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Dear Sirs 

We enclose herewith the paper titled Numerical simulation and exergetic 
analysis of building ventilation solar chimneys submitted for publication in the 
journal Energy Conversion and Management according to the rules applied for 
authors; the authors acknowledge that the submission declaration has been properly 
complied with; all necessary permission have been obtained. 
 

The ARFRISOL project (Bioclimatic Architecture and Solar Cooling) aim is to 
demonstrate the feasibility of bioclimatic systems and absorptive solar air conditioning 
in real buildings. One of these systems is the solar chimney, which has been the object 
of the research presented in this article. 
 

This paper develops first a general exergetic analysis applied to solar chimneys 
used for building ventilation, defining the specific exergies, its balances and 
efficiencies. Afterwards a CFD tri-dimensional model has been generated to analyse 
the thermal and dynamic behavior of the fluid in a solar chimney. The results were 
validated with data available in the bibliography, obtaining a good correspondence. The 
values of the variables have been checked both inside and at the exit of the solar 
chimney, resulting in a detailed description of the inside phenomena and of the 
parameters influencing the exergetic efficiency. 

 
 

We hope you find the article interesting and worthy of publication in the Journal. 
 

 

Yours sincerely 
María José Suárez López 
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Abstract 9 
 10 
Solar chimneys are passive solar devices, which improve natural building ventilation. A detailed exergetic analysis has been developed in this 11 

work, both for general balance and specific variables. To apply this analysis, a three-dimensional CFD model has been built and validated with 12 

bibliographic experimental data. The values of the variables have been examined both inside and at the exit of the solar chimney, resulting in a 13 

detailed description of the inner phenomena and parameters influencing the exergetic efficiency. Apart from a deeper understanding of thermal and 14 

fluid-dynamic behaviour, this study suggests some qualitative improvements, although the numerical data show that solar chimneys as natural 15 

ventilation systems offer quite a small efficiency. 16 
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Nomenclature   

    

 exergy transfer rate (W)  volumetric flow (m
3
 s

-1
) 

 solar radiation exergy transfer rate (W)  density (kg m
-3

) 

 mass flow (kg s
-1

)  total exergetic efficiency 

 specific exergy (J kg
-1

)  useful exergetic efficiency 

 specific heat capacity (J kg
-1

 K
-1

)  mechanical exergetic efficiency 

 temperature (K)  thermal exergetic efficiency 

 solar radiation temperature (K)   

 Pressure (Pa) Superscripts  

 height (m)  thermal 

 ideal gas constant (J mol
-1

 K
-1

)  mechanical 

 velocity (m s
-1

)   

 gravitational acceleration (m s
-2

) Subscripts  

 ventilation power (W)  entrance 

 absorbing surface width (m)  exit 

 absorbing surface length (m)  destruction 

 solar radiation (W m
-2

)  environment 
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 20 

1. Introduction 21 

1.1. Description 22 

Nowadays, due to the complex situation of the energy sector, there is a world agreement to promote energy savings techniques, 23 

particularly in the major consumption sectors. On that score, the final use of energy is usually classified in three main sectors: 24 

industry, transport and buildings. In developed countries as a whole, the buildings sector (which includes residential and 25 

commercial) is the final user of the biggest energy amount (35% to 45%) [1]. More than half of that energy is due to thermal 26 

conditioning. In order to reduce this percentage, there is a growing interest in the analysis of the buildings thermal performance and 27 

in the research of constructive solutions which can improve energy efficiency. 28 

Solar radiation is one of the renewable energy sources with better prospects to soothe present energy troubles. The solar energy 29 

conversion into direct current electricity by photovoltaic effect has not achieved the expected performance yet, but the thermal use of 30 

solar radiation in buildings has already obtained good results. There are two kinds of methods to apply solar radiation in buildings: 31 

active and passive. Among the passive ones are the natural ventilation systems, which make use of solar radiation to generate 32 

convective flows helping ventilation and refreshing the inhabited areas. A building element specifically designed for that purpose is 33 

the solar chimney (Fig. 1), repeatedly used as a bioclimatic constructive element. 34 

 
 
Fig. 1. CIEMAT research building at Almería’s Solar Platform. Solar chimney 

detail. 
 35 

One of the more efficient shapes of the solar chimney is an air channel with a parallelepiped form, where one of the vertical sides is 36 

made of glass and the others are opaque surfaces, which absorb solar radiation (Fig. 2). Air enters the chimney at its lower level 37 

from the premises which are to be ventilated. Solar radiation goes across glass and falls on the opaque surfaces; these opaque 38 

elements absorb most energy, increase its temperature and subsequently, hand over thermal energy to the air inside the chimney by 39 

natural convection. When this air is heated, its density decreases, generating a natural ascending flow; the air which reaches the open 40 



top of the chimney is then evacuated to outside atmosphere. With a suitable insulation of the back of the absorbing wall it is easy to 41 

reduce the heat flow to the inside rooms to a minimum. 42 

 
 
Fig. 2. Sketch of a solar chimney for building ventilation. 

 43 

1.2. Literature review 44 

Solar chimneys were developed in the 70s to obtain electric energy. The first practical application of a solar chimney was a pilot 45 

power plant built in Manzanares, near Madrid, Spain. The plant operated from 1982 to 1989 and generated approximately 50 kW 46 

electrical power [2, 3]. In the 90s decade chimneys began to be considered as a natural ventilation system for buildings [4, 5] but, 47 

from the start, the practical application of solar chimneys has been ahead of the technical studies in this field. Normally, ventilation 48 

solar chimneys are built without adequate calculation and dimensioning tools. 49 

About the existing experimental researches, some of them concentrate on the analysis of the influence of geometric variables (width 50 

of the channel, air entrance area and chimney height) and on the effect of intensity of solar radiation on the generated air flow [6-10]. 51 

Other authors have developed prototypes and used their measurements to validate analytical or mathematical models [11-14]. 52 

Recently, Tan and Wong [15] assessed the natural ventilation performance of a classroom with a solar chimney situated in a zero 53 

energy building by performing several experiments. 54 

The analytical models developed are based in application of energy balances among different components, normally characterizing 55 

each of them by unique temperature. Their main objective is usually the calculation of the air flow which can be extracted by this 56 

system and its instantaneous efficiency, defined as the relation between the energy received by the fluid and the income of solar 57 

radiation energy [4, 10-12, 16, 17]. Those analyses have obtained formulations, more or less adjusted to reality, but usually only 58 

from one dimensional point of view, and they do not provide detailed knowledge of the process which takes place inside the 59 

chimney. There are also some studies addressing more complex phenomena, for example, Martí-Herrero and Heras-Celemín [18] 60 

have evolved a mathematical dynamic model to evaluate the energetic performance of a solar chimney with a thermal inertia. They 61 

bear in mind some more detailed mechanisms, as the transient two-dimensional conduction through the wall which receives the 62 



radiation. From the application point of view, several authors [19, 20] have analysed the performance of different solar chimneys 63 

designs by means of an algorithm which may be implemented in the computational software EnergyPlus for building simulation. Al-64 

Kayiem et al., [21] studied the influence of the chimney height and collector area on the performance of a roof top solar chimney 65 

using a mathematical model. The results demonstrated that the performance of the system was highly influenced by solar intensity 66 

and wind speed. 67 

CFD models for solar chimneys started to develop, more or less, at the same time as the experimental and analytical approaches, and 68 

its use has increased lately. Khanal and Lei [22] highlighted that although experimental investigations of solar chimney have 69 

dominated the existing literature, numerical modelling of solar chimney using CFD techniques has attracted increasing attention. 70 

Furthermore, it could be said that the numerical models have usually been used to evaluate the performance of specific cases, mostly 71 

with simplified boundary conditions. For example, Gan and Riffat [23] evaluated a particular solar chimney combined with a heat 72 

exchanger for heat recovery. Rodrigues et al., [24] applied a CFD model assuming constant temperature on the walls of the channel. 73 

Afonso and Oliveira [25] compared a solar chimney and a conventional one, both built in a test cell. Dubovsky et al., [26] developed 74 

a CFD numerical simulation of a dimensionally small chimney with results, fairly close to the experimental data. Wei et al., [27] 75 

carried out -with CFD techniques- a parametric analysis of two connected solar chimneys integrated in a two-storey house in China. 76 

Amori and Mohammed [28] studied the thermal and fluid-dynamic behaviour of a solar chimney located in Iraq, both experimentally 77 

and with a two-dimensional transient CFD model. More recently, Khanal and Lei [29] have analysed the airflow behaviour due to 78 

natural convection in a solar chimney using scaling analysis and numerical simulation. Tan and Wong [30] studied the influence of 79 

ambient air speed and internal heat load on the performance of solar chimney situated in the tropic, using both experimental data and 80 

numerical simulations. 81 

Exergy analysis turned up in the 70s with the general purpose of promoting a more efficient use of the available energy sources. 82 

Plenty of publications explain, in detail, the general principles and the methodology of exergetic analysis together with the several 83 

options to define exergetic efficiency [31-34]. However, those methods are not still extensively applied to buildings thermal 84 

conditioning. A revision of the papers published on this subject can be found in Torío et al., [35] and Wang and Li [36]. Among the 85 

mentioned works, some of them can be emphasized, for instance the comparative study of energetic and exergetic efficiency of the 86 

heating systems of two residential buildings by Yang et al., [37] and the work by Zmeureanu and Yu Wu [38] who highlight the 87 

significance of the exergy concept in energy analysis and apply it to several heating, ventilation and hot water systems in residential 88 

buildings. Torío et al., [35] have also applied this methodology to direct solar systems (thermal and photovoltaic modules). Another 89 

significant work is that by Wang and Li [36], who used exergy to compare the performance of two ventilation systems, one of them 90 

fully natural and the other helped by solar energy. With regard to the study of exergy in solar chimneys, which is the subject of this 91 

paper, Petela [39, 40] and recently, Maia et al., [41] have developed an energetic and exergetic analysis of a solar chimney power 92 



plant. However, the purpose of these systems (analysed in aforementioned works) is to obtain electric energy, and the analysis 93 

cannot be directly applied to solar chimneys used for building ventilation. 94 

1.3. Objectives 95 

The objectives of this work are the development of a numerical model (including the validation of this model with experimental 96 

data), the analysis of thermal and fluid-dynamic behaviour of the air inside the solar chimney and the performance of an exergetic 97 

analysis in order to evaluate ventilation power and efficiency of the chimney, looking for strategies or, more precisely, an analysis 98 

methodology to improve the design. A general purpose computational fluid-dynamic (CFD) software -FLUENT- has been used, 99 

which is able to solve three-dimensional turbulent flows and includes mathematical methods to simulate solar radiation (without any 100 

simplification). Exergetic variables are derived from the thermal and fluid-dynamic data obtained inside the chimney domain. 101 

2. Exergetic analysis 102 

Exergy is defined as the maximum theoretical useful work obtainable as the system interacts to equilibrium with an idealized system 103 

called environment, heat transfer occurring with the environment only [33]. One of the main uses of the exergy concept is in the 104 

exergy balance of thermal systems. The advantage, compared with the traditional energy balance, is that this analysis provides 105 

information on the quality or grades of energy crossing the thermal system boundary and about internal losses. 106 

This paper applies the characteristics of the exergy concept in association with building heating and cooling systems as they have 107 

been described by Shukuya and Hammache [34]. In the absence of nuclear, magnetic and surface tension effects, the total exergy of 108 

a system can be divided into four components: physical exergy, kinetic exergy, potential exergy, and chemical exergy. In this case, 109 

the last one has not been considered because of the absence of chemical reactions. 110 

The sum of the physical, kinetic and potential exergies is referred as thermo-mechanical exergy [31] and may be split into thermal 111 

exergy (due to the difference of temperatures between system and environment) and mechanical exergy (due to differences in 112 

pressure, kinetic and potential energy). Also, for a given uniform flow, the thermo-mechanical exergy transfer rate can be expressed 113 

as the mass flow multiplied by the specific exergy: 114 

   (1) 115 

Following Shukuya and Hammache [34] the specific exergy of an ideal gas is: 116 

     (2) 117 

T0, p0 and z0 are the temperature, pressure and height of the environment, and must be selected coherently with the process analysed. 118 

If cp may be considered constant: 119 



120 

     (3) 121 

Then: 122 

     (4) 123 

     (5) 124 

Respectively, this expresses the specific thermal and mechanical exergy of a perfect gas. 125 

As far as exergy balance is concerned, the ventilation solar chimney may be approached in a similar way to a solar chimney power 126 

plant [40]. But, in this case, the power extracted by the turbine in the power plant is used to overcome the flow losses needed for the 127 

building ventilation. 128 

In the exergy balance (Fig. 3), the exergy given to the process is the sum of the exergy at the entrance plus the exergy of solar 129 

radiation; the exergy given by the process is the sum of the exergy at the exit plus the exergy of ventilation and plus, the exergy 130 

destruction due to irreversibility and losses. 131 

     (6) 132 

For an ideal gas and the specific conditions of a ventilation chimney, the difference between inlet and outlet flow exergy may be 133 

written as: 134 

     (7) 135 

where the following assumptions have been taken into account: the inlet pressure is the same as the outlet pressure (p2 = p1), the inlet 136 

height is also the same as the outlet height (z2 = z1) and the inlet velocity (v1) is negligible compared with the outlet velocity (v2). 137 

 
 
Fig. 3. Outline of the variables included in the analysis. 

 138 

According to Petela [39], solar radiation exergy is 139 



     (8) 140 

     (9) 141 

Where b and L are the width and length of the absorbing surface, G is the solar radiation and Ts is the solar radiation temperature. 142 

The ventilation power is: 143 

     (10) 144 

     (11) 145 

     (12) 146 

To evaluate the efficiency of a steady state process, several exergy based relations may be used. Here, taking into account Bejan et 147 

al.´s definition [33], i.e. the ratio between the product (desired result produced by the system) and the fuel (the resources expended to 148 

generate the product), the total exergy efficiency would be: 149 

     (13) 150 

In the same way, the useful mechanical and thermal exergetic efficiency could be defined as 151 

     (14) 152 

     (15) 153 

     (16) 154 

These formulas are useful tools to understand the operation of a solar chimney, considered as a natural ventilation system. 155 

Specifically, the different types of exergetic efficiency allow the calculation of the performance of this building solution. However, 156 

the formulas do not enable to calculate temperature and mass flows, which should be obtained from experiments or from thermal and 157 

fluid dynamic models. 158 

3. Methodology 159 

In this paper the numerical simulation of the thermal and fluid-dynamic the solar chimney behaviour has been done with the Fluid 160 

Dynamic Computational Code FLUENT 6.3, which solves the Navier Stokes equations by the finite volumes method. The geometry 161 

of the three-dimensional model developed corresponds to the chimney studied by Ong and Chow [11]. Their results have been 162 

selected to validate the CFD model because their paper is one of the most detailed containing a lot of experimental data. 163 



The inside chimney dimensions are 2 m height, 0.1 m air chamber thickness and 0.45 m width (Fig. 4). Because of symmetry, only 164 

half of the width is simulated; the front glass is 4 mm thick and the absorbing wall at the back is 22 mm thick. The entrance to the 165 

chimney channel is 0.1 m x 0.45 m. The room connected to the chimney is 1.78 x 2 x 0.45 m
3
 with air inlet at its top. 166 

 
 
Fig. 4. Geometry of the solar chimney model. 

 167 

A structured mesh with hexahedral elements has been developed, with an irregular distribution: refined in the channel, near the walls 168 

and where the flow could be more complex. Cell size progressively increases as the exit of the chimney is approached (Fig. 5). 169 

Meshes from 100,000 to 2 million cells were tested, founding non-significant differences in the results. The mesh of the final study 170 

has about 1 million cells, which allows a substantial spatial resolution. 171 



 
 
Fig. 5. Detail of the numerical model mesh. 

 172 

The model solves the stationary viscous flow including the energy equation. For natural air convection, the Boussinesq approach has 173 

been taken; for turbulence, the K-epsilon (RNG) model and for solar radiation, the DO (Discrete Ordinates) model. The glass 174 

properties are 2220 kg/m
3 
 density, 830 J/kg·K heat at constant pressure, 1.03 W/m·K thermal conductivity, 1.52 refraction index, 175 

0.84 external emission, 30 m
-1

absorption coefficients in the visible band and 450 m
-1 

in the infrared band [42]. The opaque walls 176 

have the following properties: density 2800 kg/m
3
, specific heat 856 J/kg·K, thermal conductivity 2.25 W/m·K and they are opaque 177 

with regard to solar radiation. 178 

Air inlet is situated at the top of the room, and a condition of total pressure equal to the atmospheric pressure is imposed; the loss in 179 

this section is adjusted so that the same conditions as the aforementioned experimental model are obtained. The air exit is at the top 180 

of the chimney, with a constant static pressure boundary condition (also equal to the atmospheric pressure). The surfaces of the room 181 

are defined as adiabatic and so are the external surfaces of the absorbing walls. The external glass surface has boundary thermal 182 

condition allowing radiation and convection with the environment. The exterior temperature has been taken as 30ºC. 183 

To analyse the fluid-dynamic and thermal behaviour of the solar chimney, simulations in steady state have been carried out, varying 184 

the solar radiation levels increasingly from 100 W/m
2
 up to 700 W/m

2
. These values correspond to the radiation at right angles with 185 

the glass exterior surface, as expressed by Ong and Chow [11], although the boundary condition has been applied with an inclination 186 

fitting the latitude of the experiment location.  187 

As far as the resolution parameters are concerned, a second order discretization has been employed and, for the convergence, enough 188 

iterations to obtain normalized residues lower than10
-5

 were done. 189 



4. Results 190 

4.1. Validation 191 

To validate the numerical CFD model, its results have been compared with the experimental data published by Ong and Chow [11]. 192 

Fig. 6a shows the comparison of mass flows and Fig. 6b the increase in temperature from the chimney inlet to its exit, both in 193 

function of solar radiation. These results indicate that the differences between the global behaviour of the numerical model and the 194 

experiment are smaller than 1.3%. Although it has not been plotted in the figures, the glass and the opaque walls temperature have 195 

differences lower than 2ºC. Therefore, the values of the variables inside the chimney calculated by the numerical model could be 196 

assumed as reasonably accurate. 197 

 
 
Fig. 6. Comparison between numerical and experimental values of the mass 

flow and the temperature increment in function of the solar radiation. 
 198 

4.2. Qualitative analysis of thermal and fluid dynamic variables inside the chimney 199 

To develop a deeper understanding of the phenomenon, firstly, an analysis of the thermal and fluid-dynamic variables is carried out 200 

with the results obtained in the numerical simulation. The case with a constant solar radiation of 300 W/m
2
 has been selected for this 201 

analysis because it is an intermediate value of the available radiations. 202 



Fig. 7 shows the temperature distribution of the surfaces and of air at the chimney vertical symmetry plane. The left figure has a 203 

bigger horizontal scale to give a better view of the chimney width. It can be seen that the absorbing surface gets the major part of the 204 

energy due to radiation; also, both this surface and the glass transfer the energy to the air flow, increasing its temperature as the air 205 

ascends inside the chimney. The distribution is asymmetric: higher in the absorbing wall and also, in the lateral opaque walls than in 206 

the glass. Due to the inclination of the sunbeam, the floor of the entrance channel of the chimney is partially heated, and a zone of 207 

higher temperature is therefore shown. 208 

 
 
Fig. 7. Temperature distribution at the chimney surfaces (left). Air temperature 

distribution at the chimney symmetry plane (right). Solar radiation: 300 W/m2, 

perpendicular to the glass surface. 
 209 

In Fig. 8 the static pressure map at the left and the velocity magnitude at the right have been depicted, both in the symmetry plane. 210 

Pressure distribution is practically hydrostatic and slightly lower than the atmospheric pressure at the room entrance because of the 211 

loss at the inlet restriction. A slight difference of pressure distribution is appreciated between the chimney and the room, mainly in 212 

the lower pressure zones of inlet and outlet. 213 



 
 
Fig. 8. Static pressure map in the chimney symmetry plane (left). Air velocity 

magnitude in the chimney symmetry plane (right). Solar radiation: 300 W/m2, 

perpendicular to the glass surface. 
 214 

Air velocity is clearly lower at room entrance and gradually, increases as it approaches the chimney channel. The stagnancy at the 215 

room floor before entering the chimney and at the lower part of the glass may also be noted. At the chimney entrance a high velocity 216 

zone is generated because of the sudden change in direction (higher velocity at the lower radius of curvature). Also, a flow 217 

separation is induced at the corner between the entrance and the channel. After that, the air flows towards the glass due to the inertia. 218 

In spite of this, in its ascending path the heat transfer to the air flow is higher near the absorbing wall opposed to the glass, therefore, 219 

increasing more its velocity in this side of the channel. The higher velocity is found at the medium height zone because, as the flow 220 

goes up, there is a heat transfer in the air towards the central part of the channel, which tends to reduce the velocity and temperature 221 

differences across the channel. The maximum value of the velocity is quite low, around 4 m/s. However, measuring ventilation in 222 

renewals per hour as it is usual, the ventilation flow is on the range of 25 m
3
/hour, enough for a medium-sized room. 223 

The air flow in the entrance to the chimney channel may be seen in detail in Fig. 9 with stream lines coloured with the velocity 224 

magnitude. In this figure, the flow separation at the corners of the entrance is clearly shown. Although kinetic energy has small 225 

influence in the energy balance, the flow detail has a greater importance, particularly for the heat transfer in the more complex 226 

zones. For instance, the separation could be diminished as well as the pressure losses by rounding off the corners at the entrance. The 227 

drawback is that this will also reduce turbulence and therefore, the heat transfer. Furthermore, the flow would be closer to the 228 

absorbing surface in its lower part, which would improve energy transfer in that zone. 229 



 
 
Fig. 9. Streamlines of air flow at the entrance of the chimney channel; coloured 
by velocity magnitude (300 W/m2 solar radiation, perpendicular to the glass 

surface). 
 230 

Specific exergy, both mechanical and thermal, have been calculated and may be seen in Fig. 10, also for the vertical symmetry plane 231 

and solar radiation of 300 W/m
2
. Environment values are T0=30ºC, p0=101300 Pa and z0 = 0 (reference or dead state values). The 232 

variation of mechanical exergy is dominated by the pressure; in the adjacent room this term increases as the air approaches the 233 

chimney entrance even if there is a decrease in potential exergy. In the chimney channel the process is reverse. In this last zone, the 234 

kinetic exergy influence can be noted as, transversally, the specific mechanical exergy is larger where the velocity magnitude is 235 

higher, that is, near the glass at the bottom part and near the absorbing surface at the middle and top. Referring to thermal exergy, in 236 

the adjacent room no variation is noticed; along the chimney height it slowly increases near the absorbing surface. From the 237 

beginning of the last third of the height the increase in thermal exergy is extended through the whole channel, with an asymmetric 238 

profile because the absorbing surface has a bigger temperature than the glass; the effect is more obvious in exergy than in 239 

temperature. Thermal exergy values are much bigger than those of the mechanical exergy. In fact, the thermal values are one order 240 

of magnitude larger and its variation still greater. It can, therefore, be said that total exergy basically coincide with thermal exergy. 241 

 
 



Fig. 10. Specific mechanical exergy (left) and specific thermal exergy (right), 

both in the chimney symmetry plane (300 W/m2 solar radiation, perpendicular 
to the glass surface). 

 242 

4.3. Quantitative analysis of thermal and fluid dynamic variables inside the chimney 243 

To observe the evolution of variables inside the chimney and to show their values in a more quantitative form, three flow (or path) 244 

lines have been selected and shown in Fig. 11 and 12. They have been drawn at the symmetry plane, with a solar radiation of 300 245 

W/m
2
 perpendicular to the glass surface; pl 2 corresponds to the intermediate mass flow and pl 1 and 3 to 95% and 5% respectively. 246 

Three characteristics may be emphasized about the spatial distribution of the flow lines. Firstly, the stagnancy zone in the lower right 247 

corner of the room, which is due to the position of the entrance at the ceiling; anyhow, as it will be seen, the values in the room have 248 

almost no variations and the flow distribution in it do not affect the performance of the chimney. Secondly, the sharp turn at chimney 249 

entrance: the inner line, pl 3, shows the flow detachment from the corner; pl 2 shifts towards the inner side because of the irrotational 250 

tendency of the flow outside the losses zone; velocity increases with the radius of curvature diminution. Further on the line separates 251 

a little from the wall because of inertia. Thirdly, the gradual shift toward the absorbing wall: in the lower part, the inner line (pl 3), 252 

just after the curve; then the middle line (pl 2), from around 1/3 of the height; last the outer line (pl 1) from half of the height. This 253 

concentration of the lines shows a higher mass flow near the absorbing wall, due to higher temperatures and consequent bigger 254 

velocities in its proximity. 255 

Fig. 11a shows the temperature distribution along the three flow lines. In this and following figures the length of the trajectory has 256 

been displaced to get position 0 at the channel entrance, the way through the room with negative coordinates and the ascension 257 

inside the chimney with positive values. This shift does not affect the analysis and allows a clearer view of the phenomenon. 258 

Temperatures in the adjacent room remain at the same value of the air entrance. The flow line nearer the floor (pl 1) begins to heat 259 

even before the channel entrance because the floor is heated by the incidence of the sloped solar beams. The channel presents a large 260 

temperature difference between the line nearest the absorbing surface and the other two. Along this flow line (pl 3), the temperature 261 

increase is much higher in the lower half of the chimney than in the upper part. This is due to the reduction of convection heat 262 

transfer from the wall as the air gets hotter, and the width of the thermal boundary layer increases. 263 

Velocities along the three flow lines (Fig. 11b) show a progressive increase in the room as they get closer to the chimney entrance. 264 

The entrance and the turn at the beginning of the chimney is a complex zone due to the inertia, detachment and stagnancy 265 

phenomena. From the height of 0.2-0.3 m to the middle height of the channel (1.1-1.2 m) the mass flow concentrates towards the 266 

absorbing surface, increasing the velocities of lines pl 2 and pl 3, and decreasing at the same time that of pl 1. From middle height up 267 

the distribution has a certain tendency to steady down with an increase in pl 1 velocity and decrease of pl 2 and 3, although those last 268 

two remain clearly higher. 269 



 
 
Fig. 11. Evolution of the temperature (a) and the velocity magnitude (b) along 

the three flow lines. 
 270 

Fig. 12a shows the changes in the specific thermal exergy. Basically, the trends are very similar to those of the temperature, although 271 

the difference between the inner flow line (pl 3) and the other two is bigger and the slope of this inner line is higher in the top quarter 272 

of the chimney. The middle line (pl 2) does not start gaining exergy up to 0.5 m and the outer line (pl 1) up to 1 m. The mechanical 273 

specific exergy is represented in Fig. 12b. As it has been previously commented, it increases when the air descends towards the 274 

channel entrance and decreases upwards the chimney. The apparent difference amongst the three lines in the adjacent room is due to 275 

the mentioned coordinate positioning. In fact, as was shown in Fig. 12b, the three values referred to the same height are practically 276 

equal, with fewer differences in the adjacent room than in the chimney channel. The flow line pl 3 has a slightly lower specific 277 

exergy at the beginning of the channel, perhaps due to the lower velocity and the pressure loss at the corner. From 0.5 m up it is a 278 

little bigger than the other two because of the higher air velocity near the absorbing surface. 279 



 
 
Fig. 12. Evolution of the specific thermal (a) and mechanical (b) exergy along 
the three flow lines. 

 280 

4.4. Quantitative analysis of thermal and fluid dynamic variables at chimney exit 281 

The exergy balance at the exit has to be established by integration on the exit area because neither the specific exergies nor the mass 282 

flow is uniform in that section. To assess this lack of uniformity, an analysis of the values of different variables at the exit section 283 

will be carried out in the following paragraphs. 284 

In Fig. 13, the horizontal coordinate is a horizontal line in the symmetry plane, from the absorbing wall (0 m) to the glass (0.1 m). 285 

Velocity and temperature distributions are shown in Fig. 13a. Velocity values are zero at the glass and the wall, consistently with the 286 

non-slip condition of the flow. From 0.085 to 0.1 m, velocity takes negative values due to a small recirculation loop at the exit 287 

section, which is sometimes found in solar chimneys [21]. Apart from that, the velocity profile is basically linear (triangular profile) 288 

between glass and wall. The recirculation loop may also be observed in the temperature distribution, where the value is equal to that 289 



in the surrounding space. Near the wall, the temperature decreases strongly in the first 10% of the width, showing the thermal 290 

boundary layer. The specific exergies, thermal and mechanical can be seen in Fig. 13b. Both have their lower values in the 291 

recirculation loop. Concerning mechanical exergy, pressure and height values being constant in this section, the tendency follows 292 

that of the square of velocity, i.e. the variation is that of the kinetic energy. The thermal exergy has a trend which is very similar to 293 

that of the temperature. It has a sharper increase inside the thermal boundary layer, because the energy quality is higher when the 294 

temperature increases. To obtain the outlet flow exergy, the specific exergy has to be integrated with the differential of mass flow, 295 

that is the surface integral of specific exergy multiplied by the density and by the velocity component at square angles to the exit 296 

area. Those values, mechanical and thermal, have been represented in Fig. 13c as exergy flow per unit area. Their values show 297 

similar tendencies to those of the previous figure. However, the mechanical flow exergy is somewhat higher in the central zone than 298 

closer to the wall because the mass flow is lower due to higher temperatures near the wall, and the thermal flow exergy falls to zero 299 

at the wall (the same as velocity). The integration gives an exit mechanical flow exergy of 0.207 W and exit thermal flow exergy of 300 

1.404 W. If the temperature and velocity values were uniform (doing the calculations with the mean values), the mechanical flow 301 

exergy obtained would be only 0.07% lower whereas the thermal flow exergy would be 6.7% lower. The variation between the wall 302 

and the glass increases the exit flow exergy with respect to the value that could be obtained if the temperature and velocity where 303 

more homogeneous. This, in turn, means a reduction of the ventilation power achievable. In any case, this is one of the reasons why 304 

CFD numerical models can be far more accurate than analytical models, which assume uniform temperature and velocity 305 

distribution. 306 



 
 
Fig. 13. a. Air temperature and velocity at the exit of the solar chimney over 

the symmetry plane, from the absorbing wall (left axis) to the glass (right). 
b. Specific thermal and mechanical exergy at the exit of the solar chimney over 

the symmetry plane. 
c. Mechanical and thermal flow exergy per unit area at the exit of the solar 

chimney over the symmetry plane. 
Solar radiation: 300 W/m2, perpendicular to the glass surface. 



 307 

4.5. Exergetic efficiencies and global analysis 308 

From an overall point of view, formulas 13 to 16 enable us to obtain the values of the useful, mechanical, thermal and total 309 

efficiency that are represented in Fig. 14. The difference between the useful and the mechanical exergy is only the kinetic energy at 310 

the exit. It may be noted that this term is not negligible (about 10%), which suggests that a reduction of the exit velocity (perhaps 311 

with a wider outlet) would be advisable. Another feature of these efficiencies is that its slope is reduced when radiation increases; it 312 

decreases even more than the trend found in the mass flow (Fig. 6a). This is coherent with higher pressure losses due to the flow 313 

separation and friction (which are expected to increase with the square of velocity). This losses can be reduced rounding the corners 314 

and with a lower and more uniform transversal velocity distribution. Lower velocity could be achieved increasing the channel depth, 315 

but this has the drawback of increasing the non-uniformities and other phenomena as the outlet recirculation. A careful study of the 316 

channel geometry has to be made to optimize these conflicting effects. Thermal and total exergetic efficiencies are practically equal 317 

and one order of magnitude greater than the mechanical; also, the slope is quite steady with increasing radiation. From a more 318 

quantitative point of view, the values of the case taken as representative, corresponding to a solar radiation of 300 W/m
2
 319 

(perpendicular to the glass surface) are the following: solar flow exergy: 251.82 W, difference between inlet an exit flow exergy: 320 

1.4047 W, ventilation power: 0.0016 W. According to equation 6, the exergy losses are 250.41 W then. The useful exergetic 321 

efficiency is 0.0006%, and the thermal exergetic efficiency is 0.55%; these values are quite low but, as the fuel (solar radiation) is 322 

cheap, this inconvenient is not a major one. However, their relative values indicate that this construction could be more appropriate 323 

as a heating device than as a ventilation one. 324 



 
 
Fig. 14. Useful and mechanical efficiency (a), thermal and total exergetic 
efficiency (b) in function of the solar radiation. 

 325 

The specific thermal exergy could be increased if the flow temperatures were higher, though this should not be attained lowering the 326 

mass flow because the exergy flow will decrease accordingly. On the one hand, the mass flow is intrinsically related to the channel 327 

temperatures: a higher temperature of the channel air flow would mean lower densities and higher pressure differences which will, in 328 

turn, produce larger mass flows. On the other hand, the solar energy rate is 270 W and the difference between inlet and outlet energy 329 

rate is about 90 W. As the walls are heavily isolated, the comparison of the last two values indicates that 2/3 of the incoming solar 330 

power is lost at or through the glass (reflection, convective and radiative losses to the exterior). The reduction of these losses could 331 

be the most effective way to enhance the chimney performance and efficiency. However, this is a difficult task because reducing the 332 

losses through the glass (with a thicker or double glass, for example) will also restrict the incoming solar radiation. Again, an 333 

optimization analysis has to be made to maximize the final result. 334 

A global economic study has not been considered worthwhile as the ventilation power obtained is in the order of milliwatts. 335 



5. Conclusions 336 

This paper begins with a general exergetic analysis applied to solar chimneys used for building ventilation, defining the specific 337 

exergies, its balances and efficiencies. Afterwards, a CFD three-dimensional model has been generated to analyse the thermal and 338 

dynamic behaviour of the fluid in a solar chimney. The results were validated with data available in the bibliography, obtaining a 339 

good correspondence. From the numerical results, both a qualitative and a quantitative analysis of the thermal and fluid-dynamic 340 

variables inside and at the exit section of the chimney were performed. 341 

About the temperature distribution, the results show a larger increase of the temperature of the ascending air near the absorbing 342 

opaque wall than at the glass side. The velocity maps reflect the complex flow pattern, mainly at the channel entrance. The mean 343 

velocity values are quite low but enough flow is generated to ventilate a room. 344 

The thermal and mechanical exergy distributions were estimated inside the chimney, noticing that the mechanical one is governed by 345 

the pressure term. The thermal exergy increases going up in the chimney, following the temperature tendencies. Besides, the thermal 346 

exergy is always fairly greater than the mechanical one. The previous variables have been quantitatively analysed along three path 347 

lines and, also, at the chimney exit. Those analyses have allowed us to determine the most problematic points for its performance: 348 

the separation in the turn at the channel entrance, the recirculation loop at the exit section, the lack of uniformity of temperature and 349 

velocity distributions for different chimney sections, etc. Finally, the exergetic efficiencies were calculated and a global analysis 350 

preformed.  351 

This study suggests that the crucial points to improve the chimney performance are the minimization of the fluid dynamic losses, the 352 

optimization of the channel geometry with respect to the transversal variables distribution and the reduction of the losses through the 353 

glass while maintaining the incoming radiation. To improve the chimney design, it will be necessary to perform an extensive 354 

parametric study on the effects of the chimney geometry. 355 

From the economic point of view, although fuel is cheap, the financial costs of the investment are not. As the ventilation power 356 

achieved is in the order of milliwatts, the reasons for the use of solar chimneys in building ventilation will remain within the sphere 357 

of architectural decisions. 358 
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Figure captions. 439 
 440 

Fig. 1: CIEMAT research building at Almería’s Solar Platform. Solar chimney detail. 441 

Fig. 2: Sketch of a solar chimney for building ventilation. 442 

Fig. 3: Outline of the variables included in the analysis. 443 

Fig. 4: Geometry of the solar chimney model. 444 

Fig. 5: Detail of the numerical model mesh. 445 

Fig. 6: Comparison between numerical and experimental values of the mass flow and the temperature increment in function of the 446 

solar radiation. 447 

Fig. 7: Temperature distribution at the chimney surfaces (left). Air temperature distribution at the chimney symmetry plane (right). 448 

Solar radiation: 300 W/m2, perpendicular to the glass surface. 449 

Fig. 8: Static pressure map in the chimney symmetry plane (left). Air velocity magnitude in the chimney symmetry plane (right). 450 

Solar radiation: 300 W/m2, perpendicular to the glass surface. 451 

Fig. 9: Streamlines of air flow at the entrance of the chimney channel; coloured by velocity magnitude (300 W/m
2
 solar radiation, 452 

perpendicular to the glass surface). 453 

Fig. 10: Specific mechanical exergy (left) and specific thermal exergy (right), both in the chimney symmetry plane (300 W/m
2
 solar 454 

radiation, perpendicular to the glass surface). 455 

Fig. 11: Evolution of the temperature (a) and the velocity magnitude (b) along the three flow lines. 456 

Fig. 12: Evolution of the specific thermal (a) and mechanical (b) exergy along the three flow lines. 457 

Fig. 13: a. Air temperature and velocity at the exit of the solar chimney over the symmetry plane, from the absorbing wall (left axis) 458 

to the glass (right). b. Specific thermal and mechanical exergy at the exit of the solar chimney over the symmetry plane. c. 459 

Mechanical and thermal flow exergy per unit area at the exit of the solar chimney over the symmetry plane. Solar radiation: 300 460 

W/m2, perpendicular to the glass surface. 461 

Fig. 14: Useful and mechanical efficiency (a), thermal and total exergetic efficiency (b) in function of the solar radiation. 462 
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