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Featured Application: A new methodology for decision-making at the time of building design or 

retrofit is shown. 

Abstract: When designing or retrofitting a building, not too many tools let architects and engineers 

to define the optimal conditions to reduce energy consumption with the minimal economic 

investment. This is because different software resources must be employed and an iterative 

calculation must be done which, most of times, is not possible. The present study aims to define an 

original methodology that let researchers and architects to select the best option between different 

possibilities. To reach this objective, Monte Carlo method is employed on the ISO 13790 standard 

reaching the probability distribution of the energy consumption of each building after each possible 

modification. From main results, two mathematical models were obtained from a real case study 

showing the relation between annual energy consumption and economic investment of each 

different building retrofits. What is more, in disagreement with the expected result, the best retrofit 

option was not the one with the highest cost and qualities. In conclusion, this methodology can be 

a useful tool for researchers and professionals to improve their decision-making. 
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1. Introduction 

The energy consumption of the residential sector in the European Union represents 39% of CO2 

emissions, as is clear from the information published in JRC Energy Report 2018 [1]. For this reason, 

the impact of optimizing the efficiency of these buildings implies not only environmental 

improvements, but also a reduction in energy dependency. Concerns about improving the energy 

efficiency of buildings began in the Council Directive 93/76/EEC of 13 September 1993, which 

approved the Directive “(SAVE)” [2], regarding the limitation of carbon dioxide emissions through 

improved energy efficiency. This directive consists of a list of actions that member states should take 

to improve energy efficiency in buildings and thereby reduce their greenhouse gas emissions. 

It was followed by the signing of the Kyoto protocol (1997) [3], the publication of Directive 

2002/91/EC (Energy Performance of Buildings Directive) [4], which obliges to recent built, sold or 

rented buildings of member states to be accompanied by an Energy Efficiency Certificate. Later, in 

2010, the directive was recast into Directive 2010/31/EU [5], incorporating very important concepts 

such as the Nearly Zero Energy Consumption Buildings (nZEB building) and being mandatory for 

buildings constructed from December 31, 2020. 
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It also sets targets for reducing consumption, increasing the use of renewable energy sources 

and increasing efficiency by 20% by 2020 and in 2050 an economy with net-zero greenhouse gas 

emissions [6]. It also establishes the need for a common methodology for calculating the integrated 

energy performance of buildings. This methodology should integrate all the elements that determine 

energy efficiency and not only the quality of the building’s insulation. This integrated approach 

should take into account elements such as heating and cooling installations, lighting installations, the 

location and orientation of the building, heat recovery and renewable energy sources, between others. 

Currently, the energy certification model designed contemplates: (i) the architectural aspects of 

the building; construction materials, geographical area, orientation, insulation, gaps and its typology, 

etc.; and (ii) the characteristics of the equipment and facilities of the building (lighting, heating, 

cooling, heat pumps, solar panels, demand for Domestic Hot Water (DHW), demand for air 

conditioning, etc.) are considered. With all this information and the use of the certification software 

of each different country [7,8], a “building model” with an energy demand is obtained. In parallel, 

the software with the data from the architecture and facilities builds the “building object” of the 

project and obtains a rating. 

It is interesting to highlight that the minimal changes in the different input parameters can vary 

the energy demand. In particular, Dirk Jacob et al. [9] showed how Monte Carlo Method [10] can be 

employed based on ISO 13790 standard [11] to quantify the impact of uncertainty of model 

parameters. This effect was related to the fact that building energy systems are no linear, requiring 

adjustment of previously found optimal solutions. 

In 2017, Sørensen et al. [12] employed Monte Carlo method to simulate energy performance and 

indoor climate in office buildings. In this sense, thousands of combinations were done with Be15 and 

BSim software showing a great amount of possible solution to let architects choose between possible 

options. What is more, Østergård [13] developed a study based on BSim software to determine the 

best way to perform building simulations, showing the main advantages of Monte Carlo Method. 

Finally, in the last years, it was found that the TERDMM can support risk-conscious decision-

making by explicitly quantifying risks [14], but it is a so complex analysis which is a little far from 

architects’ daily decision-making. In consequence, algorithms or general recommendations to select 

the best option were no developed. Consequently, most of these works aim that future applications 

with more complex buildings can be done. 

Different recent research works employ the Monte Carlo Method as a mathematical tool to relate 

the energy consumption with a change in various related variables and not each variable separately 

[13]. In this sense, most of works, like Sorensen et al. [12], employs the Monte Carlo Method with the 

instantaneous energy consumption of buildings to be related to energy consumption, looking for a 

high precision at the cost of greater data insertion time. At the same time, none of these previous 

works define the economic effect of each energetic improvement. What is more, these methodologies 

are not too much easy to be employed by engineers for energy rating and decision-making and 

actually they do it with CE3X software. 

In this sense, CE3X is an “efficient” program since it allows technicians to reduce time in 

preparing the energy rating. Despite this, such a software does not show the optimal retrofitting 

option (most of time limited to a maximum economic investment). Consequently, the proposed 

calculation procedure, centered in the ISO 13790, simplifies calculation method and the CE3X 

software economic investment report (a new output variable of CE3X respect the other similar 

software resources), thereby aiming to show a new and useful procedure for technicians at the time 

of retrofitting decision-making. 

Finally, as an inverse engineering analysis, future research works will let us to analyze each term 

of the obtained models and to relate this with the main energy and mass balance equations, which 

are the origin of the ISO 13790 standard philosophy. 

2. Materials and Methods 

As it was commented before, different software resources are usually employed to define 

buildings’ energy consumption in accordance with the ISO 13790. Despite this, most of them are too 
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much complex to be employed in an iterative procedure to define the optimal modification towards 

an energy consumption optimization during the design or retrofitting process. 

In consequence, the present study aims to show an original methodology based on this same 

standard, but implemented with Monte Carlo Method to define the real distribution of the energy 

consumption and not only an average value as it is showed by most of these software resources and 

research works [15] as it will be described in the present section. 

2.1. HULC and CE3x Software 

The Spanish ministries of industry, energy and tourism, together with the Spanish Ministry of 

Development, has delegated the task of making available to the public valid methodologies for the 

energy efficiency rating of buildings to the Institute for the Diversification and Energy Saving (IDEA 

[16]). In consequence, to model buildings based on the result of the application of R.D. 235/2013, the 

following programs are currently recognized: 

 Lider Calener 2013 unified tool (HULC); 

• CYPETHERM HE Plus by CYPE Ingenieros [17] ; 

• SG SAVE; 

• CE3x SOFTWARE [18] ; 

• The CERMA computer program [19]. 

The first one and the most recognized, is the Lider Calener unified tool [20] is a software 

developed by the Spanish Ministry of Industry, Energy and Tourism. It brings together in one 

application the Lider and Calener Vyp tools, which were previously developed by a research group 

from the department of Thermotechnology of the University of Seville belonging to the Andalusian 

Association for Research and Industrial Cooperation (AICIA, Sevilla, Spain). The tool complies with 

the provisions of article 4.1 of the Spanish R.D. 235/2013 [21] being the procedure for the energy 

efficiency rating of a building in Spain. It employs as calculation engine ESTO 2 based on DOE2 

developed by the US Department of Energy as the calculation engine. This software was updated in 

accordance with the energy certification methodology in Spain and has incorporated the latest 

modifications to the technical building code in the field of energy demand (basic document HE0 [22]) 

and latest modifications of the regulation of thermal installations in buildings (RITE [23]). 

The Lider Calener unified tool is analogous to the CE3X software which was developed by 

Efinovatic and the Spanish National Centre for Renewable Energies (CENER [8]) and was validated 

by its own Ministry of Building. In particular, CE3X is another simplified energy rating procedure 

for existing and new construction buildings, but it presents a new advantage respect other existing 

software resources due to it generates an economical investment as output report. What is more, this 

is the more used Spanish software by architects due to the reduce time to introduce the information 

and get the simulation results. 

It is worth noting that this software approaches its simulations to the building objective of study 

by means of global dimensionless variables and a statistical adjustment [24] respect to buildings 

simulated previously with the old Calener Vyp, as it is represented in Figure 1. This fact supposes 

that the CE3X software does not analyze the dynamics of the target building but adjusts the dynamics 

of a simulated-type building in the provincial capitals with reference software. 

In order to use these tools to reach the objective of building energy analysis, an initial problem of 

entering input data were found. Particularly, in all of them, since modifying a single input parameter 

requires generating a new project before proceeding to start the calculation engine to analyze the results. 

To solve this problem, present study shows a new methodology based on modeling the building’s 

energy consumption in spreadsheets using ISO 13790 after being validated by CE3X [25] software 

results. 
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TARGET BUILDING: DIMENSIONLESS VARIABLES

INTERPOLATION

REFERENCE BUILDINGS
Dimensionless characterization
Energy rating

 

Figure 1. Calculation procedures of CE3X software. 

2.2. ISO 13790 standard 

At European level, the prEN ISO 13790:1999 was approved in 1999, which gave final form to the 

ISO 13790:2004 standard, later revised in 2008. In Spain, it was transposed into the UNE-EN ISO 

13790:2011 standard [11] as “Energy efficiency of buildings. Calculation of energy consumption for 

space heating and cooling. (ISO 13790:2008)”. Currently, many of the used programs, both nationally 

and internationally, use this ISO standard, which generally operates with the inputs shown in Figure 2. 

In this sense, ISO13790 employs three calculation procedures to define the Energy needs for 

heating and cooling, but all of them are centered into heat and mass transfer in the building system as 

a multiple or just only one zone. 

1. Monthly and seasonal method; 

2. Simplified time method; 

3. Detailed simulation method. 

It is interesting to highlight that the second procedure is based on the model of five resistors and 

one capacitance being a simplification of the dynamic simulation [9] and that the third procedure, 

dynamic method, must pass the validation tests (Annex A of ISO 13790). In consequence, based on the 

main objective of stochastic approach, for our research work the monthly and seasonal method was 

selected. This method was established in three sections to define the heating and cooling energy needs 

of a building. First, for the heating energy consumption, the ISO 13790:2011 defines the Equations (1) 

and (2): 
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Q�,�� = Q�,��,���� = Q�,�� − η�,�� ∙ Q�,�� (1)

where Q�,��,���� is the energy needed as continuous heating (MJ), Q�,�� is the total heat transfer (MJ), 

Q�,�� are the total heating gains (MJ) and η�,�� represents a dimensionless factor of use of heat gains 

(MJ). For cooling energy consumption, the ISO proposes the Equation (2): 

Q�,�� = Q�,��,���� = Q�,�� − η�,�� ∙ Q�,�� (2)

where Q�,��,���� is the continuous cooling energy needed (MJ), Q�,�� is the heat transfer for the cooling 

mode (MJ), Q�,�� are the total heat gains (MJ) and η�,�� represents a dimensionless factor of heat losses 

(MJ). Finally, for each building zone and calculation step (month in our case study) the heat transfer is 

calculated in accordance with the Equation (3): 

Q�� = Q���Q�� (3)

where Q��� is the total heat transfer (MJ) and Q�� is the total heat transfer by ventilation (MJ). Finally, 

total heat gains are defined by the Equation (4): 

Q�� = Q����Q��� (4)

where Q����  are the total internal heat gains in the calculation period (MJ) and Q��� are the total solar 

heat gains during the calculation period (MJ). 

 

Figure 2. Inputs and outputs of building energetic certification calculation procedures. 

2.3. MONTECARLO Method 

In the search for the energetic optimization of a building, many variables influence its 

consumption. In order to define which variables are the optimal to reach this objective, a 

mathematical problem with multiple unknowns and nonlinear variations must be solved. 

Currently, the use of computer tools based on “artificial intelligence”, which normally require a 

“learning” process, is booming. However, many of the input variables that we usually employ in 

calculating the energy demand of a building have a random component, such as weather, ventilation 

or solar radiation. Despite this, artificial intelligence procedures will give us just a network of the 

average value of each variable and, despite the fact it can give us the optimal point of this network, 

it will not give us the trends of each input data modification in the primary energy consumption. 

In previous research works, it was showed that the combination of stochastic models with 

optimization is rare in the building sector [9]. In this sense, since the mid-1940s, some mathematical 

tools began to be used for this type of analysis based on the Monte Carlo method [10], which consists 

in obtaining a solution limited by the random repetition of innumerable simulations. The random 
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input of values of each variable will lead us to the solution of the problem showing the Gaussian bell 

of building energy consumption as a function of each input variable. In consequence, with this tool, 

it was possible to carry out multiple energy simulations by modifying environmental parameters, 

such as external temperature data, which directly affect the building’s energy consumption. 

2.4. Proposed Calculation Procedure 

Based on this calculation procedure and, once established the possible input variables in 

accordance with the weather conditions of the region and the commercial values of carpentry, 

transmittance and type of heating, domestic hot water generation and fuel between others, a stochastic 

analysis of the probability distribution of each change was done, as it is showed in Figure 3. 

 

Figure 3. Proposed calculation procedure. 

This Figure 3 sum ups the proposed calculation procedure. First, it can be observed the initial 

building and the retrofitting variables to be selected for each test employed and, combined with a 

random input of outdoor temperature in the ISO standard to define the probability density function 

of the primary energy consumption after more than 200 iterations. 

From the primary energy consumption defined by the standard and the economic investment, 

defined by the CE3X software, a list of possible retrofitting combinations was obtained and ordered 

in accordance different criteria (row number). From this initial step and based on surface response 

curve fitting, two models were obtained. The first model will give us the primary energy 

consumption and the other give us the economic investment of each retrofitting process. 
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Once obtained, these models can be optimized by GRG algorithms to define the optimal 

retrofitting, which can be that with a minimum possible primary energy consumption or that which 

implies the minimum energy consumption for a limited maximum economical investment in this 

retrofitting. These models will give us a new procedure for decision making due to it is a new 

parameter really needed from the moment that the CE3X software was improved respect previous 

software resources. 

2.5. Instrumentation 

As is done in most of research work [26,27], to validate calculation procedures, real sampled 

values are necessary. In this sense, it is interesting to highlight that, since the application of the RITE 

of 1998, the installation of energy meters in homes is compulsory in Spain. To reach this objective, the 

M-bus standard is a system developed to cover the need to remotely read energy, gas and electricity 

or water meters. Most of the equipment installed today complies with this protocol, defined in a 

standard UNE-EN 1434–3:2016 [25]. When a request is sent to the counter, it returns the information 

it has collected to be stored in a common master system. This system can be, for example, a computer 

or any device, which is connected at periodic intervals of time to read the sampled variables. Once 

the M-Bus meters were available in different buildings, there was a need to carry out a hardware 

design for the acquisition and storage of readings as it is explained in this section. 

2.6. Hardware 

As starting hardware, a low-cost prototyping equipment was selected under the need to be easy 

to implement and able to store the volume of information to be processed (data from multiple 

meters). In particular, the selected hardware is a Raspberry Pi board [28], developed by the 

“Raspberry Pi Foundation” in England, and which has been marketed since 2012 with the aim of 

promoting computer science in education centers, becoming a standard and the pillar of development 

and elaboration of the infinity of prototypes for research. 

The selected model, used since 2016, is the version 3 that has Wi-Fi, ethernet, Bluetooth 

connectivity and infinite possibilities thanks to a GPIO port, as we can see in Figure 4. It is interesting 

to highlight that the Raspberry PI hardware must be protected in its installation in the electrical panel. 

What is more, a suitable enclosure that guarantees at least a minimum tightness that avoids direct or 

indirect contacts in the conventional maintenance operations of the boiler rooms must be selected. In 

this sense, a Phoenix-contact-type enclosure is chosen, designed according to DIN 43880 standard, 

they are stackable and can be fixed on a standard DIN rail. 

  
(a) (b) 

Figure 4. (a) Measurement prototype (b) encapsulated in a Phoenix-type box for DIN rail. 

To the hardware of the raspberry, we must add the possibility of M-Bus communication. In this 

sense, due to most of the boiler rooms have an M-Bus master with RS-232 serial communication, this 

option was selected. However, it was necessary to incorporate an RS-232 port through compatible 

USB communication due to Raspberry Pi 3 hardware does not have a serial port. Finally, the complete 

hardware developed for reading different energy counters is shown in Figure 5. 
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Figure 5. Hardware developed for reading different energy counters. 

2.7. Software 

In this section, the software capable of managing M-Bus communication, reading the counters 

at a certain frequency and finally storing this information for later analysis is described. The software 

implemented on the Raspberry Pi, was developed on the Raspbian operating system that comes to 

be a Raspberry implementation of the most used Linux distributions “Debian”. In addition to being 

one of the most widely used operating systems in the world, it is free software and has a multitude 

of open source support that will facilitate the installation and even compilation of all the software 

necessary for our monitoring process. 

In this operating system, drivers for the serial port and a library to be able to access to 

communicate through the M-Bus protocol were incorporated. For this purpose, the free code library 

“libmbus” developed and maintained by the Swedish company Raditex Control AB was used. The 

library is programmed with source code in C language. This library was used to communicate with 

M-bus slaves (meters) through the wired M-bus protocol incorporating simple applications for 

network scanning, meter reading and presentation of the data of each meter in XML format, 

simplifying the future treatment of the information. The library allows us, in addition to the use of 

the serial port, communication through the TCP IP Internet protocol, being able to access any Mbus 

Master equipment on the market that we find in the facilities to be monitored. 

Thus, our prototype already has tools to communicate, to access a scan or meter reading, 

although it is necessary to have a place to store such data as a database. Following the line of free 

software, it was found the option to use the MySQL database [29]. MySQL is a relational database 

management system developed under two types of licenses: general public license and commercial 

license by Oracle Corporation. It is considered the most popular open source database in the world 

and one of the most popular in general with Oracle and Microsoft SQL Server, especially for web 

development environments. For its implementation in raspberry pi, the public license version is 

already available in the repository of the “Raspbian [30]” operating system itself, so it was selected 

to be used as a pillar of the storage of reading data. 

Finally, the prototype must have a small web interface to consult the stored data, so a small web 

application is designed capable of communicating with the database and executing shell commands 

in Linux. It was selected to program this application in PHP language (hypertext preprocessor), since 

it is an open source programming language widely used in web development that can be embedded 

in HTML code. 
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3. Results 

The first stage of this work was to measure real sampled data in real buildings and to validate 

our calculation procedure. To do this, the ISO 13790 standard was implemented in a spreadsheet and 

its results were compared with the tools recognized by the Spanish Ministry of Industry (CE3X 

software version 2.3), both applied in an isolated residential building of Figure 6. It is interesting to 

highlight that this building, after an initial sample of its energy demand, was modified towards a 

reduction of its energy consumption. In consequence, an initial validation respect CE3X software and 

standards was done in its initial conditions and, a second validation after a retrofit process, with a 

more detailed information, was done too. 

 

Figure 6. Building objective of this study. 

As it was explained before, the energy certification model designed contemplates the 

architectural aspects of the building, the characteristics of the equipment and facilities of the building. 

This information was summarized to be introduced in the CE3X software and in our calculation 

procedure as: 

 Climate zone: C1 (according to D.B. HE1 Spanish construction law) 

 Living area: 2,343 m2 

 Number of floors: 5 

 Year of construction: 1987 (applicable Spanish standard NBE CT 1979) 

 Facade wall (double ceramic brick wall with non-ventilated chamber): U = 1.69 W/m2·K 

 Building roof (roof with concrete slab and tile): U = 2.27 W/m2 K 

 Soil: U = 0.47 W/m2·K 

 Air changes: 0.63 Ach/h 

 DHW: 1771 liters/day (at 60 °C) 

 Boiler: standard diesel boiler with 1 burner stage (made in 1980) 

 Walls transmittance: 1.69 

 Roof cover transmittance: 2.27 W/m²·K 

3.1. Obtained Data and Validation 

3.1.1. Validation of the Initial Building Construction 

In this case, information such as dimensions, typology of holes and carpentry, domestic hot 

water (DHW) facilities, boilers and heating installations—among others—were the main input data 

into the CE3X software. In particular, for all the certifications done, it was defined—for a static value 

of dry temperatures—to obtain the results of the energy certification shown Figure 7. In this case, the 

results showed an amount of a total primary energy consumption of 224,500 kWh/m2 year. What is 

more, from the data obtained from the CE3X unified tool, a consumption distribution of 173,410 

kWh/m2 year for heating and 51,040 kWh/m2 year for DHW was observed in Figure 8. 
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Figure 7. Energy certification of the building. 

 

Figure 8. Energy certification from CE3X software. 

After this initial analysis, the next step was to carry out the same automatic calculation 

procedure of the ISO 13790 standard by spreadsheets and validate the obtained results with the CE3X 

certification. In particular, it is interesting to highlight that the input data used in the spreadsheet are 

identical to those used with CE3X and the differences obtained are minimal, as we can observe in 

Table 1. At the same time, the real sample data showed that the information available only 

corresponds to fuel consumption for heating and reaches amounts to 74,910 kWh/m2 year. Finally, 

Table 1 shows a sum up of the different analysis for the same building construction. 

Table 1. Calculation procedure validation and actual energy consumption. 

Primary energy Consumption 

(kWh/(m2 year) 
CE3X ISO 13790 

Real Sampled Data 

(Previous Retrofitting) 

Heating 173,410 173,200 74,910 

Domestic hot water 51,040 51,020  

Total 224,500 224,300  

This Table 1 showed an actual consumption much lower than the estimated data of the 177,410 

kWh/m2 year from the CE3X software. The reason why the energy consumption was not in agreement 

with the certified software resources indications are only the difference of occupation levels between 

the average expected by the standards and the real occupation. It implies a change in the liters per 

day of hot water and the real air changes in residential buildings being this effect explained in depth 

in the section “H.3. Analysis of errors of the ISO 13790”. In particular, in agreement with this H3 

section, the half of the obtained energy consumption of the software resources (86,705 kWh/(m2·year)) 

are similar with the real sampled primary energy 74,910 kWh/(m2·year). 

As it was explained before, this is a consequence of to employ average occupation values 

(Tabulated in the standard) instead real occupation, which is lower in this case for the particular 

characteristics of their occupants. Despite this, the aim of the work is to show a new methodology for 

decision making and, this is a certified software by the Spanish Ministry considering standard 

conditions. In consequence, this difference respect real sampled data is not so important for this study 

and it is of more interest to compare the main results with both software resources (CE3X and ISO 

13790 of our calculation procedure). 

  

Primary Energy Consumption per unit floor 

Area—Not Renewable (kWh/(m2 year)) 

Carbon Emissions 

(kgCO2/(m2 year)) 

<24.2 A  <5.4 A  

24.2–39.2 B  5.4–8.8 B  

39.2–60.7 C  8.8–13.7 C  

60.7–93.4 D  13.7–21.0 D  

93.4–200.0 E  21.0–45.9 E  

200.0–226.0 F 224.50 F 45.9–55.0 F 54.4 F 

>226.0 G  >55.0 G  

Heating Hot Water 

Primary Energy consumption (Heating) 

(kWh/(m2 year)) E 

Primary Energy consumption (Hot Water) 

(kWh/(m2 year)) G 

173.410 51.040 

Cooling Illumination 

Primary Energy consumption (Cooling) 

(kWh/(m2 year)) – 

Primary Energy consumption 

(Illumination) (kWh/(m2 year))  

0.000 – 
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3.1.2. Validation of the Final Building Construction 

In this second section, a second validation of the calculation procedure is done in accordance the 

ISO 13790 respect the CE3X software in this same building after a real retrofit. This retrofit aims to 

reduce the energy consumption and, in consequence, CO2 emission and, at the same time, to improve 

the economic savings. In this sense, the main possibilities for improving a building energy 

consumption are: 

 Level of permeability of the windows carpentry employed. 

 Transmittance of current façade 

 Transmittance of current cover 

 Type of heating system 

 Type of domestic hot water system (DHW) 

 Type of combustible employed for heating and DHW 

 Possibility to install renewable energy sources 

Finally, in this particular case study, the owners decided to change the electric boiler for fuel with 

the aim of unifying the generation of DHW and Heating by installing a gas condensing equipment. This 

new data was introduced in the CE3X software tool with the aim to recalculate the new certification 

level after this retrofitting, as it is shown in Figure 9 and is summed up in Table 2. 

 

Figure 9. New certification after retrofitting. 

At the same time, once again, to determine the difference between the standards and real sample 

data, the building’s energy consumption for 3 years (2017–2019) was sampled. To do it, the 

monitoring hardware explained before was employed to record the daily heating and DHW energy 

consumption. In this sense, the real primary energy consumption during the year 2017 was about 

45.948 kWh/m2 year and it can be compared to the different calculation procedures from Table 2. In 

particular, the actual primary energy consumption of the building shows much lower value than 

those presented by the energy certification (28% of the estimate). 

Table 2. Future energy consumption. 

Primary Energy Consumption 

(kWh/(m2 year)) 
Initial Certification 

Certification 

(after Retrofitting) 

Real Sampled Data 

(after Retrofitting) 

Heating 173,410 140,690 37,247 

DHW 51,040 19,820 7,783 

Total 224,500 160,510 45,948 

  

Primary Energy Consumption Per 

Unit Floor Area—Not Renewable 

(kWh/(m2 year)) 

Heating Hot Water 

<24.2 A   

Primary Energy 

consumption 

(Heating) 

  

Primary Energy 

consumption 

(Hot Water) 

  

24.2–39.2 B   (kWh/(m2 year)) E (kWh/(m2 year)) D 

39.2–60.7 C   140,690   19,820   

60.7–93.4 D   Cooling Illumination 

93.4–200.0 E 160.510 

Primary Energy 

consumption 

(Cooling) 

  

Primary Energy 

consumption 

(Illumination)   

200.0–226.0 F   (kWh/(m2 year)) – (kWh/(m2 year)) 

>226.0 G   0.000   – 
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3.2. Monte Carlo Method 

From the data obtained during 3 years it was concluded that there are important differences 

respect the calculated energy demand. Regarding the causes of this deviation, the occupation of the 

building and environmental variables such as outdoor temperature, climatology, etc. were analyzed. 

In this sense, the present study aims to analyze the outdoor temperature effect over standards 

indications by means the Monte Carlo method. This iterative methodology will allow us to analyze 

the impact of multiple variables on the energy efficiency of the building and will let us show the 

better retrofit option to reach the energetic optimization. 

It starts from the modeling of the energy certification method by spreadsheets and into 

comparing it with the results obtained by the CE3X software, observing that the deviations between 

the two are minimal, as it was shown in previous sections. After this, the application of the Monte 

Carlo method over this standard will let us to obtain thousands of energy certifications and the 

obtained bell of Gauss will let us define a mathematical model that relates main retrofit parameters 

with the cost of the actions and the energy consumption. 

In this sense, the building objective of this study is located in the province of La Coruña, with 

the environmental data (maximum temperature (Tmax), minimum temperature (Tmin), dry bulb 

temperature (Tdry bulb), relative humidity (RH)) obtained from DB-HE1 standard showed in Table 3. 

Table 3. Environmental data from DB HE1 standard. 

 Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec 

Tdry bulb (°C) 8.1 9.3 10.8 12.3 15.6 16.0 19.2 19.2 17.1 16.0 11.3 8.8 

RH (%) 74.7 64.6 60.2 57.4 57.3 47.0 40.2 42.1 49.7 62.7 70.5 73.8 

Tmin (°C) 4.6 4.0 5.1 6.9 9.6 9.0 11.9 12.2 11.1 11.1 6.9 5.2 

Tmax (°C) 11.7 14.1 15.8 17.0 20.4 21.6 25.3 25.5 22.4 20.8 15.4 12.6 

As we can see in Table 3, outdoor temperature data can oscillate between the minimum and 

maximum-recorded value. With the aim to obtain the probability distribution of the energy 

consumption for each different retrofitting option, in accordance with the Monte Carlo method 

indications, the calculation of building energy consumption was modified from this monthly average 

value to a random one. Because of this random process, a bell of Gauss of the energy consumption 

for each different possible modification was obtained. In particular, after a minimum of 200 iterations, 

defined this number in accordance with previous research work results [31–33], it can be carried out 

an energetic analysis of the energy consumption distribution, respect the value proposed by CE3X 

software for constant outdoor temperature, reflected in Figure 10. 

On one hand, at the time to prepare the energy certification of this building a static value of dry 

temperatures defined by the Spanish technical building code (Table 3), 0.67 ach and category 2 

window permeability (27 m3/h m2) was selected and gave us a base value 56.520 kWh/m2. On the 

other hand, if a random outdoor dry bulb temperature is employed, the distribution of frequencies 

describes a bell of Gauss centered in 63.480 kWh/m2. This difference shows the need of an analysis of 

deviation causes as it will be done in the discussion section.  

3.3. Optimization Possibilities 

In a third phase of analysis, it was proposed to use the Monte Carlo method to the building 

model in order to observe the impact of the available efficiency measures and obtain an optimization 

method that maximizes efficiency, minimizing investment. For this, different possibilities of action 

are proposed like: 

• Carpentry (permeability ACH): category 1, 2 or 3 (50, 27 and 9 m3/h m2, respectively); 

• Transmittance of current façade (UF) 1.69, being able to improve to 1.1 or even 0.59 W/m2 K; 

• Transmittance of current cover (UC) 2.27 and can improve to 1 or even 0.45 W/m2 K; 

• Combustible (Comb): current diesel (0), possible change to natural gas (1); 
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• Incorporation of photovoltaic energy source (PV): From 0 (current), 5.00, 10.00, 15.00, 20.00, to 

25.00 kWp (Maximum). 

 

Figure 10. Probability distribution of the energy demand before any retrofit action. 

In order to determine the impact of each measure and the impact of each of the possible 

combinations, we have proceeded to establish the matrix of combinations and in each of them Monte 

Carlo method was employed in order to determine the average value of the probability of 

consumption and its related economical cost. The result was sum up in Table 4. 

Table 4. Results of Monte Carlo method over each different combination of retrofit options. 

Test 
ACH 

(m3/h m2) 

UF 

(W/m2·K) 

UC 

(W/m2 K) 

Comb_Heat 

(kWh/(m2 year)) 

Comb_DHW 

(kWh/(m2 year)) 

PV 

(kWp) 

Cost 

(Euros) 

1 50 1.69 2.27 0 0 0.000 30,950 

 27 1.69 2.27 0 0 0.000 33,950 

 9 1.69 2.27 0 0 0.000 36,950 

2 50 1.69 0.45 0 0 0.000 59,105 

 27 1.69 0.45 0 0 0.000 62,105 

 9 1.69 0.45 0 0 0.000 65,105 

3 50 1.69 0.45 1 1 0.000 87,260 

 27 1.69 0.45 1 1 0.000 90,260 

 9 1.69 0.45 1 1 0.000 93,260 

4 50 1.69 2.27 1 1 0.000 59,105 

 27 1.69 2.27 1 1 0.000 62,105 

 9 1.69 2.27 1 1 0.000 65,105 

5 50 1.69 2.27 1 1 0.000 95,985 

 27 1.69 2.27 1 1 0.000 98,985 

 9 1.69 2.27 1 1 0.000 101,985 

6 50 0.55 2.27 0 0 0.000 152,950 

 27 0.55 2.27 0 0 0.000 155,950 

 9 0.55 2.27 0 0 0.000 158,950 

7 50 0.55 2.27 0 0 0.000 181,105 

 27 0.55 2.27 0 0 0.000 184,105 
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 9 0.55 2.27 0 0 0.000 187,105 

8 50 0.55 2.27 1 1 0.000 209,260 

 27 0.55 2.27 1 1 0.000 212,260 

 9 0.55 2.27 1 1 0.000 215,260 

9 50 1.69 0.45 1 1 0.000 95,985 

 27 1.69 0.45 1 1 0.000 98,985 

 9 1.69 0.45 1 1 0.000 101,985 

10 50 0.55 0.45 1 1 0.000 217,985 

 27 0.55 0.45 1 1 0.000 220,985 

 9 0.55 0.45 1 1 0.000 223,985 

11 50 1.69 0.45 0 0 25.000 60,950 

 27 1.69 0.45 0 0 25.000 63,950 

 9 1.69 0.45 0 0 25.000 66,950 

12 50 1.69 0.45 0 0 12.000 45,950 

 27 1.69 0.45 0 0 12.000 48,950 

 9 1.69 0.45 0 0 12.000 51,950 

13 50 1.69 0.45 1 1 25.000 74,105 

 27 1.69 0.45 1 1 25.000 77,105 

 9 1.69 0.45 1 1 25.000 80,105 

With these experiments, a response surface was carried out by Minitab software, trying to obtain 

a polynomial capable of determining the energy and economical effects of the possible retrofit 

combinations. The obtained polynomials are defined by the Equations (5) and (6) with a 

determination factor of 85.26 and 97.42, respectively. 

Cost = 254641 − 198 ∙ ��� − 107018 ∙ �� − 15,470 ∙ �� + 29,037 ∙ �������� + 1200

∙ �� + 0.88 ∙ ���� + 7735 ∙ �� ∙ �������� − 1338 ∙ �������� ∙ �� 
(5)

Energy consumption

= 209 − 0.99 ∙ ��� − 14 ∙ �� − 1.9 ∙ �� − 65.2 ∙ �������� − 2.46 ∙ ��

+ 0.0232 ∙ ���� + 0.1044 ∙ ��� + 0.075 ∙ ��� ∙ �� − 0.09 ∙ ��� ∙ ��

− 0.596 ∙ ��� ∙ �������� + 0.0053 ∙ ��� ∙ �� + 14.09 ∙ �� ∙ �� + 34 ∙ ��

∙ �������� − 25.16 ∙ �� ∙ �������� − 1.239 ∙ �������� ∙ �� 

(6)

4. Discussion 

In this section, an analysis of the different results obtained is done with the aim of the 

understanding of the obtained models and the better way to employ this towards building design 

and retrofit. 

4.1. Deviation Causes Analysis 

It begins by consulting the average outside temperatures obtained from the nearest 

meteorological station—and by comparing these with those used in the calculation of the CE3X 

program—as we can see in Table 5. From Table 5 it was observed that the annual average temperature 

values have decreased by 1.05% compared to the reference one defined by the standard. This would 

imply a slightly higher consumption than the obtained in the certification, although we have obtained 

43.69 kWh/m2 year compared to 160.51 kWh/m2 calculation. 

Performing the same analysis in the period 2017–2019, it was obtained that the values of total 

annual consumption have increased (21.7%) from the year 2017 to 2018. In the 2018–2019 period, the 

energy consumption decreased by 8.63%, while the average temperature decreased by 0.52%. 
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Table 5. Monthly average outdoor temperature (from standards and sampled values). 

Toutdoor 

(°C)/month 
Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec 

standard 8.19 9.31 10.82 12.33 15.60 16.09 19.29 19:28 17:15 16.08 11.31 8.87 

2017 7.33 9.65 10.59 13.53 15.94 18.18 18.41 18.68 15.71 15.92 10.03 8.36 

Deviation (%) 10.44 3:67 −2.15 9.72 2.20 12.97 −4.56 −3.15 −8.39 −1.00 11.30 −5.76 

It was observed that the average outdoor temperature is more or less constant, decreasing 

slightly each year, so the slight increase in consumption registered in 2018 and 2019 has its 

justification, as demand and occupancy of the building continue. 

4.2. Numeric Optimization 

These two Equations (5) and (6) are in accordance with commons sense expectative. In this way, 

the equation of cost shows a base value of 254,641 euros which is more reduced when the variables 

ACH, UF, UC experiment their highest values related with the actual conditions and low-cost 

materials. It is interesting to highlight that it happens when the boiler is not changed (0) due to, in 

this condition, the photovoltaic electrical production will exert an inverse effect increasing the cost at 

the time that the PV production increases. When a change of boiler is done, this previous effect of the 

PV production is modified by new terms of this Equation (1) that now are not neglected. 

If we now analyze the second equation, Equation (2), the same conclusions cannot be obtained 

so easily about the effect of each variable in the energy consumption. 

With the mathematical models defined by Equations (5) and (6), it can be now obtained the 

energy consumption and economic investment of each possible retrofits process (columns 4–8 of 

Tables 6 and 7). If all these possibilities are ordered in accordance with their economic investment 

(row number), it is obtained Table 6. In consequence, Table 6 starts in row 1 showing the more 

expensive actions in the building and its related energy consumption. In consequence, on one hand, 

it was observed that the investment with the highest economical cost does not provide the lowest 

energy consumption. In this sense, a selection of carpentry category 1 (the best), transmittance of 

facade 0.59 (the best), transmittance of cover 0.45 (the best), natural gas and nonincorporation of 

photovoltaic electrical production corresponds to an investment of 215,345 € and reduces 

consumption to 134.800 kW/m2 as we can see in Table 6 in its row 1. 

Table 6. Retrofit options ordered by cost. 

Row Cost (€) 

Primary Energy 

Consumption 

(kWh/m2 year) 

ACH 

(m3/h m2) 

UF 

(W/m2 

K) 

UC 

(W/m2 

K) 

Comb_Heat 
PV 

(kWp) 

1 215,345 134,802 9 0.59 0.45 1 0.000 

2 214,655 119,156 9 0.59 0.45 1 5.000 

3 213,965 108,729 9 0.59 0.45 1 10.000 

4 213,275 103,523 9 0.59 0.45 1 15.000 

5 212,585 103,536 9 0.59 0.45 1 20.000 

6 212,352 121,355 27 0.59 0.45 1 0.000 

7 211,895 108,770 9 0.59 0.45 1 25.000 

8 211,662 106,186 27 0.59 0.45 1 5.000 

9 211,091 124,046 9 0.59 1.00 1 0.0000 

10 210,972 96,236 27 0.59 0.45 1 10.000 

11 210,401 108,400 9 0.59 1.00 1 5.000 

12 210,282 91,507 27 0.59 0.45 1 15.000 

13 209,834 201,237 27 0.59 0.45 0 25.000 

14 209,711 97,973 9 0.59 1.00 1 10.000 

15 209,592 91,997 27 0.59 0.45 1 20.000 

25 207,286 98,031 50 0.59 0.45 1 15.000 

26 206,838 222,688 50 0.59 0.45 0 25.000 

27 206,717 84,589 27 0.59 1.00 1 10.000 

28 206,596 99,131 50 0.59 0.45 1 20.000 

29 206,027 79,860 27 0.59 1.00 1 15.000 

42 201,268 99,209 9 0.59 2.27 1 0.000 
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50 198,274 82,813 27 0.59 2.27 1 0.000 

51 197,834 182,646 27 0.59 0.45 0 15.000 

52 197,818 73,176 9 0.59 2.27 1 25.000 

53 197,584 67,644 27 0.59 2.27 1 5.000 

54 196,894 57,694 27 0.59 2.27 1 10.000 

55 196,204 52,965 27 0.59 2.27 1 15.000 

56 195,514 53,455 27 0.59 2.27 1 20.000 

In this Table 6, it can be observed that the effect to change the boiler from the diesel boiler (0) to 

a natural gas boiler (1) will exert a higher effect over the final cost with independence of the level of 

photovoltaic energy generated. This maximum cost is obtained for changing the boiler and carpentry 

and transmittances in its better values, as we can see in rows 1 to 5. At the same time, the PV 

production exerts in these initial combinations a slight decrement of the cost at the time PV value 

increases. 

From this same table, it can be observed that, only when the maximum available photovoltaic 

energy production is combined with a carpentry level 2, without changing the diesel boiler, the cost 

will be as higher than the previous combinations after changing to a natural gas boiler, see row 13. 

Despite this similar economical cost of retrofit combinations, it can be observed that the change to PV 

production instead a boiler implies a so high-energy consumption of 201.000 kWh/m2 in this row 13 

which is nearly the double of the energy consumption of the previous combination showed in the 

row 12 for nearly the same economical investment. 

Another conclusion that can be observed form this Table 6 is that the maximum investments are 

always obtained remaining the transmittance of the facade and the cover in its minimum value of 

0.59 (W/m2·K) and 0.45 (W/m2·K), respectively. 

Finally, looking for the optimization of the energy consumption equation, Equation (2), it was 

obtained that the better option is carpentry category 2 (medium), transmittance of facade 0.59 (the 

best), transmittance of cover 2.27 (the current one), natural gas as fuel and the incorporation of 

photovoltaic energy production 15.000 kWp. This investment corresponds to 196,204 € and reduces 

consumption to 52.970 kW/m2, as we can see in Table 6 row 55. 

To understand why a more expensive retrofit process will not reach the optimal building design 

some explanations must be done. In this sense, it is interesting to remember that it is a so complex 

and nonlinear process where each modification from the more expensive retrofit to the optimal one 

must be analyzed in depth. In this sense, row 4 of Table 6 shows that just improving the photovoltaic 

energy production, an initial reduction of the investment and energy consumption is observed. What 

is more, in row 6 just changing the carpentry permeability to a no so tight material respect the more 

expensive case implies a reduction of the cost and the energy consumption, but it is not so intense 

than changing the PV production. 

Finally, the row 42 of Table 6 shows a high decrement of the economical investment and energy 

consumption due to, in this case, a building without changing the transmittance of the cover is 

considered. The simultaneous combination of all these modifications will let to reach the optimal 

retrofit at the lowest cost, row 55. 

From this result, it can be concluded that, for the particular weather condition of the region 

where the building is placed, the effect of the facade is more important that the effect of the 

transmittance of the cover. Furthermore, this modification combined with a change of the boiler are 

the main parameters towards a reduction of the energy consumption. 

Another derived conclusion is that, in this case study, an increment of infiltrations, within 

reasonable values, will exert a decrement of energy consumption and economical investment. This 

same effect happens with solar panels, but, as it will be observed in Figure 11, the effect of PV is not 

a linear variable and, to reach the optimal point, an intermediate value of 15.000 kWp must be 

employed. 
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Figure 11. Numeric optimization of the mathematical model. 

4.3. Numeric Optimization for a Limit Investment 

Now, based on previous results showed in Table 6, a polynomial optimization was done with 

tabulated data and by generalized reduced gradient (GRG) algorithm. For this optimization process, 

standard values of each input variable such as insulation levels, carpentry category, etc. were 

employed. In this way, implementing the different bounded and tabulated variables, the 

combinations are obtained, being able to select the optimal one for the limit of the investment desired. 

In particular, the possible solutions obtained, excluding that with a higher economical investment 

than 100,000 euros (maximum investment), were ordered in accordance with the minimum energy 

consumption, as we can see in Table 7. 

Table 7. Retrofit options ordered by energy consumption (limited to an investment (100,000 €). 

Row 
Cost 

(€) 

Primary Energy 

consumption 

(kWh/m2 year) 

ACH 

(m3/h m2) 

UF 

(W/m2 K) 

UC 

(W/m2 K) 

Comb 

Heat 

PV 

(kWp) 

1 78,484 112,375 27 1.69 2.27 1 15.000 

2 77,794 112,866 27 1.69 2.27 1 20.000 

3 75,489 117,029 50 1.69 2.27 1 15.000 

4 79,174 117,105 27 1.69 2.27 1 10.000 

5 74,799 118,129 50 1.69 2.27 1 20.000 

6 77,104 118,576 27 1.69 2.27 1 25.000 

7 88,308 119,586 27 1.69 1.00 1 15.000 

8 87,618 1,200,772 27 1.69 1.00 1 20.000 

9 76,179 121,149 50 1.69 2.27 1 10.000 

10 92,562 122,709 27 1.69 0.45 1 15.000 

11 91,872 123,200 27 1.69 0.45 1 20.000 

12 88,998 124,316 27 1.69 1.00 1 10.000 

13 74,109 124,449 50 1.69 2.27 1 25.000 

50 87,382 154,889 50 1.69 1.00 1 0.000 

51 83,548 157,134 9 1.69 2.27 1 0.000 

52 91,636 159,150 50 1.69 0.45 1 0.000 

53 93,371 162,288 9 1.69 1.00 1 0.000 

54 97,626 164,519 9 1.69 0.45 1 0.000 

55 74,114 174,983 27 1.69 0.45 0 10.000 

In our case study, it can be observed that, to make an investment in efficiency with a maximum 

budget of 100,000 euros, there are many combinations, but the one that obtains the highest level of 

energy efficiency is to employ a carpentry category 2 (medium), transmittance of facade 1.69 (the 

current one), transmittance of cover 1, natural gas as fuel and the incorporation of photovoltaic electrical 

production (15 kWp). This investment corresponds to 78,484 euros and reduces consumption to 112,375 

kW/m2, as we can see in Table 7, row 1. This conclusion is in clear agreement with previous results and 

shows that just a reduction in the investment in the facade is enough to reduce the cost and, in 

consequence, it must be the initial variable to be analyzed at the time to take this so important decision. 

Act
Alto

Bajo

D: 1.000

Inicial

Predecir

d = 1.0000

Mínimo

y = 50.7822

Energy c

0.0

25.0

0.0

1.0

0.450

2.270

0.590

1.690

9.0

50.0
UF UC Comb_Hea PEACH

[35.5051] [0.590] [2.270] [1.0] [16.9192]



Appl. Sci. 2020, 10, 4558 18 of 20 

Once again, in Table 7, row 1, it can be observed that the lowest economical investment will 

reach the highest energy saving after changing the boiler to natural gas (1), remaining the 

transmittance in facade and cover in its worst values and just modifying the medium values of 

carpentry (Level 2) and photovoltaic electrical production. 

At the same time, it can be observed that it is of interest to not change the boiler and the 

transmittance of the facade only when the transmittance is changed to a better value in the cover and 

intermediate value of PV production and carpentry, as it can be observed in its row 55. In 

consequence, it can be observed that the maximum transmittance (the worst) in the facade remains 

as one of the more important parameters linked to this low energy consumption list. 

As it was explained before, if the numeric optimization is done without any limitation and 

supposing that all the variables are continuous, the minimum energy consumption is defined at 35 

ACH, 059 UF, 2.27 UF, Comb heat changed to natural gas and a PV of 16.910 kWp, as we can see in 

Figure 11. What is more, if now the cost is limited to a value of 100,000 Euros, the proposal of retrofits 

to a minimum energy consumption is similar to the ideal situation and just a little improvement in 

carpentry (from 35.50 m3/h·m2 to 33.02 m3/h·m2) is proposed, as we can see in Figure 12. 

 

Figure 12. Numeric optimization of the mathematical limited to an investment of 100,000 Euros. 

Finally, it is interesting to highlight that all the methodology developed showed a so interesting 

procedure to understand the real effect of each different variable defined by standards over building 

energy consumption and economical investment being a so interesting tool at the time of decision 

making by architects and engineers. 

5. Conclusions 

The present study shows an original methodology based on the Monte Carlo method applied in 

the ISO 13790 standard to define the optimal energetic and economical retrofit to do in buildings to 

reach the better improvement under low cost. Results showed that, in disagreement with the 

expected results, the more expensive retrofit is not the more efficient and an adequate combination 

of these modifications will let architects and engineers to get the better energy savings for an initial 

fixed amount of money to invest. In consequence, present study shows a new procedure to be 

employed as a guide to architects and engineers at the time to take some decisions during its building 

designs and retrofit. 
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