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Abstract 

This article focuses on a numerical study developed on 

the application of passive solar strategies in a sustainable 

university building. The numerical model is based on a 

system of energy and mass balance integral equations and 

works under transient conditions. This system is solved 

by the Runge-Kutta-Fehlberg method with error control. 

This study was carried out under typical summer and 

winter conditions and assesses the levels of indoor air 

quality and thermal comfort of the occupants. In summer 

conditions, an underground space is used to cool spaces 

located on the east and west sides of the building. In 

winter conditions, two internal greenhouses, located on 

the south-east and south-west sides of the building, are 

used to heat spaces located on the north, east and west 

sides of the building. The results obtained show that the 

adopted passive solar strategies allow to improve the 

thermal comfort level of the occupants. 

Key Innovations 

 Simulation of buildings with complex topology; 

 Application of the method of Runge-Kutta-

Fehlberg; 

 Application of underground spaces in cooling 

the air to be supplied to the ventilation system; 

 Application of internal greenhouses for heating 

the air to be supplied to the ventilation system. 

Practical Implications 

Consider the complexity of the system of equations 

generated from the complex geometry obtained from the 

Computer Aided Design software. Consider the inherent 

high calculation time. The importance of accurately 

defining the input data. 

 

Introduction 

In Europe countries, about 40% of the energy consumed 

and 40% of carbon dioxide emissions can be attributed to 

buildings. In these countries, energy use and emissions 

from buildings have been steadily increasing over the last 

fifty years. This growth is mostly due to larger sized 

buildings and an increasing number of energy using 

appliances within these buildings. In view of this, it is 

necessary to take measures to promote the reduction of 

energy consumption and emissions by both new and 

existing buildings. A sustainable building is characterized 

by optimizing site potential, energy use, building space 

and material use, and operational and maintenance 

practices, by enhancing indoor environmental quality and 

by protecting and conserving water. In this context, the 

use of passive solar strategies is an important contribution 

to make buildings more sustainable. This work analyzes 

the use of indoor greenhouses and underground thermal 

energy storage spaces associated with a building's 

ventilation system as passive solar solutions that reduce 

energy consumption and greenhouse gas emissions. 

In recently published articles, some technical solutions 

that use the geothermal capacity of the soil (Man et al., 

2015; Chiesa and Zajch, 2020; Arghand et al, 2021) or the 

storage of thermal energy in underground spaces (Li et al., 

2019) to provide heating or cooling to the interior spaces 

of buildings were presented. The study of Kosi et al. 

(2017) analysed the benefits and operating strategies of 

cold thermal energy storage technologies. The study 

presented in Cabeza (2015) describes, in detail, the 

technologies of thermal energy storage to be used later for 

heating or cooling and their application in buildings. 

Over the past few decades, the use of indoor greenhouses 

as a passive solar strategy for heating the interior spaces 

of buildings has been widely promoted as a way to reduce 

energy consumption in buildings. These passive solar 

heating systems can contribute to increase solar heat 

gains, reducing space heating energy demand and the 

related use of fossil fuels (Guasco et al., 2020; Fernandez-

Antolin, 2019). The application of these systems results 

in evident energy gains, which is corroborated in the 

studies developed by Chiesa et al. (2017), Ignjatovic et al. 

(2015), Puertolas et al. (2020) and Ulpiani et al. (2017). 

The work presented in this paper was accomplished using 

a whole building thermal response dynamic software 

developed by the authors. This software has been applied 

mainly to improve indoor air quality and thermal comfort 

for occupants of spaces in large buildings and, at the same 

time, to guarantee low energy consumption (Conceição et 

al., 2008; Conceição and Lúcio, 2009 and 2010a). The 

application of an indoor greenhouse in a kindergarten 

building and properly designed shading devices 

(Conceição et al., 2008), the combined use of passive and 

active solar strategies (Conceição and Lúcio, 2009), and 

the effect of solar radiation on windows in a building in 

different directions (Conceição and Lúcio, 2010a) are 

examples of work where this software has been applied. 
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Fanger (1970) developed the two comfort indexes, 

namely, PMV (Predicted Mean Vote) index and PPD 

(Predicted Percentage of Dissatisfied) index, which are 

used to characterize the level of thermal comfort of 

occupants of interior spaces of buildings by the standards 

ANSI/ASHRAE Standard 55 (2017) and ISO 7730 

(2005). These standards define three acceptable indoor 

thermal comfort categories: A (-0.2  PMV  +0.2), B (-

0.5  PMV  +0.5)  and C (-0.7  PMV  +0.7). PMV and 

PPD are calculated by the software using the indoor air 

temperature, indoor air velocity, indoor air relative 

humidity, mean radiant temperature, clothing level and 

activity level. The assessment of thermal comfort of 

occupants of large buildings by this software can be 

checked in the studies of Conceição and Lúcio (2010b, 

2016) and Conceição et al. (2009, 2018). 

The carbon dioxide concentration is a good reference for 

indoor air quality in buildings (Asif et al., 2018; Persily 

and de Jonge, 2017). According to ASHRAE Standard 

62-1 (2016), an acceptable indoor quality can be achieved 

when the carbon dioxide concentration is below 1800 

mg/m3. The software calculates the carbon dioxide 

concentration so that it is possible to evaluate the indoor 

air quality and the efficiency of the ventilation system to 

extract the contaminated air, as can be checked in the 

studies of Conceição et al. (2008b, 2010, 2013). 

The main objectives of this numerical study is to apply 

two passive solar strategies in a university building in 

order to make it more sustainable in terms of energy use 

and indoor environmental quality for users. In summer 

conditions, as passive solar strategy, underground thermal 

energy storage capacity was used to provide cool air to 

improve the thermal conditions of occupied spaces. In 

winter conditions, as passive solar strategy, two internal 

greenhouses, located on the south-east and south-west 

sides of the building, were used to provide heated air to 

improve the thermal conditions of the occupied spaces. In 

both conditions, the level of thermal comfort of the 

occupants and the indoor air quality were evaluated 

through, respectively, the PMV index and the 

concentration of carbon dioxide. 

 

Numerical Model 

The numerical simulation was carried out by software, 

developed by the authors, that simulates the thermal 

behaviour of the entire building (or a set of buildings) with 

complex topology. The validation of this software was 

done, using school buildings, for winter conditions in the 

study of Conceição et al. (2004) and for summer 

conditions in the study of Conceição and Lúcio (2006). 

The numerical model is based on a system of energy and 

mass balance integral equations and works under transient 

conditions. The energy balance integral equations are 

developed for indoor spaces, transparent (windows) 

surfaces, opaque surfaces, interior and surroundings 

bodies and ducts systems. These equations take into 

account the convection, conduction and radiation 

phenomena. The heat transfer by convection is calculated 

by natural, forced and mixed convection, through the use 

of dimensionless coefficients. The heat transfer by 

conduction is considered inside the several opaque bodies 

layers. The incident solar radiation, the solar radiation 

absorbed by glasses and the solar radiation transmitted 

through the glazed surfaces are considered in the radiative 

exchanges. The mass balance integral equations are 

developed for the spaces and for the opaque and interior 

bodies considering the water vapour and the air 

contaminants. These equations take into account the 

convection and diffusion phenomena. The mass transfer 

by convection is calculated by natural, forced and mixed 

convection, through the use of dimensionless coefficients. 

The mass transfer by diffusion phenomenon is calculated 

by Fick's law. The Runge-Kutta-Fehlberg method is used 

to solve the system of equations described above. 

The numerical model uses the three-dimensional virtual 

building obtained from the Computer Aided Design 

software, in addition to generating the energy and mass 

equations system, to also calculate the area of the opaque 

and transparent surfaces, identify their thermal properties 

and calculate the volume of the spaces. 

The software calculates the evolution of the internal and 

external solar radiation using the grid generation and 

shading devices techniques. It evaluates the human 

thermal comfort using the human thermo-physiology 

numerical model. It evaluates the indoor air quality using 

the evolution of contaminants released by the occupants 

and buildings surfaces (Conceição et al., 1997 and 

2008b). It considers a virtual internal occupation, an 

internal ventilation system, internal greenhouses and 

underground thermal mass storage spaces. 

The input data of the numerical model are: 

 The geographic location of the building; 

 Evolution of outdoor environmental variables 

(air temperature, air relative humidity, wind 

velocity and direction); 

 The geometry of the building; 

 The thermal proprieties of building materials; 

 The daily occupation cycle; 

 The clothing and activity levels of the occupants; 

 The air ventilation topologies; 

 Others. 

The output data of the numerical model are: 

 The several heat and mass coefficients; 

 The evolution of solar radiation on each surface; 

 The indoor air temperature; 

 The dioxide carbon concentration;  

 The PMV and PPD indexes; 

 Others. 

 

Numerical Methodology 

The numerical simulation was carried out for a university 

building (Figure 1) located at 39ºN latitude, south of 

Portugal, a region characterized by a Mediterranean-type 

climate. This building consists mainly of classrooms, 

laboratories and offices. This building is divided into 319 
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spaces distributed by four floors. It is constituted by 329 

transparent surfaces (windows) and 3585 opaque surfaces 

(internal and external walls, doors, and others). 

Two situations were analysed: for summer conditions, the 

building has an underground thermal energy storage space 

(Figure 2); for winter conditions, the building has two 

internal greenhouses located on its south-east and south-

west sides of the ground level floor (Figure 3). In these 

Figures the grey colour represents the interior and exterior 

walls, the blue colour represents the windows, the green 

colour represents the doors, the orange colour represents 

the concrete slabs and the red colour represents the roof 

tiles. The magenta colour represents the underground 

thermal energy storage space in Figure 2 and the internal 

greenhouses in Figure 3. 

 

Figure 1: South-east view perspective of the university 

building. 

 

Figure 2: South-east view perspective of the university 

building with an underground thermal energy storage 

space (marked in magenta). 

 

The underground thermal energy storage space of the 

building is defined numerically below the ground floor 

with the same area of the building and a height of a typical 

ceiling. During the night the air in this underground space 

is cooled to be distributed by the internal ventilation 

system throughout the day in occupied spaces that are 

thermally uncomfortable by heat. The airflow inlet 

process is from the underground thermal energy storage 

space to the occupied spaces. The airflow outlet process 

is from the occupied spaces to the outside environment. 

The selected airflow inlet process is as follows in Figure 

4a). During the morning, the cooled air comes from the 

underground thermal energy storage space and it is 

transported to rooms (spaces 51 and 52) located on the 

east side of the building. During the afternoon, the cooled 

air comes from the underground thermal energy storage 

space and it is transported to rooms (spaces 2 and 11) 

located on the west side of the building. These four rooms 

were chosen as representative of the results obtained. 

 

Figure 3: South-east view perspective of the university 

building with two greenhouses located, respectively, on 

south-east and south-west sides of the ground level floor 

(marked in magenta). 

 

For summer conditions, it was used an extension of the 

PMV model to non-air-conditioned buildings in warm 

climates (Fanger and Toftum, 2002). Given the location 

of the building, an expectancy factor of 0.5 was chosen 

accordingly to the duration of its warm weather.  

For the winter conditions, they are use two internal 

greenhouses. The airflow inlet process is from the internal 

greenhouses to the occupied spaces. The airflow outlet 

process is from the occupied spaces to the outside 

environment. The selected airflow inlet process is as 

follows in Figure 4b). The heated air comes from the 

internal greenhouse located on south-east side of the 

building (space 34) and it is transported to rooms (spaces 

40 and 41) located on the east side of the building. The 

heated air comes from the internal greenhouse located on 

south-west side of the building (space 12) and it is 

transported to rooms (spaces 4 and 13) located on the west 

side of the building. These rooms were chosen as 

representative of the results obtained. 

For both conditions, summer and winter, the situations in 

which passive solar strategies are not applied, which will 

be used as a reference, are also considered. In these 

situations, the airflow inlet process will be from the 

outside environment to the occupied spaces. The airflow 

outlet process will be from the occupied spaces to the 

outside environment. 

The airflow rate was chosen accordingly to the occupation 

or non-occupation of the spaces. The airflow rate was 

defined for the occupation of the spaces regarding to the 

Portuguese standard (Portaria 353-A, 2013).  The airflow 
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rate of one air renewal per hour was defined for the non- 

occupation of the spaces. 

In the numerical simulation, it was defined that the 

occupation cycle of the classrooms, laboratories and 

offices, in general, corresponds to periods of occupation 

of 90 minutes interspersed with periods of break of 15 

minutes. For typical conditions of summer and winter, 

they were considered, respectively, clothing levels of 0.5 

and 1.0 clo (ISO 7730, 2005). It was defined an activity 

level of 1.2 met (ISO 7730, 2005). 

 

a) 

 

b) 

Figure 4: Airflow topology when using the: a) 

underground thermal energy storage space (summer 

conditions); b) two internal greenhouses (winter 

conditions). 

The thermal behaviour of all rooms are evaluated by the 

numerical simulation. The external environmental 

conditions, used as input data, were obtained by a weather 

station installed near the building. 

 

Results 

In this section, the results obtained from the carbon 

dioxide concentration, the indoor air temperature and the 

PMV index will be presented and discussed for the two 

situations analysed: in summer conditions, the building 

uses an underground thermal energy storage space to 

supply cool air to the ventilation system; in winter 

conditions, the building uses two internal greenhouses 

spaces to supply heated air to the ventilation system. 

The numerical simulation was performed for all rooms of 

the building. However, only the representative results of 

the spaces located on the ground floor will be presented. 

For both situations analysed, the results obtained from the 

concentration of carbon dioxide in the occupied spaces 

demonstrate that the level of indoor air quality is 

acceptable according to the standards (ASHRAE 62.1, 

2016). 

Summer conditions 

Figures 5 and 6 show the evolution of the indoor air 

temperature obtained in two spaces (spaces 51 and 52) 

located in the east side of the building and in two spaces 

(spaces 2 and 11) located in the west side of the building, 

respectively. In these figures, UTES represents the 

Underground Thermal Energy Storage space and (n) and 

(y) represent, respectively, the no use or use of the 

underground thermal storage energy space as cooled air 

supplier for the ventilation system. 

Figures 7 and 8 show the evolution of the PMV index 

obtained in two spaces (spaces 51 and 52) located in the 

east side of the building and in two spaces (spaces 2 and 

11) located in the west side of the building, respectively. 

In these figures, (n) and (y) represent, respectively, the no 

use or use of the underground thermal storage energy 

space as cooled air supplier for the ventilation system. 

 

Figure 5: Evolution of air temperature (Tair) in the 

rooms 51 and 52 located on the east side of the building, 

in outdoor and in UTES space, for summer conditions.  

 

 

Figure 6: Evolution of air temperature (Tair) in the 

rooms 2 and 11 located on the west side of the building, 

in outdoor and in UTES space, for summer conditions. 
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Figure 7: Evolution of PMV index in the rooms 51 and 

52 located on the east side of the building, for summer 

conditions.  

 

 

Figure 8: Evolution of PMV index in the rooms 2 and 11 

located on the west side of the building, for summer 

conditions. 

In general, the use of cooled air supplied by the 

underground thermal energy storage space allows to 

lower the air temperature in occupied spaces by about 

0.8ºC, on average, during the day. The air temperature in 

the occupied spaces within the spaces located on the east 

side of the building drops about 1.0ºC, on average, during 

the morning. The air temperature in the occupied spaces 

within the spaces located on the west side of the building 

drops by around 1.4ºC, on average, during the afternoon. 

During the day, the air temperature within the spaces 

located on the west side of the building presents, on 

average, a slightly greater decrease than the air 

temperature within the spaces located on the east side of 

the building, 0.80ºC vs. 0.72ºC. 

The results show that the use of cooled air supplied by the 

underground thermal energy storage space improves the 

PMV index of the occupied spaces of 4.85%, on average, 

during the day. The PMV index of the occupied spaces 

located on the east side of the building improves about 

4.81%, on average, during the morning. The PMV index 

of the occupied spaces located on the west side of the 

building improves around 8.14%, on average, during the 

afternoon. During the day, the PMV index of the spaces 

located on the west side of the building has, on average, a 

higher improvement than the PMV index of the spaces 

located on the east side of the building, 5.79% vs. 3.91%. 

However, these PMV index improvements are not 

sufficient to obtain acceptable levels of thermal comfort 

for the occupants in these spaces according to ISO 7730 

(2005), but the PMV index values are near of the values 

within category C (ISO 7730, 2005). It is suggested that 

the ventilation system airflow rate be increased so that the 

air temperature in the occupied spaces decreases further 

and, thus, to contribute to the improvement of the values 

of the PMV index. 

The use of underground space will allow to obtain, on 

average, 17.6% of energy savings in the spaces analysed 

in this study, about 2.3 kWh of cooling thermal energy per 

day. 

Winter conditions 

Figures 9 and 10 show the evolution of the indoor air 

temperature obtained in two spaces (spaces 40 and 41) 

located in the east side of the building and in two spaces 

(spaces 4 and 13) located in the west side of the building, 

respectively. In these figures, IG represents the internal 

greenhouse space and (n) and (y) represent, respectively, 

the no use or use of the internal greenhouse space as 

heated air supplier for the ventilation system. The internal 

greenhouse located in south-east side (space 34) supplies 

the occupied spaces on the east side of the building. The 

internal greenhouse located in south-west side (space 12) 

supplies the occupied spaces on the west side of the 

building.   

Figures 11 and 12 show the evolution of the PMV index 

obtained in two spaces (spaces 40 and 41) located in the 

east side of the building and in two spaces (spaces 4 and 

13) located in the west side of the building, respectively. 

In these figures, (n) and (y) represent, respectively, the no 

use or use of the internal greenhouse space as heated air 

supplier for the ventilation system. 

In general, the use of heated air supplied by the internal 

greenhouses spaces allows to increase the air temperature 

in occupied spaces by about 1.5ºC, on average, during the 

day. The air temperature within the internal greenhouse 

space 12 (west side) decreases, on average, 3.0ºC (4.6ºC, 

when regarding to the afternoon). The air temperature 

within the internal greenhouse space 34 (east side) 

decreases, on average, 2.6ºC (3.8ºC, when regarding to 

the morning). The air temperature in the occupied spaces 

within the spaces located on the east side of the building 

increases about 2.5ºC, on average, during the morning. 

The air temperature in the occupied spaces within the 

spaces located on the west side of the building increases 

by around 2.5ºC, on average, during the afternoon. During 

the day, the air temperature within the spaces located on 

the east side of the building presents, on average, a 

slightly greater increase than the air temperature within 

the spaces located on the west side of the building, 1.54ºC 

vs. 1.49ºC. 

The results show that the use of heated air supplied by the 

internal greenhouses spaces improves the PMV index of 

the occupied spaces of 17.64%, on average, during the 

day. The PMV index of the occupied spaces located on 

the east side of the building improves about 24.19%, on 

average, during the morning. The PMV index of the 
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occupied spaces located on the west side of the building 

improves around 28.88%, on average, during the 

afternoon. During the day, the PMV index of the spaces 

located on the west side of the building has, on average, a 

slightly improvement than the PMV index of the spaces 

located on the east side of the building, 17.92% vs. 

17.36%. However, these PMV index improvements are 

not sufficient to obtain acceptable levels of thermal 

comfort for the occupants in these spaces according to 

ISO 7730 (2005), but the PMV index values are near of 

the values within category C (ISO 7730, 2005). The 

rooms on the east side of the building present more 

significant improvements in thermal comfort during the 

morning. On the other hand, the rooms on the west side of 

the building show more significant improvements in 

thermal comfort during the afternoon. It is suggested that 

the ventilation system airflow rate be increased so that the 

air temperature in the occupied spaces increases further 

and, thus, to contribute to the improvement of the values 

of the PMV index. 

The use of greenhouse spaces will allow to obtain, on 

average, 41.6% of energy gains in the spaces analysed in 

this study, about 1.8 kWh daily of thermal heating energy. 

 

 

Figure 9: Evolution of air temperature (Tair) in the 

rooms 40 and 41 located on the east side of the building, 

in outdoor and in internal greenhouse space 34, for 

winter conditions.  

 

 

Figure 10: Evolution of air temperature (Tair) in the 

rooms 4 and 13 located on the west side of the building, 

in outdoor and internal greenhouse space 12, for winter 

conditions. 

 

Figure 11: Evolution of PMV index in the rooms 40 and 

41 located on the east side of the building, for winter 

conditions.  

 

 

Figure 12: Evolution of PMV index in the rooms 4 and 

13 located on the west side of the building, for winter 

conditions. 

 

Conclusion 

In this numerical study, it was applied two passive 

strategies in a university building in order to make it more 

sustainable in terms of energy use and indoor 

environmental quality for users. In summer conditions, it 

was implemented an underground thermal energy storage 

capacity to provide cool air to improve the thermal 

conditions of occupied spaces. In winter conditions, they 

were used two internal greenhouses, located on the south-

east and south-west sides of the building, to provide 

heated air to improve the thermal conditions of the 

occupied spaces.  

In both summer and winter conditions, the ventilation 

system used guarantees acceptable levels of indoor air 

quality according to the standard (ASHRAE 62.1, 2016). 

In general, the use of the underground thermal energy 

storage space contributes to decrease the air temperature 

in occupied spaces by about 0.8ºC, on average, in summer 

conditions. The use of the two internal greenhouses 

spaces contributes to increase the air temperature in 

occupied spaces by about 1.5ºC, on average, in winter 

conditions. 

In summer conditions, the PMV index of the occupied 

spaces was improved of 4.85%, on average. In winter 
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conditions, the PMV index of the occupied spaces was 

improved of 17.64%, on average. Although the thermal 

comfort of the occupants has improved, its level was only 

close to the acceptable level according to category C of 

ISO 7730 (2017), due to positive values of the PMV index 

in summer conditions and negative values of the PMV 

index in winter conditions. 

In both summer and winter conditions, it is necessary to 

increase the airflow rate in order to take better advantage 

of the availability of thermal energy in the supplier spaces. 
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