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Keywords: 
Entropy balance 
Energy efficiency 
Gouy-stodola theorem 
Entropy generation 
Degradation 

A B S T R A C T   

The energy performance of a building located in La Roca del Vallès, close to Barcelona in Spain designed under 
the near Zero Energy Building (nZEB) and Net Zero Energy Building (NZEB) criteria was investigated. The aim 
was to introduce entropy generation rate as a magnitude to describe energy efficiency in buildings. This was 
achieved by studying the energy and entropy balances using a commercial energy performance simulation 
software for different scenarios proposing different efficiency conditions. The annual energy and entropy flow 
balances cancel. Entropy generation was due to heat losses through the envelope, sun irradiance, appliances, 
lighting and occupation of the building. The building designed following nZEB criteria was compared with the 
same building with poorer energy performance. The first one generated 45,834 kJ K− 1 while the second one 
generated 79,985 kJ K− 1. This is an important result because with a single magnitude, entropy generation, we 
combine the impact of all energy transformations taking place in the building. Sun irradiance is found to be the 
most important entropy generation source: a building with sun irradiance can generate nearly 3.4 times more 
entropy than a shadowed building. Finally, we evaluated the generated entropy ratio between the transferred 
entropy to the environment in terms of Gouy-Stodola theorem and the cumulated entropy that contributes to 
building degradation. Although cumulated degradation entropy is well below the threshold of building collapse, 
practical degradation effects in the building were shown.   

1. Introduction 

Energy efficiency is taking a leading role in building design due to 
the present climate emergency. On the one hand, buildings consume 
around 40% of the Europe energy and on the other hand, according to 
the International Energy Agency, energy efficiency must account for a 
significant impact on energy consumption trends, and in particular in 
buildings (IEA, 2019). In this context, European regulations such as 
UE2010/31 and its update UE2018/844 stress the need to reduce energy 
consumption, partially through efficiency improvements. In particular, 
directive UE2010/31 promotes the improvement of the energy perfor-
mance of buildings within the Union, taking into account outdoor cli-
matic and local conditions, as well as indoor climate requirements and 
cost-effectiveness. It also develops the concept of near Zero Energy 
Building (nZEB), which is a building that has a very high energy per-
formance and that should obtain the required energy from renewable 
sources. However, the adoption of a methodology for calculating the 
building energy performance is left to national or regional level, along 
with the issue of energy performance certificates. In 2018, Directive 

UE2018/844 was enacted to increase efforts to achieve the Horizon 
2030 commitments. It remarks on the need to achieve a complete and 
homogeneous building insulation for achieving energy savings in 
buildings. This would maintain an adequate temperature in indoor 
spaces, eliminate problems of humidity and condensation and achieve 
better indoor air quality and lower thermal input requirements. Also, the 
use of highly energy-efficient appliances is encouraged, as well as the 
transparency of energy efficiency certificates. 

These norms define the European standard for nZEB and compre-
hend the main ideas of former standards such as Passive Haus (Li et al., 
2019). Another interesting standard for high-energy performance 
buildings is the Net Zero Energy Building (NZEB), which is focused on 
the origin of building energy supplies and carbon emissions of the pri-
mary energy sources. nZEBs aim to have a low energy demand while 
NZEBs aim to balance the energy demand with generation demands 
(Wei and Skye, 2021). Taherahmadi et al. (2021) comprehensively 
reviewed Zero Energy Building and proposed a general classification for 
different types of net zero buildings: 
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• Zero Energy Building. A zero-energy building is an energy-efficient 
building which combines electricity generation onsite and grid 
connection and whose monthly energy balance is compensated.  

• Zero Carbon Building. A net-zero-carbon building is an energy- 
efficient building that generates energy onsite without CO2 emis-
sions to satisfy the building demand.  

• Zero Exergy Building. A net-zero exergy building is a building whose 
total annual exergy balance cancels.  

• Zero Cost Building. The economic balance between the cost of buying 
energy and the benefit of selling onsite generated energy cancels over 
the year. 

If all approaches are considered simultaneously, a Life Cycle Zero 
building (energy, carbon, exergy, and cost are optimised) is defined. In 
fact, life cycle analysis also considers the energy used before and after 
the operational use of the building, that is, the used energy and pro-
duced emissions during material’s processing, building steps, use of 
building and material’s recycling (Aparicio Ruiz et al., 2014). 

All definitions given above consider energy efficient buildings. Thus, 
energy efficiency indicators are necessary to describe the building’s 
performance. These indicators must accurately describe the relationship 
between the type of building and the energy performance. Boemi and 
Tziogas (2016) classify indicators in 5 categories: building’s perfor-
mance, operational profile, physical characteristics, total energy con-
sumption and carbon footprint. Housing should consider physical 
characteristics (such as lighting, air conditioning, hot bath water ratio, 
participation of central air conditioning in installed cooling capacity), 
energy use (for heating, cooling, lighting, appliances, hot water pro-
duction), condition of technical installations, envelope transmittance 
along with carbon footprint related to materials efficiency and envi-
ronmental impact. Business operated buildings must also consider effi-
ciency in terms of the business characteristics. In particular, for hotels, 
energy consumption must be rated per bed or per season. 

Efficiency is not only a cost matter but also an asset to increase 
tourists appeal. (Gonçalves et al., 2012). However, Stylos et al. (2018) 
suggested that energy efficiency as described above is not sufficient to 
estimate the overall performance because this type of analysis only es-
timates the used energy during hotel operations compared to the energy 
inputs. Exergy analysis would be preferred in comparing the perfor-
mance of different types of input energy to the building because it 
simplifies the comparisons between different locations or the depen-
dence on outdoor temperature. 

A thermodynamic approach to energy efficiency considers building 

energy balance. An energy balance evaluates the relationship between 
input and output energies. Energy balance analysis is a common 
approach to improve building’s efficiency, from architecture (Schlueter 
and Geyer, 2018), engineering (Tornay et al., 2017), climatic (Natanian 
et al., 2020) or biomimetic (Imani and Vale, 2020) points of view. The 
design strategies to improve energy efficiency in terms of energy balance 
are well-established: efficient envelope to minimize heat flows, efficient 
appliances, sun irradiance control, efficient climate systems and optimal 
operational use of the building are the most important. In this frame-
work, different commercial software are available for architects and 
engineers to monitor energy performance of building, each one with 
different assets and drawbacks (Crawley et al., 2008). As stated in 
UE2010/31, each country must develop the strategies to fulfil the effi-
ciency requirements. The Spanish government has validated different 
software to certify the energy performance in terms of energy efficiency. 
The most common are the Lider-Calener unified tool (HULC), CE3X, 
Cypetherm or DesignBuilder (MTERD, 2021). In general, software con-
siders the energy flows through building envelope and energy sources 
such as occupancy, light and appliances consumption, heating and 
cooling systems and even energy sources such as renewable sources. 
Considering energy conservation, building energy balance guaranties 
building’s comfort operating conditions. 

In Spain, studies on energy efficiency have been carried out from 
different approaches. Aparicio et al. considered the optimisation of 
materials selection as a function of climate change and humidity 
(Aparicio Ruiz et al., 2014). Simulations on office buildings showed how 
to optimise the envelope as a function of the climate region, considering 
annual temperature and humidity variation (Fuentes-Bargues et al., 
2020). For a specific location, Valencia, projections over the next cen-
tury considering climate change showed the increase of cooling demand 
in contrast to a decrease in heating demand (Pérez-Andreu et al., 2018). 
Herrando et al. (2016) investigated faculty buildings finding that effi-
ciency predictions and real energy performance differed, mainly 
because thermal equipments could not be realistically simulated and 
because the practical use of the building was different that the ideal use 
of the model. Indoor temperature is also a critical magnitude in nZEBs, 
that is, how to make the dwelling comfortable at the lower energy cost. 
The temperature range is usually established in the range 17 ◦C – 27 ◦C 
(CTE, 2021). However, the energy devoted to obtaining this goal de-
pends on contour conditions (location, materials …). Thus, a compre-
hensive energy study is necessary to obtain the minimum energy 
consumption. For instance, He et al. proposed to compare energy per-
formance of different locations in China using exergy and entransy 

Glossary 

nZEB Near Zero Energy Building 
NZEB Net Zero Energy Building 
U (W m− 2K− 1) heat transmittance 
g Solar Factor 
S Entropy 
Se Entropy flow 
Si Entropy generation 
T Temperature 
Tin indoor average temperature inside the building 
Tout outdoor average temperature outside the building 
Qe heat flow through the envelope 
Tcold thermal source of low temperature 
Thot thermal source of high temperature 
T0 temperature of the thermal source. (indoor or outdoor 

temperature) 
Q heat flow 
COP Coefficient of Performance 

Wcomp electrical work 
Qheat heat generation in heating systems 
Qin input heat to the building 
EER Energy Efficiency Ratio in cooling operation mode 
Qout delivered heat to the environment 
Qcool indoor extracted heat 

Subindex 
e entropy flow 
i entropy generation 
H heating 
C Cooling 
Light illumination 
appl appliances 
occ occupancy 
irrad irradiance 
vent ventilation 
w + d light envelope 
wall heavy envelope  
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analysis, obtaining a good discrimination with respect to energy design 
constrains when comparing different heating scenarios in residential 
building in winter thermal environments (He et al., 2019). With respect 
to appliances, heating and cooling are the most energy demanding. In 
Spain, cooling is taking a leading role. Thus, air conditioning is a critical 
system in buildings. It is necessary not only to consider an optimal 
machine but also the ventilation, the geometry of the building and the 
climate conditions. It was found to be more feasible to achieve net zero 
energy balance in hot-dry environments than in warm-humid consid-
ering a vapor compression air-conditioning system (Singh and Das, 
2020). Moreover, the combination of photovoltaic, biogas and grid 
electricity (triple hybrid system) was found to be the best choice to 
optimise both cost and energy performance (Singh and Das, 2018, 
2019a) or could even be grid-independent taking into consideration the 
refrigerant-absorbent concentrations (Singh and Das, 2021) or operate 
under different climatic conditions (Singh and Das, 2019b). 

In our opinion, many efforts are being put in the study of energy 
flows, but less attention has been devoted to the energy transformation 
processes in buildings. Energy transformation processes are key con-
cepts in energy efficiency and are usually described in terms of exergy 
and entropy. While exergy approaches have been widely considered in 
thermal machines efficiency analysis (Xu et al., 2016), fewer applica-
tions to whole buildings are found. Exergy analysis in buildings showed 
the interest in evaluating the energy performance (Shukuya, 2009), or 
the electric connection to the grid (Sandoval et al., 2017) or the energy 
generation with renewable sources (Hosseini et al., 2014). Moreover, an 
alternative to life cycle analysis is the exergy evaluation related to 
building construction, which has also been evaluated (Meng et al., 
2014). However, according to Bejan (1996), entropy is a more conve-
nient magnitude to describe system performance while exergy is better 
to describe operational performance. Gupta and Nayak (2019) evaluated 
the entropy generation due to air flow ventilation. Biserni and Garai 
(2015) studied the energy balance of a building according to the first 
principle of thermodynamics. They also suggested to study the entropy 
balance but unfortunately, they did not develop it because they 
preferred to compute exergy efficiency instead of entropy evaluation. 
Gonçalves et al. (2012) evaluated the exergy related to primary energy 
flows entering a building, specifically described for hotels, because they 
aimed to compare the energy quality related to electricity and gas that 
supplied the hotel energy demands. However, the energy balance of the 
building in terms of energy losses through the envelope was not 
considered. Choi et al. (2020) performed a very complete analysis of the 
envelope performance focusing on the exergetic behaviour of the en-
velope in transient conditions to consider the energy storage and heat 
capacity of the structure. However, it was focused on one wall config-
uration and was studied for very short periods of time (48 h) whereas 
cumulative evolution of exergy is only briefly pointed out. The perfor-
mance evaluation of building’s systems has also been studied in terms of 
exergy. The basic equations of energy transfer and heat generation were 
deployed, in a similar approach to the proposed in our manuscript but 
more related to machine performance (Evola et al., 2018). Its interest 
relied in the comparison between energy efficiency and exergy effi-
ciency, claiming that small gradients sources should be preferred to 
optimise efficiency. 

It is clear that energy efficiency in buildings cannot be easily 
described with a simple indicator. Different concepts such as entropy or 
exergy have been proposed. Even a new approach such as entransy, 
which is still controversial (Sekulic et al., 2015), has recently been 
proposed to characterise building performance (He et al., 2019). Au-
thors claim that the advantage of exergy analysis is that in the future it 
can be integrated in the economic analysis leading to exergoeconomics 
(He et al., 2019). However, to our knowledge, a detailed study of en-
tropy balance in buildings has not been propose. Thus, according to this 
thermodynamical framework, we aim to investigate entropy sources and 
flows in a case study to estimate how energy efficiency can be improved, 
in terms of the second law of thermodynamics and the Gouy-Stodola 

theorem and to quantify the energy performance of the building in 
terms of entropy. 

The paper is organised as follows: first, we describe an energy- 
efficient building which we simulate using the commercial Cypetherm 
software. We then evaluate the energy and entropy balance of the 
building, considering the different entropy sources and flows. We finally 
carry out further simulations to discriminate the contributions of the 
envelope heat transmittance, appliances efficiency and radiation impact 
on entropy generation. 

2. Methodology 

We considered a case study of an nZEB, located in La Roca del Vallès 
(Barcelona, Spain GPS: 41.5836, 2.3275) (Rico, 2020). We carried out 
the energy simulations with the commercial software Cypetherm HE 
Plus (CYPE, 2021). Software input data for energy evaluation are: 
building plans, materials that form the thermal envelope, location and 
climate systems (outdoor temperature and humidity), indoor conditions 
(temperature and humidity) and appliances average consumption pro-
files. Simulations are carried out every hour. Output data are energy 
consumption and energy balance for every room in the building. This 
software implements the calculation methodologies described in the 
Building Technical Code (CTE, 2021), which are the specific directrices 
for building design in Spain. In this document energy efficiency equa-
tions such as loses through envelope, shadow patterns, appliances con-
sumption are used as input data. 

2.1. Case study 

We briefly describe the design of the simulated case. Further details 
can be found in the supplementary material or elsewhere (Rico, 2020). 

2.1.1. Climate conditions 
Temperature and irradiance are key data for the optimal design of a 

building. For the studied location, annual average outdoor and indoor 
temperatures evolution is obtained from the Cypetherm database (see 
Fig. 1) and irradiation is obtained from Photovoltaic Geographical In-
formation System (PVGIS, 2021), which is illustrated in Fig. 2. 

2.1.2. Building design 
The structure of the dwelling is depicted in Fig. 3 and summarised in 

Table 1. The envelope is designed to have a very low heat transmittance 
U (details are given in Table 2 and in Rico (2020)). Windows and doors 
are based on low emissivity glass and modified solar factor 0.2, as 
illustrated in Fig. 4 and frames are made of aluminium with thermal 
bridge break. It has to be noted that a high solar factor demands more 
cooling energy whereas a low solar factor demands more heating 
energy. 

2.1.3. Appliances and lighting 
Appliances and lights are all-electric and chosen according to user 

interests and energy efficiency. Lighting is based on low power and high 
efficiency LEDs lamps. Typical power demand was established for 
spring, summer, autumn and winter. Available appliances are described 
in Table 3 whereas in Fig. 5 we illustrate the typical energy consumption 
in winter. In this contribution, we are more concerned on the general 
trends of the energy and entropy balance than with the absolute values 
of power consumption. These profiles, thus, are convenient to illustrate 
building’s performance. 

2.1.4. Heating, cooling and ventilation 
Heating and cooling are based on an aerothermal system (Toshiba 

Estia Alfa HWS-805H-E) which provides hot and cold water and feeds 
the radiant floor both for heating and cooling. Ventilation is carried out 
with a forced mechanical ventilation system with a heat exchanger 
(Prometeo HR-400 195). Further details can be found elsewhere (Rico, 
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2020). 

2.1.5. Occupancy 
We consider four people family living in the building. The average 

energy dissipation is estimated by the Cypetherm software itself based 
on 4 people typical occupancy. 

2.2. Entropy calculations 

The main goal of this contribution is to evaluate the entropy flows 
and entropy generation sources related to energy transformations in the 
building. As no data on entropy generation or entropy flows is generally 
provided by commercial software, we apply the basic equations of 
thermodynamics of irreversible processes to obtain the entropy balance 
of the building (Kondepudi and Prigogine, 1998). Entropy calculations 
are based on the building entropy change dS: 

dS= dSe + dSi (1)  

where Se is the entropy flow through the envelope and Si is the entropy 
generation in the building due to heat transfer, lost work or chemical 
potential variation (Kondepudi and Prigogine, 1998). It is convenient to 
define Tin as the indoor average temperature and Tout as the outdoor 
temperature, as illustrated in Fig. 1. Considering Qe as the energy flow 
through the envelope at indoor air temperature, the entropy flow is then 
given by: 

dSe =
dQe

Tin
(2) 

Fig. 1. Maximum, minimum and average outdoor daily temperature evolution for the specified location and indoor monthly average temperature obtained from 
Cypetherm software. Thermal gradients are responsible of entropy generation, as illustrated below. 

Fig. 2. Irradiation per month at the studied location obtained from PVGIS 
database. In blue, the irradiation for an incident angle of 16.5◦. In orange, the 
irradiation at the horizontal plane. 

Fig. 3. Dwelling simulated structure.  

Table 1 
Building dimensions.  

Floor area (ground floor) (m2) 115.23 

Floor area (first floor) (m2) 109.84 
Roof area (m2) 111.12 
Walls area (m2) 186.97 
Windows area (m2) 35.71 
Doors (m2) 5 
Volume (indoor) (m3) 594.04 
Volume (solid) (m3) 150  
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For most cases in this study, entropy generation Si can be easily 
computed through the well-known thermodynamics’ expression: 

dSi =

(
Q
Tcold

−
Q
Thot

)

=Q⋅
(

1
Tcold

−
1
Thot

)

(3)  

where Tcold and Thot refer to Tin and Text, depending whether outdoor 
temperature is higher or lower than indoor temperature. For irreversible 
heat transfer, Q is Qe in (2). Moreover, taking into account the Gouy- 
Stodola theorem (Bejan, 2006), which states that lost work Wlost is 
transferred as generated entropy Si to the thermal source characterized 
by T0, or in differential form 

Ẇlost = T0Ṡi (4)  

we can calculate lost work in appliances, lighting or occupation using 
(3), considering Q as the consumed energy by the load and the operating 
temperature of the source Thot (appliances, lights or people) with respect 
to Tin, as energy is released indoors. 

For the aerothermal climate system, we assume that the engine is 
outside the envelope, as illustrated in Fig. 6 (Bejan, 2006). Then, we 
consider equipment’s performance coefficients as 

dSi H =
(
Qheat

Tcold
−
Qheat

Thot

)

=Qheat⋅
(

1
Tcold

−
1
Thot

)

(5)  

Qheat =Qin +Wcomp (6)  

COP=
Qheat

Wcomp
(7)  

dSi H =
Qheat

Tin
−

(
Qin

Tex
+
Wcomp

Tex

)

(8)  

where the coefficient of performance COP relates the electrical work 
Wcomp to the useful delivered heat Qheat considering the input heat from 
the environment Qin. Hence, we obtain entropy variation due to heating 
as: 

dSi H =
COP⋅Wcomp

Tin
−

(
COP⋅Wcomp − Wcomp

Tout
+
Wcomp

Tout

)

dSi H = COP⋅Wcomp⋅
(

1
Tin

−
1
Tout

) (9) 

Similarly, we can obtain entropy generation at the heat pump in 
cooling operation mode from the heat flows, as in Fig. 6: 

Qout =Qcool +Wcomp (10)  

EER=
Qcool

Wcomp
(11)  

where EER is the energy efficiency ratio in cooling operation mode, Qout 
the delivered heat to the environment and Qcool the indoor extracted 
heat. Hence, the entropy change is given by 

dSi C =
Qout

Tout
−

(
Qcool

Tin
+
Wcomp

Tout

)

(12) 

And combining both equations: 

dSi C =
EER⋅Wcomp +Wcomp

Text
−

(
EER⋅Wcomp

Tin
+
Wcomp

Tout

)

diScl C = EER⋅Wcomp⋅
(

1
Tout

−
1
Tin

) (13) 

Recalling (1), as entropy is an extensive magnitude, we can write 

dSi = dSi H + dSi C + dSlight + dSi appl + dSi occ + dSi rad (14) 

Similarly, the entropy flow 

Table 2 
Thermal properties of the envelope constructive materials. Materials design 
were chosen to obtain a high-efficiency performance. Simulated transmittances 
comply with Spanish nZEB criteria. Material references can be found elsewhere 
(Rico, 2020).   

Transmittance U (W 
m− 2K− 1) 

Simulated Structure. 

Top roof 0.10 Polyurethane panel Hiansa (4 cm) + Air 
Chamber (5 cm) + TI212 Knauf (16 cm) +
waterproof sheet (0.2 cm) + vaud of expanded 
polystyrene (25 cm) + plaster (0.95 cm) 

Side 
Walls 

0.18 Rock Panel Durable (0.80 cm) + Panel Plus 
TP38 (14 cm) + Termoclay (24 cm) + Rock 
Panel (0.80 cm) 

Floor 0.08 Stoneware (2 cm) + Radiative floor (6 cm) +
Smart Floor TP (20 cm) + expanded 
polystyrene (25 cm) 

Windows 1.3 Cortizo: COR3000 
Doors 0.93 Hörmann: Model 800 Thermo65  

Fig. 4. Heating and cooling energy consumption as a function of solar factor for the studied dwelling. Maximum solar factor that minimized electric energy demand 
was chosen. 
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dSe = dSe H + dSe C + dSe light + dSe appl + dSe occ + dSe rad (15) 

From these equations thus, we can obtain the entropy balance of the 
building. 

3. Results 

We discuss first the straight forward results of the energy balance 
provided by the simulation software and then, we discuss the entropy 
balance and its relationship with energy efficiency. 

3.1. Energy results 

We obtain monthly results for energy balance, which are illustrated 
in Fig. 7. Building energy balance comprehends cooling QC and heating 
QH, occupation Qocc, lighting Qlight, appliances Qappl, ventilation and 
infiltrations Qvent, light envelope (windows and doors) Qw + d and heavy 

envelope (walls) Qwall. As expected, the monthly and annual balance is 
zero, as the energy provided by the climate systems compensates the 
energy losses through ventilation and envelope transmittance. Even 
though these results seem to give no relevant information, they are very 
useful to evaluate building entropy performance. 

3.2. Entropy results 

Building entropy balance is evaluated according to (1) in terms of the 
entropy flow between indoor and outdoor and the entropy generation at 
the different sources, as described in section 2.2. 

3.2.1. Entropy flow in case study 
As the monthly and annual energy balance is zero, entropy flow 

balance is also zero, as illustrated in Fig. 8. Thus, the contributions of 
entropy flows of cooling SC and heating SH, occupation Socc, lighting 
Slight, appliances Sappl, ventilation and infiltrations Svent, light envelope 
Sw + d and heavy envelope Swall cancel each other. We would like to 
highlight that here, along with the heat flow due to thermal gradient 
between indoor and outdoor, we introduced the entropy flow due to sun 
irradiance through the walls Swalls_rad and through windows and doors, 

Table 3 
Energy characteristics of the appliances of the simulated dwelling. Appliances 
with high-efficient certification were chosen. Electric power is obtained from 
manufacturer specifications. Details can be found elsewhere (Rico, 2020).  

System Model Electric power 
(W) 

Aerothermal system ESTIA ALFA HWS-805H-E – 
Ventilation system PROMETEO HR-400 195.0 
Fridge Samsung RB37J506MSA 20.28 
Washer LG FH2J3TDN0 622.7 
TV Samsung 43RU7105 43′′ 70.00 
PC – 300.0 
Battery charger laptop – 65.00 
Battery charger 

smartphone 
– 15.00 

Ceramic stove Infiniton VIT4BL41S 6400 
Oven Teka HLB 822SS 2615 
Microwave Cecotec Proclean 3010 700.0 
Coffee maker Cecotec Power Espresso 20 850.0 
Juicer Jata EX2300M 300.0 
Dryer Samsung DV90M6200CW/EC 293.9 
Toaster Philips Daily Collection 

HD2582/90 
830.0 

Vacuum cleaner Cecotec Conga 1590 Active 37.44 
Router – 10.00 
Lighting (LED) SNOKE, 40W, 120 cm 40.00 
Hair dryer OK OHD 103-B 1200 
Extractor Balay 3BI998HGC 166.0 
Dishwasher AEG FFB53910ZW 1950 
Iron Rowenta DW8118 2700  

Fig. 5. Electric profile consumption of appliances, heating and lighting for a typical winter day. Further profiles can be found in the supplementary material.  

Fig. 6. Entropy calculation at the aerothermal system for cooling. Heating 
would have the heat flows reversed. 
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Sw + d_rad. In order to calculate the entropy related to Sun, we considered 
both the indoor and outdoor temperatures along with Sun temperature, 
which was taken as Tsun = 6000 K (Bunn, 2009). 

3.2.2. Entropy generation in case study 
Contrarily to entropy flow, entropy generation, Si, is clearly un-

compensated (see Fig. 9) as it is related to how energy is either trans-
formed or degraded. Thus, it is interesting to know the magnitude of the 
generated entropy along with how it is drained. The main contribution 
to entropy generation is solar irradiance. It is worth highlighting that 
software simulations consider heat exchange at the envelope as a com-
bination of convection, conduction and radiation. Thus, they do not 
provide the independent contribution of each energy transfer. To over-
come this issue, we ran two simulations, one with irradiance, which 
would be the expected case behaviour of the dwelling, and one without 
irradiance, that is, shadowed. Thus, we shadowed the building to study 
the results without the effects of Sun (these results are shown below). It 
was then possible to discriminate the irradiance effect in the entropy 
generation, as it had been described by Chwieduk, who studied the 
impact of solar irradiance in building performance (Chwieduk, 2008). 

It is worth to point out that, from (3), depending on the temperature 
difference between the internal and external temperature, the generated 
entropy due to heat gradients can be either transferred outdoors or 
temporally remain inside the building. However, as illustrated above in 

the entropy flow balance, the generated entropy is eventually trans-
ferred outdoor because the thermal source is obviously the environment 
of the building, as implied by the Gouy-Stodola theorem. 

3.2.3. Entropy generation in low efficiency building 
We have already presented the entropy flow and entropy generation 

of a case study. However, the interest on entropy evaluation relies on 
determining whether entropy is a good indicator of energy performance 
in buildings. To understand it, we performed a second simulation of the 
case study where we modified the following parameters of the building:  

- The envelope transmittance was increased to increase heat losses. 
The following elements were modified:: Reduction of the thickness of 
Panel Plus TP38 to 2 cm in the side walls; thermal bridges are not 
insulated; windows, balconies and front doorsthermal conductivity is 
higher; solar factor equals to 0.4; and roof insulation layer TI212 
Knauf is removed, as described in Table 4  

- Worse efficiency in appliances fridge, washing machine, oven, drier 
and dishing machine (other appliances and lighting remain un-
changed with respect to previous simulation).  

- Occupancy remained the same.  
- Climate systems were changed to keep the same comfort conditions, 

i.e., losses increased. 

We depict the energy consumption in this case in comparison to the 
previous simulation, as illustrated in Fig. 10. 

The entropy generation results for the second simulation (less effi-
cient building) are illustrated in Fig. 11. Energy is balanced as in the 
previous case (Fig. 7). However, both entropy generation and entropy 
flow increase, that is, a less efficient building generates more entropy 
than an efficient one. Besides that, as the building becomes more inef-
ficient, more entropy is expelled to the environment. 

3.2.4. Entropy generation in a shadowed building 
We evaluate now the contribution of solar irradiance to entropy 

generation because, as inferred from previous figures, irradiance has a 
significant contribution. We carry out a third simulation with the same 
building but without radiation, that is, we shadowed the building for the 
whole year. Entropy generation, as illustrated in Fig. 12 clearly shows 
significant lower values. 

Fig. 7. Simulated annual energy balance of the building. Positive terms 
correspond to input energy flows into the building. Negative terms correspond 
to energy losses through envelope, ventilation or cooling. The energy balance of 
each month and each year is zero. 

Fig. 8. Entropy flows are estimated from energy flows. As energy flow balance 
is zero in a monthly basis, entropy flow follows the same trend. 

Fig. 9. Entropy generation obtained from (3), (8) and (12) considering all the 
entropy sources. Entropy generation is always positive. Main contribution is 
due to irradiance through the windows, followed by appliances. Because it is an 
nZEB, heating, cooling or thermal lost through the envelope show smaller 
contribution. 
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4. Discussions 

The interest of entropy characterisation with respect to energy relies 
both on energy efficiency and on building aging. This kind of balance 
had been proposed for the Earth as a system more as a curiosity than 
with practical applications (Bunn, 2009). However, when the entropy 
balance is particularised to a building, it clearly has practical 
consequences. 

We discuss the different scenarios presented in the results and 
summarised in Table 5. (case study, low efficiency and shadowed). We 
find that entropy generation is lower in more efficient buildings and 

increases in poorer energy efficiency buildings. The buildings that pro-
duce less entropy not only are more energy efficient but also, as they 
released less entropy outdoors, they also have a lower impact in the 
environment, which is important in the context of present climatic 
emergency (Dewar et al., 2014). It is clearly seen that the more efficient 
building generates less entropy than the lower efficient buildings, as it 
can be inferred from Figs. 9 and 11. In fact, a better understanding on 
entropy related processes could also help to improve passive climate 
systems because they could be selected according to their minimum 
entropy generation (Asimakopoulos, 2013; Gavina, 2008). 

In studying the entropy balance, we observed that the consumed 
energy in the building is transformed to satisfy the needs of the in-
habitants (electric energy for the appliances transform into heat, occu-
pation heat, sun irradiance …) so, in terms of thermodynamics, work is 
lost, and entropy is generated, as schematized in the graphical abstract. 
This generated entropy can be delivered outdoors or can remain in the 
building. If it is delivered outdoors, we apply equation (1) to the envi-
ronment, that is, outdoor and in virtue of the Gouy-Stodola theorem it is 
mostly transferred to the environment (thermal drain). However, and 
beyond the Gouy-Stodola theorem, generated entropy may remain in-
door while inducing degradation processes. 

As we already mentioned, the most significant contribution to en-
tropy was found to be related to irradiance. Certainly, this entropy is 
also generated when radiation reaches the Earth surface. It is well 
known that sun can damage fabrics and furniture (plastic or wood). 
Studies on damage and degradation due to sun radiation have reported 
the impact on woods (Liu et al., 2017), polymers and plastics (Jelle and 
Nilsen, 2011) or fabrics (Bedenko and Stefanskaya, 2013), but less ef-
forts have been devoted to buildings and possible solutions to avoid 
them. For instance, Esposito Corcione et al. (2018) investigated coatings 
for stones to avoid the effects or irradiance, which would be a rather 
expensive approach. It is easy to find examples of indoor degradation 
due to the impact of the energy/entropy difference in elements such as 
furniture or fabrics exposed to sun radiation inside the building. 

At this point, we cannot quantify how much generated entropy 
contributes to degradation, but we can propose some estimations to it. 
We might consider that all generated entropy contributed to degrada-
tion. Then, we can estimate the significance of this degradation by 
calculating the generated entropy per unit volume: 

sV =
Si
V
=

45834 kJK − 1

150 m3 = 305 kJ K − 1m− 3 (17)  

where the volume is the solid volume of the building (see Table 1), that 
is, the volume of the solid parts (walls, windows …). We can compare 
this value with entropy failure thresholds in materials such as steels, 
which are in the range of 4–60 MJ m− 3 (Naderi et al., 2010). Clearly, in 

Table 4 
Modified envelop data to simulate a poorer efficiency building.   

Transmittance U (W 
m− 2K− 1) 

Simulated Structure. 

Top roof 0.17 Polyurethane panel Hiansa (4 cm) + Air 
Chamber + waterproof sheet + expanded 
polystyrene + plaster 

Side Walls 
façades 

0.58 Rock Panel + Panel Plus 
TP38+Termoarcilla24 

Floor 0.08 Gres + Radiative floor + Smart Floor TP +
expanded polystyrene 

Windows 2.00 – 
Doors 2.00 –  

Fig. 10. Electric behaviour for typical winter day for the second simulation, 
with less efficient appliances. Notice the increase on energy consumption with 
respect to higher efficiency appliances depicted in Fig. 5. 

Fig. 11. Entropy generation results for low energy-efficient simulation. In 
comparison with Fig. 9, entropy generation has clearly increased, due to the 
poorer efficiency of the case study. Notice that entropy generation at the en-
velope, or in heating and cooling is higher than in the efficient case study. 

Fig. 12. Entropy generation without sun irradiance. The building simulation is 
the same as in Fig. 9 but shadowed. Entropy generation has clearly decreased 
because no irradiance is present. Main contribution is due to appliances, 
although they generate the same entropy than in the case study with irradiance. 
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this maximum threshold we are still far below a collapse threshold. 
Nevertheless, considering that the most important contribution to en-
tropy generation was irradiance, we could limit degradation to irradi-
ation entropy. In Table 5, subtracting entropy without irradiation (13, 
186 kJ K− 1) to entropy with irradiation (45,834 kJ K− 1), then sv = 217 
kJ K− 1m− 3. Finally, a more realistic approach would consider the ratio 
between entropy degradation and entropy transfer. As we do not have 
experimental data for buildings, we could take this ratio resistors 
degradation (Cuadras et al., 2015). In this case, the ratio is of the order 
of 3%, then we would find sv ≈ 9 kJ K− 1m− 3. Experimental measure-
ments on degradation in building are necessary at this point, though, at 
present, no available setup has been proposed. However, this degrada-
tion approach lies beyond the Gouy-Stodola framework adopted in this 
work. 

To conclude this analysis, it is worth pointing out that air tempera-
ture and humidity were considered in the energy performance of the 
building, but we assumed that either of them had no contribution on 
entropy balance because in a yearly basis, air temperature and humidity 
are the same, and thus, cannot cumulate entropy. 

5. Conclusions 

In this contribution we aimed to evaluate building’s efficiency in 
terms of entropy. From the energy simulations of a case study, we 
evaluated the entropy flow and the entropy generation in four different 
scenarios. The nZEB case study, with irradiance (scenario 1) and shad-
owed (scenario 2) and a poorer energy-performance building with 
irradiance (scenario 3) and without irradiance (scenario 4). We found 
that entropy flows match with energy balance and cancels in the studied 
monthly basis. However, entropy generation is uncompensated and may 
be either transferred to the environment according to Gouy-Stodora 
theorem or may rely in the building in terms of degradation. Cumu-
lated entropy is far the typical limit of collapse threshold, but we proved 
that can have practical effects on the building. Degradation is mainly 
due to sun irradiance, because it is the main source of entropy genera-
tion. We believe that the use of entropy generation to evaluate the en-
ergy performance of buildings can simplify the certification processes 
because entropy can reflect on a single magnitude processes that 
otherwise are considered independently, for instance, heating or cooling 
energy supplies, envelope losses, appliances consumption or occupation. 
These results open many possibilities for the design of energy efficient 
buildings. First, we think that engineers and architects can already have 
a better perspective of energy efficiency in terms of entropy, which can 
be directly calculated from the usual simulation tools. Furthermore, it 
should be possible to evaluate the whole building life cycle analysis in 
terms of entropy generation as CO2 emissions could also be evaluated in 

terms of entropy generation. However, it would be necessary to develop 
experimental setups to measure, quantify and validate the estimated 
magnitudes found in this work. 
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