10.1016/j.buildenv.2019.106386.

Zhou Y, Wang Z, Yang C, Xu L, Chen W. Influence of Trombe wall on indoor thermal
environment of a two-story building in rural Northern China during summer. Sci Technol Built
Environ 2019;25:438-49. doi:10.1080/23744731.2018.1550994.

Bilgen E. Experimental study of massive wall systems with fins attached on the heated wall
and with glazing. Heat Mass Transf 2001;38:159-64. doi:10.1007/s002310100263.

Ran M, Yang R, Cai Y, Watanebe T. Experimental and Numerical Investigation on the
Regeneration Process of Passive Solar Shading and Dehumidifying System for Hot-humid
Areas. J Asian Archit Build Eng 2003;2:25-32. doi:10.3130/jaabe.2.25.

Burek SAM, Habeb A. Air flow and thermal efficiency characteristics in solar chimneys and
Trombe Walls. Energy Build 2007;39:128-35. doi:10.1016/j.enbuild.2006.04.015.
DRAGICEVIC S, LAMBIC M. Influence of constructive and operating parameters on a
modified Trombe wall efficiency. Arch Civ Mech Eng 2011;11:825-38.
doi:10.1016/S1644-9665(12)60080-6.

Buildings OF, Composite IN. a Passive Solar System for Thermal Comfort Conditioning. Sol
Energy 2001;70:319-29.

Onbasioglu H, Egrican AN. Experimental approach to the thermal response of passive systems.
Energy Convers Manag 2002;43:2053-65. doi:10.1016/S0196-8904(01)00138-8.

51



[142]

[143]

[144]

[145]

[146]

[147]

[148]

Brunetti L, Fucci F, La Fianza G, Libertone G. Renewable and integrative sources of energy -

Aspects and technological applications: Evaluation of the contribution to the energetic needs

provided by the passive solar system. Energy Build 2003;35:763-74.

doi:10.1016/S0378-7788(02)00230-X.

Khedari J, Pongsatirat C, Puangsombut W, Hirunlabh J. Experimental performance of a

partially-glazed Modified Trombe Wall. Int J Ambient Energy 2005;26:27-36.

doi:10.1080/01430750.2005.9674968.

Chen B, Chen HJ, Meng SR, Chen X, Sun P, Ding YH. The effect of Trombe wall on indoor

humid climate in Dalian, China. Renew Energy 2006;31:333-43.

doi:10.1016/j.renene.2005.04.013.

Chen B, Zhuang Z, Chen X, Jia X. Field survey on indoor thermal environment of rural

residences with coupled Chinese kang and passive solar collecting wall heating in Northeast

China. Sol Energy 2007;81:781-90. doi:10.1016/j.solener.2006.09.004.

Hernandez AL, Lesino G, Rodriguez L, Linares J. Design, modelling and computational

assessment of passive and active solar collectors for thermal conditioning of the first

bioclimatic hospital in Argentina. J Build Perform Simul 2010;3:217-32.

d0i:10.1080/19401490903114468.

Llovera J, Potau X, Medrano M, Cabeza LF. Design and performance of energy-efficient solar

residential house in Andorra. Appl Energy 2011;88:1343-53.

doi:10.1016/j.apenergy.2010.10.015.

Stazi F, Mastrucci A, Di Perna C. The behaviour of solar walls in residential buildings with

different insulation levels: An experimental and numerical study. Energy Build 2012;47:217—

52



[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

29. doi:10.1016/j.enbuild.2011.11.039.

Liu Y, Wang D, Ma C, Liu J. A numerical and experimental analysis of the air vent

management and heat storage characteristics of a trombe wall. Sol Energy 2013;91:1-10.

doi:10.1016/j.solener.2013.01.016.

Song X, Gao W, Liu T, Lin W, Li M, Luo C. The operational thermal performance of a simple

passive solar house in winter: A case study in Kunming, China. Int J Green Energy

2013;10:647—-60. doi:10.1080/15435075.2012.726672.

Wang W, Tian Z, Ding Y. Investigation on the influencing factors of energy consumption and

thermal comfort for a passive solar house with water thermal storage wall. Energy Build

2013;64:218-23. doi:10.1016/j.enbuild.2013.05.007.

Thateenaranon P, Hirunlabh J, Sudasna K, Amornkitbamrung M, Khedari J, Waewsak J. Field

Measurements of Lab-Scale Bio Climatic House. Energy Procedia 2014;52:474-9.

doi:10.1016/j.egypro.2014.07.100.

Yu Z,JiJ, Sun W, Wang W, Li G, Cai J, et al. Experiment and prediction of hybrid solar air

heating system applied on a solar demonstration building. Energy Build 2014;78:59-65.

doi:10.1016/j.enbuild.2014.04.003.

Wang D, Liu Y, Jiang J, Liu J. The Optimized Matching of Passive Solar Energy supply and

Classroom Thermal Demand of Rural Primary and Secondary School in Northwest China.

Procedia Eng 2015;121:1089-95. doi:10.1016/j.proeng.2015.09.106.

Zhu J, Chen B. Experimental study on thermal response of passive solar house with color

changed. Renew Energy 2015;73:55-61. doi:10.1016/j.renene.2014.05.062.

Zhang T, Tan Y, Zhang X, Li Z. A glazed transpired solar wall system for improving indoor

53



[157]

[158]

[159]

[160]

[161]

[162]

[163]

environment of rural buildings in northeast China. Build Environ 2016;98:158-79.
doi:10.1016/j.buildenv.2016.01.011.

Thateenaranon P, Amornkitbamrung M, Hirunlabh J, Khedari J, Waewsak J. Full-scale field
investigation of a bio-climatic house under Thailand tropical climate. Build Environ
2017;126:54-67. doi:10.1016/j.buildenv.2017.09.027.

Zhao D, Ji J, Yu H, Wei W, Zheng H. Numerical and experimental study of a combined solar
Chinese kang and solar air heating system based on Qinghai demonstration building. Energy
Build 2017;143:61-70. doi:10.1016/j.enbuild.2017.03.023.

Ma Q, Fukuda H, Lee M, Kobatake T, Kuma Y, Ozaki A. Study on the utilization of heat in the
mechanically ventilated Trombe wall in a house with a central air conditioning and air
circulation system. Appl Energy 2018;222:861-71. doi:10.1016/j.apenergy.2018.04.010.

Liu Z, Wu D, Yu H, Ma W, Jin G. Field measurement and numerical simulation of combined
solar heating operation modes for domestic buildings based on the Qinghai—Tibetan plateau
case. Energy Build 2018;167:312-21. do0i:10.1016/j.enbuild.2018.03.016.

Liu Y, Jiang J, Wang D, Liu J. The passive solar heating technologies in rural school buildings
in cold climates in China. J Build Phys 2018;41:339-59. d0i:10.1177/1744259117707277.
Dabaieh M, Maguid D, El Mahdy D, Wanas O. An urban living lab monitoring and post
occupancy evaluation for a Trombe wall proof of concept. Sol Energy 2019;193:556-67.
doi:10.1016/j.solener.2019.09.088.

Ruiz-Pardo A, Dominguez SA, Fernandez JAS. Revision of the Trombe wall calculation
method proposed by UNE-EN 1SO 13790. Energy Build 2010;42:763-73.
doi:10.1016/j.enbuild.2009.11.018.

54



[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

TRNSYS18. TRNSYS 18 Mathematical Reference. vol. 4. 2018.

U.S. Department of Energy. EnergyPlus v9.0.1 Documentation - Engineering Reference. 2018.

IES. IES Virtual Environment (IESVE) 2019. http://www.iesve.com/software.

JonWilliam Hand B.Sc. The esp-r cookbook, Strategies for Deploying Virtual Representations

of the Build Environment. Univ Strat Glas UK 2015;December:1-328.

EQUA. IDA Indoor Climate and Energy (IDA ICE) 2019. https://www.equa.se/en/ida-ice.

Kalogirou SA, Florides G, Tassou S. Energy analysis of buildings employing thermal mass in

Cyprus. Renew Energy 2002;27:353-68. doi:10.1016/S0960-1481(02)00007-1.

Shen J, Lassue S, Zalewski L, Huang D. Numerical study on thermal behavior of classical or

composite Trombe solar walls. Energy Build 2007;39:962—74.

doi:10.1016/j.enbuild.2006.11.003.

Shen J, Lassue S, Zalewski L, Huang D. Numerical study of classical and composite solar

walls by TRNSYS. J Therm Sci 2007;16:46-55. d0i:10.1007/s11630-007-0046-X.

Nwachukwu NP, Okonkwo WI. Effect of an Absorptive Coating on Solar Energy Storage in a

Thrombe wall system. Energy Build 2008;40:371—4. doi:10.1016/j.enbuild.2007.03.004.

Chel A, Nayak JK, Kaushik G. Energy conservation in honey storage building using Trombe

wall. Energy Build 2008;40:1643-50. doi:10.1016/j.enbuild.2008.02.019.

Stazi F, Mastrucci A, Munafo P. Life cycle assessment approach for the optimization of

sustainable building envelopes: An application on solar wall systems. Build Environ

2012;58:278-88. doi:10.1016/j.buildenv.2012.08.003.

Soussi M, Balghouthi M, Guizani A. Energy performance analysis of a solar-cooled building in

Tunisia: Passive strategies impact and improvement techniques. Energy Build 2013;67:374-86.

55



[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

doi:10.1016/j.enbuild.2013.08.033.

Atikol U, Abbasoglu S, Nowzari R. A feasibility integrated approach in the promotion of solar

house design. Int J Energy Res 2013;37:378-88. d0i:10.1002/er.3025.

Boji¢ M, Johannes K, Kuznik F. Optimizing energy and environmental performance of passive

Trombe wall. Energy Build 2014;70:279-86. doi:10.1016/j.enbuild.2013.11.062.

Sacht HM, Braganca L, Almeida M, Caram R. Glazing daylighting performance and Trombe

wall thermal performance of a modular fagade system in four different Portuguese cities.

Indoor Built Environ 2015;24:544-63. doi:10.1177/1420326X14525976.

Duan S, Jing C, Zhao Z. Energy and exergy analysis of different Trombe walls. Energy Build

2016;126:517-23. doi:10.1016/j.enbuild.2016.04.052.

Martin-Consuegra F, Alonso C, Pérez G, Frutos B, Guerrero A, Oteiza I. Design, optimization

and construction of a prototype for a thermochromic Trombe wall. Adv Build Energy Res

2019;0:1-18. doi:10.1080/17512549.2019.1684365.

Wang W, Li C, Li YZ, Yuan M. A novel on-top inverse sunspace conception and the passive

heating effects on a typical northern China rural house. Indoor Built Environ 2019;28:1406-21.

d0i:10.1177/1420326X19841112.

Rabani M, Kalantar V, Rabani M. Passive cooling performance of a test room equipped with

normal and new designed Trombe walls: A numerical approach. Sustain Energy Technol

Assessments 2019;33:69-82. doi:10.1016/j.seta.2019.03.005.

Zhang T, Yang H. Flow and heat transfer characteristics of natural convection in vertical air

channels of double-skin solar facades. Appl Energy 2019;242:107-20.

doi:10.1016/j.apenergy.2019.03.072.

56



[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

Hami K, Draoui B, Hami O. The thermal performances of a solar wall. Energy 2012;39:11-6.

doi:10.1016/j.energy.2011.10.017.

Hong X, Leung MKH, He W. Thermal behaviour of Trombe wall with venetian blind in

summer and transition seasons. Energy Procedia 2019;158:1059-64.

doi:10.1016/j.egypro.2019.01.257.

Hong X, Leung MKH, He W. Effective use of venetian blind in Trombe wall for solar space

conditioning control. Appl Energy 2019;250:452—60. doi:10.1016/j.apenergy.2019.04.128.

Bajc T, Todorovi¢ MN, Svorcan J. CFD analyses for passive house with Trombe wall and

impact to energy demand. Energy Build 2015;98:39—44. doi:10.1016/j.enbuild.2014.11.018.

Bellos E, Tzivanidis C, Zisopoulou E, Mitsopoulos G, Antonopoulos KA. An innovative

Trombe wall as a passive heating system for a building in Athens—A comparison with the

conventional Trombe wall and the insulated wall. Energy Build 2016;133:754-69.

doi:10.1016/j.enbuild.2016.10.035.

Mytafides CK, Dimoudi A, Zoras S. Transformation of a university building into a zero energy

building in Mediterranean climate. Energy Build 2017;155:98-114.

doi:10.1016/j.enbuild.2017.07.083.

Zamora B, Kaiser AS. Thermal and dynamic optimization of the convective flow in Trombe

Wall shaped channels by numerical investigation. Heat Mass Transf 2009;45:1393-407.

doi:10.1007/s00231-009-0509-6.

Lal S. Experimental, CFD simulation and parametric studies on modified solar chimney for

building ventilation. Appl Sol Energy 2014;50:37-43. doi:10.3103/S0003701X14010125.

Hernandez-Lépez I, Xaman J, Chéavez Y, Hernandez-Pérez |, Alvarado-Juérez R. Thermal

57



[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

energy storage and losses in a room-Trombe wall system located in Mexico. Energy

2016;109:512-24. doi:10.1016/j.energy.2016.04.122.

Rabani M, Kalantar V. Numerical investigation of the heating performance of normal and new

designed Trombe wall. Heat Mass Transf 2016;52:1139-51. doi:10.1007/s00231-015-1616-1.

Zamora B, Kaiser AS. Influence of the shape, thermal radiation, and variable properties on the

turbulent buoyancy-driven airflow inside cavities with Trombe wall geometry. Numer Heat

Transf Part A Appl 2018;73:307-31. doi:10.1080/10407782.2018.1439236.

Btotny J, Nem$ M. Analysis of the Impact of the Construction of a Trombe Wall on the

Thermal Comfort in a Building Located in Wroctaw, Poland. Atmosphere (Basel) 2019;10:761.

doi:10.3390/atmos10120761.

Nwosu NP. Trombe wall redesign for a poultry chick brooding application in the equatorial

region - analysis of the thermal performance of the system using the Galerkin finite elements.

Int J Sustain Energy 2010;29:37-47. d0i:10.1080/14786450903295861.

Rabani M, Kalantar V, Faghih AK, Rabani M, Rabani R. Numerical simulation of a Trombe

wall to predict the energy storage rate and time duration of room heating during the non-sunny

periods. Heat Mass Transf 2013;49:1395-404. doi:10.1007/s00231-013-1175-2.

Ma Q, Fukuda H, Kobatake T, Lee M. Study of a double-layer trombewall assisted by a

temperature-controlled DC fan for heating seasons. Sustain 2017;9. doi:10.3390/su9122179.

Akaf HR, Kohansal ME, Moshari S, Gholami J. A novel decision-making method for the

prioritization of passive heating systems use; case study: Tehran. J Build Eng 2019;26:100865.

d0i:10.1016/j.jobe.2019.100865.

Ma Q, Fukuda H, Wei X, Hariyadi A. Optimizing energy performance of a ventilated

58



[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

composite Trombe wall in an office building. Renew Energy 2019;134:1285-94.

doi:10.1016/j.renene.2018.09.059.

Perez G, Allegro VR, Alonso C, Martin-Consuegra F, Oteiza |, Frutos B, et al. Selection of

suitable materials for the development of an innovative thermochromic Trombe wall. Adv

Build Energy Res 2019;0:1-15. doi:10.1080/17512549.2019.1684364.

Boukhris Y, Gharbi L, Ghrab-Morcos N. Modeling coupled heat transfer and air flow in a

partitioned building with a zonal model: Application to the winter thermal comfort. Build

Simul 2009;2:67—74. doi:10.1007/S12273-009-9405-8.

Kundakci B, Yilmaz Z. An approach to energy conscious renovation of residential buildings by

a trombe wall system. Archit Sci Rev 2007;50:340-8. doi:10.3763/asre.2007.5041.

Corasaniti S, Manni L, Russo F, Gori F. Numerical simulation of modified Trombe-Michel

Walls with exergy and energy analysis. Int Commun Heat Mass Transf 2017;88:269-76.

doi:10.1016/j.icheatmasstransfer.2017.09.005.

Mohamad A, Taler J, Octon P. Trombe wall utilization for cold and hot climate conditions.

Energies 2019;12. doi:10.3390/en12020285.

Dabaieh M, Elbably A. Ventilated Trombe wall as a passive solar heating and cooling

retrofitting approach; a low-tech design for off-grid settlements in semi-arid climates. Sol

Energy 2015;122:820-33. doi:10.1016/j.solener.2015.10.005.

Ozdenefe M, Atikol U, Rezaei M. Trombe wall size-determination based on economic and

thermal comfort viability. Sol Energy 2018;174:359-72. doi:10.1016/j.solener.2018.09.033.

Assefa G, Ambler C. To demolish or not to demolish: Life cycle consideration of repurposing

buildings. Sustain Cities Soc 2017;28:146-53. doi:10.1016/j.5¢s.2016.09.011.

59



[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

Zhang H, Shu H. A Comprehensive Evaluation on Energy, Economic and Environmental
Performance of the Trombe Wall during the Heating Season. J Therm Sci 2019;28:1141-9.
doi:10.1007/s11630-019-1176-7.

Struhala K, Cekon M, Slavik R. Life cycle assessment of solar facade concepts based on
transparent insulation materials. Sustain 2018;10. doi:10.3390/su10114212.

JiJ, Luo C, Sun W, Yu H, He W, Pei G. An improved approach for the application of Trombe
wall system to building construction with selective thermo-insulation fagades. Chinese Sci Bull
2009;54:1949-56. doi:10.1007/s11434-009-0353-6.

JiJ, Luo CL, Sun W, He W, Jiang QY. Effect of a dual-function solar collector integrated with
building on the cooling load of building in summer. Chinese Sci Bull 2010;55:3626-32.
doi:10.1007/s11434-010-3040-8.

Ji J, Wang W, Sun W, Yu Z. Study of space heating by dual-function solar collectors. Chinese
Sci Bull 2014;59:1890-5. doi:10.1007/s11434-014-0217-6.

Wang Y, Huang J, Wang D, Liu Y, Zhao Z, Liu J. Experimental study on hygrothermal
characteristics of coral sand aggregate concrete and aerated concrete under different humidity
and temperature conditions. Constr Build Mater 2020;230:117034.
doi:10.1016/j.conbuildmat.2019.117034.

Bevilacqua P, Benevento F, Bruno R, Arcuri N. Are Trombe walls suitable passive systems for
the reduction of the yearly building energy requirements? Energy 2019;185:554-66.
doi:10.1016/j.energy.2019.07.003.

Sameti M, Kasaeian A. Numerical simulation of combined solar passive heating and radiative
cooling for a building. Build Simul 2015;8:239-53. doi:10.1007/s12273-015-0215-x.

60



[217] Du X, Jia B. Discussion on applying trombe wall technology for wall conservation and energy

saving in modern historic buildings. Int J Archit Herit 2019;13:537-48.

doi:10.1080/15583058.2018.1440029.

[218] Demirbilek FN, Yalginer UG, Ecevit A, Sahmali E, Inanici M. Analysis of the thermal

performance of a building design located at 2465 m: Antalya-Saklikent National Observatory

guesthouse. Build Environ 2003;38:177-84. doi:10.1016/S0360-1323(02)00015-X.

[219] Dowson M, Harrison D, Dehouche Z. Trombe walls with nanoporous aerogel insulation

applied to UK housing refurbishments. Int J Smart Nano Mater 2014;5:283-303.

d0i:10.1080/19475411.2014.999730.

[220] Sameti M. A new design of a solar water storage wall: a system-level model and simulation.

Energy Syst 2018;9:361-83. d0i:10.1007/s12667-017-0235-y.

61



Fig. 1 Methodology of Trombe wall review
Fig. 2 Overview of Trombe wall classification (PCM - Phase change material; PV - Photovoltaic; TIM
- Translucent insulation material; TC - Thermal-catalytic-oxidation; PC - Photocatalytic-oxidation;

PTC - Photocatalytic-thermal-catalytic).

Fig. 3 Summary of Trombe wall research in ScienceDirect, SpringerLink, Taylor & Francis Online,
SAGE Journals, Wiley Online Library, and MDPL

Fig. 4 (a) A classical Trombe wall and its retrofits with (b) roller shade, (c) venetian blind, (d) internal
thermal fins [14] or (e) water spraying system [36].

Fig. 5 (a) A composite Trombe wall and (b) a new composite Trombe wall with porous absorber

Fig. 6 (a) A PCM Trombe wall and its retrofits with (b) delta winglet vortex generators in wall surface
[72] or (c) NTG.

Fig. 7 PV Trombe wall with PV cells integrated in (a) outside glass, (b) wall surface or (c) venetian
blinds

Fig. 8 A water Trombe wall

Fig. 9 A fluidized Trombe wall

Fig. 10 (a) A TC-Trombe wall [27] and (b) a PC-Trombe wall [25]

Fig. 11 A Transwall with air gap

Fig. 12 Different experimental methods for Trombe wall: (a) a reduced-scale thermal box [14]; (b) a
full-size thermal box [113]; (c) a stand-alone Trombe wall module [83]; (d) an actual testing house
[114].

Fig. 13 Method summary for flow-simplified Trombe wall modeling

Fig. 14 Statistics for thermal efficiency [15,27,29-31,43,44,47,53,59,69,70,72,75—
77,80,81,83,85,87,93,105,114,130-133,136,138,139,153,179,184,186,193,204,211-214], heating load

reduction [16,53,61,107,114,117,123,148,169,175,177,206,215-217], energy saving [33,147,148,217],
and solar fraction [59,153,213,216,218-220] of different types of Trombe wall.
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Photocatalytic-thermal-catalytic).
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Fig. 12 Different experimental methods for Trombe wall: (a) a reduced-scale thermal box [14]; (b) a
full-size thermal box [113]; (c) a stand-alone Trombe wall module [83]; (d) an actual testing house
[114].
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Fig. 14 Statistics for thermal efficiency [15,27,29-31,43,44,47,53,59,69,70,72,75-77,80,81,83,85,87,93,105,114,130-133,136,138,139,153,179,184,186,193,204,211-214],
heating load reduction [16,53,61,107,114,117,123,148,169,175,177,206,215-217], energy saving [33,147,148,217], and solar fraction [59,153,213,216,218-220] of different
types of Trombe wall.
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Table 1 Comparison between each experimental method

Experimental method

Advantages

Disadvantages

Application

Reduced-scale thermal box

Full-scale thermal box

Stand-alone Trombe wall module

Actual testing house

Space saving
Money saving

Flexible arrangement

More actual than reduced-scale thermal box

Less requirements than actual testing house

Space saving
Money saving

Flexible arrangement

More factors related to an actual building

More practical meaning

Problems in similarity law

High space costing
High money costing

No adjacent room for interaction

Less relation to an actual operation

High space costing
High money costing

No limitation

Experiment with certain actual meaning

Experiment for stand-alone modules

Comparative experiment

Experiment with actual meaning
A series of technical experiments

Demonstration
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Table 2 References for reduced-scale thermal box used in Trombe wall studies

Reference Year Trombe wall type Size Materials Location

Kurtba [115] 2008 Classical Trombe wall 1.0x1.2x1.2 Standard bricks Elazig, Turkey
Hassanain [116] 2011 Classical Trombe wall 0.42x0.87x0.438 Wood Ismailia, Egypt
Zalewski [74] 2012 PCM Trombe wall 0.6x1.0x0.73 Wood Bethune, France
Abbassi [117] 2014 Classical Trombe wall 1.52x1.52x1.86 Wood Tunisia

Abbassi [14] 2015 Classical Trombe wall 0.9x0.9x0.8 Wood Tunisia

Dimassi [118] 2016 Classical Trombe wall 1.52x1.52x1.86 Wood Tunisia

Shi [62] 2017 PCM Trombe wall 0.6x0.3x0.3 Wood Laboratory, Hangzhou, China
Cekon [119] 2017 Trombe wall with TIM - Brick Brno, Czech Republic
Dimassi [120] 2017 Classical Trombe wall 1.52x1.52x1.86 Polystyrene board Borj Cedria, Tunisia
Serageldin [121] 2018 Classical Trombe wall 2.0x2.0x2.0 Wood Alexandria, Egypt
Abdeen [122] 2019 Classical Trombe wall 2.0x2.0x2.0 Wood Alexandria, Egypt
Ahmed [75] 2019 PV Trombe wall 1.25x1.25x2.0 Glass wool Kirkuk, Iraq

Size = Length (m) x Width (m) x Height (m)
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Table 3 References for full-scale thermal box used in Trombe wall studies

Reference Year Trombe wall type Size Materials Location
Fernandez-Gonzalez [123] 2007 Classical Trombe wall 4.88x2.44x3.0  Wood Muncie, Indiana

Ji[79] 2007 PV Trombe wall 2.66x3.0x3.0 - Hefei, China

Ji[92] 2007 PV Trombe wall 2.66x3.0x3.0 - Hefei, China

Ji[124] 2008 PV Trombe wall 3.0x3.0x2.7 - Hefei, China

Ji[125] 2010 Classical Trombe wall 2.9x2.97x2.6 Steel panel, polystyrene Hefei, China

Sun [93] 2011 PV Trombe wall 2.9x2.96x2.6 Steel panel, polystyrene Hefei, China

Gracia [58] 2012 PCM Trombe wall 2.4x2.4x5.1 Alveolar bricks Puigverd de Lleida, Spain
Kriiger [113] 2013 Classical Trombe wall 1.8x1.95x2.25  Hollow concrete blocks, concrete slab Curitiba, Brazil

Gracia [53] 2013 PCM Trombe wall 2.4x2.4x5.1 Alveolar bricks Puigverd de Lleida, Spain
Rabani [126] 2015 Classical Trombe wall 3.0x2.0x3.0 Concrete, foam Yazd, Iran

Rabani [36] 2015 Classical Trombe wall 3.0x2.0x3.0 Concrete, foam Yazd, Iran

He [46] 2015 Classical Trombe wall 3.8x3.9x2.6 - Hefei, China

Hu [43] 2015 Classical Trombe wall 3.8x3.9x2.6 - Hefei, China

Zhou [73] 2015 PCM Trombe wall 2.6x2.1x2.0 Polystyrene composite boards Laboratory, Beijing, China
Zhou [72] 2015 PCM Trombe wall 2.6x2.1x2.0 Polystyrene composite boards Laboratory, Beijing, China
Berthou [105] 2015 Trombe wall with TIM 4.41m? Concrete, glass wool, plaster Sophia Antipolis, France
Hu [45] 2016 Classical Trombe wall 3.8x3.9x2.6 - Hefei, China

Sun [57] 2016 PCM Trombe wall 5.0x1.6x2.2 Concrete block Jilin, China

Rabani [127] 2017 Classical Trombe wall 3.0x2.0x3.0 Concrete, foam Yazd, Iran

Briga-Sa [39] 2017 Classical Trombe wall 6.0x2.4x2.3 Metallic container Vila Real, Portugal
Briga-Sa [128] 2017 Classical Trombe wall 6.0x2.4x2.3 Metallic container Vila Real, Portugal

Luo [54] 2017 PCM Trombe wall - - Hefei, China

Xu [129] 2017 PCM Trombe wall 3.0x3.0x2.6 Steel plate, polystyrene, brick Hefei, China

Long [48] 2018 Classical Trombe wall 2.0x2.5x2.3 Polyurethane sandwich panel Xiangtan, China
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Hernandez [130]
Dong [131]

Yu [132]

Rabani [133]
Long [134]
Zhou [135]

Lin [76]

Lin [87]

2018
2019
2019
2019
2019
2019
2019
2019

Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
PV Trombe wall

PV Trombe wall

7.15m?

3.5x2.1x2.7
6.8x4.2x2.7
3.0x2.0x3.0
2.0x2.5x2.3
1.5x1.8x4.0
3.9x3.8x2.6
3.9x3.8x2.6

Hollow ceramic brick

Aerated concrete, polystyrene board, plaster
Color steel plate, expanded polystyrene,
Concrete, foam

Polyurethane sandwich panel

Steel, polystyrene foam plastic

Steel plate, polystyrene

Steel panel

Salta, Argentina
Hefei, China
Chengdu, China
Yazd, Iran
Xiangtan, China
Qingdao, China
Hefei, China
Hefei, China

Size = Length (m) x Width (m) x Height (m) or Area
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Table 4 References for stand-alone Trombe wall module used in Trombe wall studies

Reference Year Trombe wall type Size Location

Bilgen [136] 2001  Classical Trombe wall 0.4x0.78 Laboratory, Montreal, Canada
Ran [137] 2003 Classical Trombe wall 0.83x1.421 Quanzhou, China

Burek [138] 2007  Classical Trombe wall 0.925x1.025 Laboratory, Scotland, UK
Dragicevic [139] 2011 Classical Trombe wall - Novi Sad, Serbia

Hu [83] 2017 PV Trombe wall 0.802x1.574 Hefei, China

Yu [26] 2017  Air-purification Trombe wall 0.24x0.08 Laboratory, Hefei, China
Yu [27] 2017  Air-purification Trombe wall 0.5x1.0 Hefei, China

Yu [28] 2018  Air-purification Trombe wall - Hefei, China

Yu [29] 2018  Air-purification Trombe wall - Hefei , China

Yu [30] 2019  Air-purification Trombe wall - Hefei , China

Size = Width (m) x Height (m)
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Table 5 References for actual testing house used in Trombe wall studies

Reference Year Trombe wall type Experimental type Size Location

Raman [140] 2001 Classical Trombe wall OE 5.0x4.0x3.0 New Delhi, India
Onbasioglu [141] 2002 Classical Trombe wall OE 3.3x3.3x3.0 Istanbul, Turkey
Brunetti [142] 2003 Classical Trombe wall OE 4.0x4.0x3.0 Termoli, Italy
Khedari [143] 2005 Classical Trombe wall ME 4.0x3.0x2.0 Bangkok, Thailand
Chen [144] 2006 Classical Trombe wall OE 3.9x3.9x2.7 Dalian, China
Chen [37] 2006 Classical Trombe wall OE 3.9x3.9x2.7 Dalian, China
Chen [145] 2007 Classical Trombe wall ME 3.4x3.1x2.7 Dalian, China
Mendonca [17] 2007 Classical Trombe wall ME 3.1x6.5x3.35 Guimaraes, Portugal
Hernandez [146] 2010 Classical Trombe wall ME 750m> Puna, Argentine
Llovera [147] 2011 Classical Trombe wall ME 578m? Andorra

Stazi [148] 2012 Classical Trombe wall OE - Ancona, Italy
Kara [59] 2012 PCM Trombe wall OE - Erzurum, Turkey
Koyunbaba [78] 2012 PV Trombe wall OE 3x3.5x2.9 Izmir, Turkey

Liu [149] 2013 Classical Trombe wall OE 3.3x3.9x2.9 Gangcha, China
Zhu [114] 2013 Classical Trombe wall ME 75m? Dalian, China
Song [150] 2013 Classical Trombe wall ME 3.7x2.9x2.8 Kunming, China
Wang [151] 2013 Water Trombe wall OE 700m? Tianjin, China
Thateenaranon [152] 2014 Classical Trombe wall ME 3.35x3.45x2.0 Bangkok, Thailand
Yu [153] 2014 Classical Trombe wall ME 265.6m? Hefei, China

Wang [154] 2015 Classical Trombe wall OE - Changwu, China,
Zhu [155] 2015 Classical Trombe wall ME - Dalian, China
Zhang [156] 2016 Classical Trombe wall ME 74.5m? Jilin, China
Thateenaranon [157] 2017 Classical Trombe wall ME 87m? Bangkok, Thailand
Zhao [158] 2017 Classical Trombe wall ME 3.0x6.0x3.0 Huzhu, China
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Ma [159] 2018

Souayfane [106] 2018
Liu [160] 2018
Liu [161] 2018
Dabaich [162] 2019

Classical Trombe wall
Trombe wall with TIM
Classical Trombe wall
Classical Trombe wall

Classical Trombe wall

OE
OE
ME
ME
OE

115.5m?
9.29m?
3.0x6.0x3.0

Miyazaki, Japan

Sophia Antipolis, France
Xintianpu, China
Changwu, China

Cairo, Egypt

ME: multiple experiments including Trombe wall

OE: only Trombe wall experiment
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Table 6 Comparison between different types of modeling method

Modeling method Main assumption Advantages Disadvantages Application Tools
Flow-simplified Ideal unidirectional plug flow  Low calculation load Less information with regard Long-term simulation Matlab
model o to detailed structural part Matlab/Simulink
No turbulence characteristics
FORTRAN
TRNSYS
EnergyPlus
IESVE
IDA ICE
ESP-r
CFD model Detailed fluidic-factors Detailed information for Huge calculation load Structural optimization  Fluent
(compressibility, stress, physical field ANSYS CFX

dissipation)

Description by Navier-Stokes

equations

Ability to handle different

structure

Solidworks Flow Simulation
CFD Flex
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Table 7 References for flow-simplified model used in Trombe wall studies

Reference Year Trombe wall type Glass assumption Airflow assumption Mass-wall assumption Tool

U 1D 2D U 1D S 1D
Kalogirou [169] 2002 Classical Trombe wall TRNSYS
Shen [170] 2007 Composite Trombe wall TRNSYS
Shen [171] 2007 Composite Trombe wall TRNSYS
Ji[91] 2007 PV Trombe wall ([ [ ([ FORTRAN
Ji[92] 2007 PV Trombe wall ] L [
Ji[79] 2007 PV Trombe wall ] L [
Nwachukwu [172] 2008 Classical Trombe wall ([ ([ [
Chel [173] 2008 Classical Trombe wall TRNSYS
Jiang [80] 2008 PV Trombe wall ([ [ [ FORTRAN
Ruiz-Pardo [163] 2010 Classical Trombe wall ] ]  J
Jaber [16] 2011 Classical Trombe wall TRNSYS
Sun [93] 2011 PV Trombe wall ] L  J
Stazi [174] 2012 Classical Trombe wall EnergyPlus
Stazi [148] 2012 Classical Trombe wall EnergyPlus
Stazi [38] 2012 Classical Trombe wall EnergyPlus
Fiorito [60] 2012 PCM Trombe wall EnergyPlus
Soussi [175] 2013 Classical Trombe wall TRNSYS
Atikol [176] 2013 Classical Trombe wall TRNSYS
Wang [151] 2013 Water Trombe wall TRNSYS
Pittaluga [33] 2013 Electrochromic Trombe wall EnergyPlus
Abbassi [117] 2014 Classical Trombe wall TRNSYS
Yu [153] 2014 Classical Trombe wall TRNSYS
Bojic [177] 2014 Classical Trombe wall EnergyPlus
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Reference Year Trombe wall type Glass assumption Airflow assumption Mass-wall assumption Tool

U 1D U 1D S
Irshad [90] 2014 PV Trombe wall TRNSYS
Aclenei [77] 2014 PV Trombe wall with PCM ([ ([ [ Matlab /Simulink
Abbassi [14] 2015 Classical Trombe wall TRNSYS
Wang [154] 2015 Classical Trombe wall EnergyPlus
He [46] 2015 Classical Trombe wall ([ [ MATLAB
Sacht [178] 2015 Classical Trombe wall EnergyPlus
Irshad [95] 2015 PV Trombe wall TRNSYS
Duan [179] 2016 Classical Trombe wall ([ [
Hu [45] 2016 Classical Trombe wall ([ [
Taffesse [94] 2016 PV Trombe wall ([ ([ [ MATLAB
Zhao [158] 2017 Classical Trombe wall ([ [
Kolaitis [61] 2017 PCM Trombe wall TRNSYS
Hu [82] 2017 PV Trombe wall ([ [ MATLAB
Yu [27] 2017 Air-purification Trombe wall ([ ] o
Demou [15] 2018 Classical Trombe wall ([ ([ MATLAB
Yu [28] 2018 Air-purification Trombe wall ([ [ MATLAB
Souayfane [106] 2018 Trombe wall with TIM TRNSYS-MATLAB
Liu [160] 2018 Classical Trombe wall IESVE
Abdeen [122] 2019 Classical Trombe wall ([ ([ [ MATLAB
Martin-Consuegra [180] 2019 Classical Trombe wall EnergyPlus
Wang [181] 2019 Classical Trombe wall EnergyPlus
Ahmed [75] 2019 PV Trombe wall ([ [ MATLAB
Lin [76] 2019 PV Trombe wall ([ [ MATLAB
Lin [87] 2019 PV Trombe wall ([ [ MATLAB



Reference Year Trombe wall type Glass assumption Airflow assumption Mass-wall assumption Tool

U 1D 2D U 1D S 1D
Yu [32] 2019 Air-purification Trombe wall (] ] ([ ] MATLAB
Yu [30] 2019 Air-purification Trombe wall ([ [ ([ MATLAB
U: uniform assumption 1D: one-dimension assumption 2D: two-dimension assumption S: steady assumption
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Table 8 References for CFD model used in Trombe wall studies

Reference Year Trombe wall type Dimension Model Mesh Tool

Chen [50] 2004 Composite Trombe wall 2D L 11,264 -

Chen [49] 2008 Composite Trombe wall 2D L 9,504 -

Kurtbas [115] 2008 Classical Trombe wall 3D L 68,013 FLEUNT
Zamora [190] 2009 Classical Trombe wall 2D k—® 21,150 -
Koyunbaba [78] 2012 PV Trombe wall 2D k—e 25,970 Ansys CFX
Hami [184] 2012 Classical Trombe wall 2D L - -
Koyunbaba [81] 2013 PV Trombe wall 2D k—¢ 25,970 Ansys CFX
Liu [149] 2013 Classical Trombe wall 3D k—¢ - FLEUNT
Lal [191] 2014 Classical Trombe wall 2D k—e 29,123 FLEUNT
Hong [44] 2015 Classical Trombe wall 3D k—® - FLEUNT
Rabani [126] 2015 Classical Trombe wall 3D - 2,700,000 FLUENT
Bajc [187] 2015 Classical Trombe wall 3D k—¢ - FLUENT
Hernandez-Lopez [192] 2016 Classical Trombe wall 2D k—¢ 14,641 -

He [47] 2016 Classical Trombe wall 2D k-¢ 350,000 FLUENT
Bellos [188] 2016 Classical Trombe wall 3D - 6,000,000 Solidworks Flow Simulation
Rabani [193] 2016 Classical Trombe wall 3D L 2,700,000 FLUENT
Mytafide [189] 2017 Classical Trombe wall 3D - - CFD Flex
Long [48] 2018 Classical Trombe wall 3D - - FLUENT
Serageldin [121] 2018 Classical Trombe wall 3D k—¢ 4,000,000 FLUENT
Zamora [194] 2018 Classical Trombe wall 2D k-o 10,000 -

Long [134] 2019 Classical Trombe wall 3D k-¢ 600,000 FLUENT
Wu [31] 2019 Air-purification Trombe wall 2D k—¢ 4,570 -

Li[69] 2019 PCM Trombe wall 2D L 12,256 COMSOL Mutiphysics
Zhang [183] 2019 Classical Trombe wall 2D k—e 24,000 FLUENT
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Hong [185]
Hong [186]
Rabani [182]
Abdeen [122]
Zhou [135]
Blotny [195]

2019
2019
2019
2019
2019
2019

Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
Classical Trombe wall
Classical Trombe wall

Classical Trombe wall

2D
2D
3D
3D
3D
3D

1,200,000
1,200,000
2,500,000
1,734,360
20,000

FLUENT
FLUENT
FLUENT
DesignBuilder
FLUENT
FLUENT

2D: two-dimension

3D: three-dimension

L: Laminar model

k—¢: k—¢ turbulence model
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Table 9 Estimation methods for thermal comfort introduced in previous studies

Method Description References

Adaptive method Provide the upper and lower limitation of the comfortable temperature under different [38,148,151]

thermal environment.
Predicted Mean Vote (PMV) Provide a predicted equation and a relevant criteria for thermal sensation. [33,46,148]

Graphic Comfort Zone Method in Provide a standardized graphic comfort zone which is obtained based on PMV [123]
ANSI/ASHRAE Standard 55 method.

Discomfort index (DI) ; MSE + 5MSR 20) [151]
B 6

m

MSE = Z(ET — PT)? (21)
=1
< (E, — E

usk=) (<) @)
=1

where MSE and MSR represent the steady state factor and dynamic factor, T and
m mean the current hour and total hours, ET is the effective temperature, PT is the

optimum temperature and E is the absolute deviation of ET and PT.
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Table 10 Evaluation indexes available in the life cycle assessment for Trombe wall [208]

Index

Description

Unit

Fossil Fuel Consumption (FFC)

Global Warming Potential (GW P)

Acidification Potential (AP)

Human Health Criteria (HHC)

Eutrophication Potential (EP)

Ozone Depletion Potential (ODP)

Smog Potential (SP)

Reflect the impact in an indirect way without showing the

specific effect from certain aspect.

Indicate the impact on the global warming process with the

CO; emissions.
Reflect the impact on the acidification of the solid or water.

Indicate the harm on the human body through the inhalable

harmful particle generation.

Reflect the impact on the eutrophication of the river or pool

that may be caused by the sewage discharge.

Indicate the effect on the ozone depletion that may be caused

by the manufacture with the use of the cooling craft.

Reflect the impact on the harmful smog generation.

GJ

CO; tonnes eq

mol H' eq

kg PM10 eq

Kg N eq

mg CFC-11 eq

kg NOx eq
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