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Abstract 

As a part of the EU strategy to reduce energy demands of 

the building sector in order to achieve climate-neutral 

levels by 2050, energy renovation is required with a rate 

of 3% of the total floor area of occupied heated and/or 

cooled buildings. The EPBD requires that buildings 

should undergo major renovation, in which a building’s 

final energy demand for heating could be reduced by 50% 

to 80%. The ambitious goals set up by the EU present a 

major challenge for professionals on field to take charge 

of carrying out big number of energy renovations in short 

time. This study aims to present a novel methodology that 

facilitates the process of creating detailed simulation 

models and the application of different Energy 

Conservation Measures (ECM). This methodology 

constitutes 5 mains steps, from the acquisition of existing 

building information to site visits, calibration, application 

of ECM, and calculating the Net Present Value (NPV) of 

the taken measures. The methodology has been validated 

through application on several buildings with different 

sizes and functions. 

Introduction 

In the EU, buildings contribute to about 40% of the 

overall energy consumption, and 36% of the global CO2 

emissions (EPA, 2008; DECC, 2010). Therefore, 

renovating existing buildings have a major role to meet 

energy and climate objectives by 2020 and 2050 

(Kyristsis et al., 2016; Du et al., 2015; Moran et al., 2016). 

As a matter of fact, existing buildings that have been built 

in the 50s or 60s lack many of the thermal and energetical 

aspects that are followed nowadays. Moreover, systems 

may have not been installed properly, and their efficiency 

continues to degrade over their life cycle, even faster 

when there is a lack of proper maintenance. Studies 

showed that mechanical and lighting systems alone 

contribute to 2 – 11 % of the energy losses (Roth et al., 

2005).  

Building energy renovation could be defined as the 

process of improving the energy performance and indoor 

quality through implementing energy saving and cost-

effective measures targeting building’s envelope, system 

and regulation, while using renewable and alternative 

energy sources (Jradi et al., 2016; Taillandier et al., 2016; 

Ahayan, 2019). As a result, by increasing energy savings 

of the existing buildings, it will contribute of huge savings 

in energy bills (Mills et al., 2004, Mills et al., 2009). 

Owing to the importance of energy renovation of existing 

buildings, Member States at different levels have put 

forward the policies to improve the efficiency of the 

existing buildings through several initiatives, such as the 

Energy Performance of Building Directive in 2002 and its 

recast in 2010 and 2018 (European Commission, 2002; 

European Commission, 2010; European Commission, 

2018).  

One of the most popular contractual schemes used in 

building energy renovation is the Energy Performance 

Contracts (EPC). This type of contract obliges the ESCOs 

to achieve the prospect energy savings. Accordingly, the 

concept of bonus and malus is applied on these types of 

projects, which means that if the ESCO is not able to 

achieve the targeted savings it will pay the energy cost 

difference, whereas if the ESCO is able to achieve more 

than the targeted savings, the cost benefit will be shared 

between the building’s owner and the ESCO (Mills, 

2003). In the mainstream practice, there is a tendency to 

use static calculation tools to quantify the prospect saving 

in energy consumptions, some of which follow local 

standardization as a reference base of their ECMs. This 

approach has its advantages of simplifying energy models 

and thus reducing the amount of time it needs to make full 

analysis of a building (Heo, 2012). However, before the 

Energy Service Companies (ESCOs) rely on the 

International Performance Measurement and Verification 

Protocol (IPMVP), they tend to verify energy savings 

through thermal dynamic simulation tools to avoid any 

risk of not achieving the targeted savings (IMPVP, 2010). 

Various methodologies were developed to aid the 

decision making of energy retrofitting. Yang et al. (2017) 

presented a work procedure composed of three stages: 

diagnosis of building performance, retrofit scenario, and 

feedback. While Economidou et al. (2019) investigated 

building energy renovation from the perspective of deep 

energy retrofit strategy, aiming to connect architectural 

bioclimatic concepts with renovation. Rysanek et al. 

(2013) proposed to decompose the building into discrete 

components to estimate the energy performance using 

sequential models, recommending using detailed dynamic 

building energy performance simulations to quantify the 

impact of various ECM. Another study developed a 

methodology based on a Multi-Objective Parametric 

Analysis (MOPA) (Amer et al., 2020; Amer, 2019). The 

study is based on optimizing buildings components 

separately in consecutive steps. The study argued that by 

using MOPA, it is possible to identify the impact of each 
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building component separately in a transparent way, 

compared to optimization algorithms that are considered 

a black box to many users. Heo (2013) proposed a 

methodology that support large scale investment in 

building energy renovation based on Bayesian calibration 

of normative energy models. The research argues that 

normative models, using quasi-steady state formulations 

of heat balance equations, are more light-weight and 

appropriate to model large set of buildings energy 

performance.  

However, when it comes to dealing with EPC type of 

work, there is a lack of developed methodologies that 

takes in account the different steps of dealing with the 

project, from acquiring the information till presenting the 

results and producing the necessary documents. This 

paper presents a methodology that supports the 

acceleration of building energy renovation within the 

context of EPCs. The methodology relies on using 

thermal dynamic simulation tools with higher level of 

accuracy and reducing the level of risk associated with the 

determination of building’s energy savings. The 

workflow has been validated through a solid case study, 

and further test has been carried out to assess the usability 

of the workflow. 

Methodology 

A new methodology customized to the markets need was 

developed within the framework of a delegated mission 

by the government of Walloon as a public Group 

Purchasing Organization (GPO) funded by the European 

Investment Bank and the Walloon Government. The GPO 

acts as a one-stop-shop, its mission is to assist the 

municipalities and cities to accelerate energy renovation 

of their public buildings to meet energy and climate 

objectives by 2020 and 2050.  

The methodology allows the GPO to analyze many 

buildings in a relatively short time, provide consultancy 

to the cities and municipalities, and to present the most 

efficient ECMs from an energetical level presented 

through energy savings, and financial level through the 

NPV. Once the ECMs are agreed on, a call for bids is 

launched through public procurement. The GPO analyzes 

the tenders submitted by the ESCOs, who takes the charge 

of the construction to guarantee the targeted energy 

savings, and finally choosing the most competitive offer. 

The methodology is developed to be used by the engineers 

in the GPO with various experiences in building 

performance simulation.  

The methodology relies on a simulation workflow, based 

on several commercial and opensource tools, such as: 

Sketchup 3D modelling tool, Grasshopper visual 

programing language in Rhinoceros 3D, Ladybug and 

Honeybee plugins, which are linked to Openstudio and 

Energyplus simulation engine, and finally results are 

exported to Excel for post-processing and presentation.  

The methodology is composed of 7 consecutive steps as 

shown in Figure 1. Out of the 7 steps, 5 steps represent the 

simulation workflow, which starts by building up the 3D 

model, integrating the model in the simulation tool 

platform, then creating the model data repository, then 

breaking down the model into different elements and 

thermal zones. Each thermal zone and building element 

are linked and attributed to the data repository. 

Afterwards, the model is calibrated based on the actual 

energy consumption and ECMs are identified. One step 

precedes the simulation workflow, which is data 

gathering and site visit, and the last step after the 

simulation workflow is concerned with results 

exportation and postprocessing. A feedback loop between 

the creation of the data repository and the calibration 

process takes place until the simulation model is fully 

calibrated.  

 

Figure 1: Simulation workflow 

Step 1: Data gathering and site visits 

Contrary to new construction, where variables are 

identified based on the function of the construction, it is 

required to collect data based on the actual condition of 

the existing building. Data gathering comprises 

architectural drawings such as plans, sections and 

elevations, technical sheets of existing HVAC system, 

boilers inspection documents, energy consumption bills, 

history of any renovation such as replacing boilers, 

windows, or insulation work. Afterwards, site visits are 

carried out for each building with the purpose of verifying 

the data collected and to identify significant pathologies 

such as leakages, cracks, or misusage of spaces. Figures 2 

shows an example of onsite inspection to verify wall 

thickness, and whether it is insulated or not, while Figure 

3 shows ventilation functionality inspection. During site 

visits, dataloggers are installed in different thermal zones 

to identify indoor air temperatures, as a part of the 
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standard procedure for measurement and verification 

(M&V). Inaccurate information could mislead the 

decision-making and the whole simulation process. Thus, 

it is very important at this level to verify the information 

gathered. Using some tools onsite could be useful as well, 

such as thermal cameras.  

 

Figure 2: Wall thickness and composition verification 

 

Figure 3: Mechanical ventilation functionality detection 

Step 2: Geometry 3D modelling  

Most of the existing buildings do not have any 3D models 

created for them, since many of them dates to early 20th 

century. Therefore, the realization of a 3D model, from 

the architectural drawings and onsite visit measurements, 

is required. For this step, Sketchup is selected to release 

the 3D building models since it is one of the most user-

friendly tools (Attia, 2009), with a direct interoperability 

with Rhinoceros 3D and Grasshopper parametric tools. 

Moreover, Sketchup interface is found to be presentable 

to communicate information with the engineers’ teams as 

well as with non-experts. 

However, the modeling technique required at this stage 

differs from early design or architectural method. The 3D 

is modelled based on the different thermal zones in the 

building, where each thermal zone is identified based on 

occupancy schedules, set point temperatures, heating 

distribution system, internal gains represented by number 

of occupants, lighting and electric equipment.  

Step 3: Integration to simulation workflow 

Once the 3D is realized in Sketchup, the model is 

imported to Rhinoceros in plain surfaces mode and then 

linked to Grasshopper, which is used to access Ladybug 

and Honeybee plugins as direct interfaces for OpenStudio 

simulation software and EnergyPlus simulation engine 

(Sadeghipour Roudsari and Pak, 2013). 

Through Honeybee and Ladybug Tools, a user-friendly 

workflow ready template is designed in Grasshopper to 

facilitate the energy simulation process, instead of 

working directly on IDF files. However, before creating a 

customized data repository for the studied building, it is 

important to make sure that the 3D model is fully 

functioning in Honeybee and can be successfully 

simulated without severe errors. 

Step 4: Data repository identification 

The data repository in this context represents the 

specification of different building’s elements and thermal 

zones. Data components are summarized in Table 1. 

Table 1: Data components 

Climate  Weather file  

surroundings 

3D model Orientation, number of thermal 

zones, floor height, Building 

envelope area  

Building elements 

specification 

U-values (wall, roof, and windows) 

and SHGC 

System 

specification 

Heating source efficiency, heating 

distributer’s efficiency, set point 

temperatures 

Schedules & 

calendars 

Heating, cooling, ventilation, 

occupancy, lighting, equipment, 

Internal gains & 

losses 

People density, lighting power 

density, plug loads, infiltration, 

forced ventilation 

The data repository is based on the data gathered on the 

building and the site visit. The more information gathered 

the more complete the data is. However, in this step, it is 

important to identify the level of accuracy of the 

information. For instance, a high level of accuracy could 

be achieved for each of the geometry 3D modelling 

parameters, building elements and systems specifications, 

schedules and calendar. However, internal gains 

parameters are hard to estimate precisely, such as 

infiltration values, due to time and effort limitations. 

Thus, those types of parameters are defined based on the 

onsite experience and within the calibration process.  

Step 5: Breaking down and attribution of building 

thermal zones and elements 

For a detailed simulation model, classic workflow relies 

on identifying each surface separately from the beginning, 

afterwards creating the thermal zone, and finally creating 

the whole model. However, such method risks creating 

several errors in building elements identification, not to 

mention the complexity of the process. Thus, in this 

workflow, the attribution of zones and building elements 

is carried out after a full creation of the model. 

Afterwards, the whole model is broken down to building 

elements, which are linked to the data repository where 

the different thermal zones and building elements are 

attributed and the simulation model is recreated again as 

shown in Figure 4, an example of selecting specific roof 

component. By breaking down the model, it is easier to 

select and attribute the unique elements by simply 

selecting the items and link them to Grasshopper 

components. This method is similar to commercial tools 
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method, in which the whole building is given a general 

attribution, such as occupancy schedules or set point 

temperatures, afterwards each thermal zone or building 

element is attributed differently. However, in this 

workflow, each thermal zone and building element is 

attributed separately from the beginning. 

 

Figure 4: Specific attribution of the roof component by 

direct selection from the 3D model 

Step 6: Calibration and simulation 

Once the model is successfully integrated in Grasshopper, 

and each of the building elements and thermal zones are 

attributed, the simulation and calibration process take 

place where it undergoes an iterative process using 

Honeybee and Ladybug Tools via the pre-set template. A 

diagram that shows the organisation and steps of using the 

different tools is shown in Figure 5. 

 

Figure 5: Software architecture diagram  

Model calibration is based on the monthly energy bills, in 

terms of gas and electricity consumption. Moreover, the 

setpoint temperatures are precisely identified based on the 

building actual regulation, if exists, and the readings from 

the previously installed datalogger in step 1. Whereas 

infiltration values, for example, are used for calibration. 

Once the building is calibrated, Energy Saving 

Measurements (ECM) are applied in different scenarios to 

calculate both the energy savings and investment cost. 

Step 7: Results and postprocessing  

Within the context of building energy renovation with 

eyes on Energy Performance Contracts (EPC), energy 

savings represent the most important result. However, 

each building has additional requirements such as 

reducing overheating risk or CO2 emissions, which are 

needed to be tackled when proposing different ECM. The 

investment cost is handled further by calculating the Net 

Present Value (NPV), which takes in consideration each 

of the maintenance cost, interest rate, and available 

subsidies by the governments. The post processed results 

are presented to the different municipalities and ESCOs 

in detailed reports.  

Application and usability testing 

To test the usability of the developed methodology, two 

measures are taken. First, a group of buildings, as a case 

study, are tested through a complete simulation process. 

Second, usability testing is carried out.  

Case study 

The case study comprises 16 projects from the city of 

Charleroi, the fifth most populous city in Belgium, as 

shown in Figure 6. The purpose of taking several projects 

at one time, instead of one project, is the need to test the 

usability and repeatability of using such a methodology 

and simulation workflow on a wider scope. Moreover, the 

development process of the methodology and simulation 

workflow has been carried out throughout this case study. 

 

Figure 6: Case study list of buildings  

The case study includes 16 buildings: 9 schools and 

kinder garden, 6 sport centers, 1 administration buildings. 

The selected buildings have a total of 57,150 m² heated 

surface area. The total energy consumption is 14,621,281 

kWh annually for heating, and 2,229,444 kWh annually 

for electricity in 2018. The average Energy Use Intensity 

(EUI) for the Sports Centers is 240 kWh/m²/year 

compared to 100 kWh/m²/year, and the average EUI for 

the 9 Schools is 273 kWh/m²/year compared to 110 

kWh/m²/year as a good practice. (Hernandez, et al., 2008). 

The selected projects represent the actual situation of 

existing buildings that dates to the 50s and 60s that are in 

a massive need to be renovated.
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Figure 7: Assessment of the overall usability of the methodology 

 

Usability testing 

The main objective from carrying out the test is to assess 

the usability of the workflow on different types of 

projects, in terms of size and complexity, without 

affecting the quality of the simulation results.  

The final workflow is the results of several stages of 

development, which aimed to receive feedbacks from 

engineers to fix problems and bugs at early stages. For this 

purpose, 5 participants have tested the simulation 

workflow. The number of participants has been decided 

based on: (1) the active users of the tool, maximum 

capacity of the working office, and (2) the minimum 

number of participants required to present a valid result 

(AlRoobaea and Mayhew, 2014). Usability has been 

tested on two different level, the first level aimed to assess 

the overall usability of the methodology, whereas the 

second level aimed to assess the 5 steps of the simulation 

workflow:  

• Following the 3D modeling protocol  

• Model integration into the GH  

• Setting up data repository 

• Attributing building elements and zones 

• Simulation and calibration 

The users have been tested after one month, and four 

months of using the workflow. The users have been 

trained on spot to use the workflow during the period they 

carried out the analysis on the case study. None of the 

users had an experience working with Honeybee and 

Ladybug Tools or Grasshopper before this case study. 

Results and discussion 

As explained previously, the methodology has been 

developed based on the customized needs of this type of 

work, which underwent several iterations of development 

to improve the usability of the tools and workflow. Even 

though several tools in the market can do principally the 

same thing in terms of thermal dynamic simulation, they 

lack the flexibility to be adapted to specific needs.  

Thus, the usability test has been conducted two times, in 

the early and late phases of the methodology 

developments. In the workflow, the automatic selection of 

thermal zones and building elements have made a major 

significance between early and late phases of 

development within a time span of 3 months. Moreover, 

the level of expertise of the users has developed during 

the same period, which plays a significant role in the 

results.  

The usability questionnaire has been designed based on 

the System Usability Scale (SUS) (ISO 9241-11:1998). A 

set of 12 questions are imposed on the overall workflow, 

while 3 questions are imposed under every step from the 

5 steps of the simulation workflow. The answer to each 

question is conducted using Likert scale, in which users 

have to express their agreement with the question on a 

scale ranging from 1 to 5 (1 when “strongly disagree”, and 

5 when “strongly agree”). Each question’s score is added 

and multiplied by 25, to give a maximum score of 100, 

whereas the minimum score for any question is 20. Thus, 

any value more than 60 is considered acceptable, and 

value over 70 is considered as good usability. First, the 

usability test has been conducted to generally assess the 

methodology and simulation workflow. The result of the 

questionnaire is presented as shown in Figure 7. The 

answers on most of the questions has shown to be in favor 

of using the simulation workflow for several reasons, such 

as producing accurate results with less modeling efforts 

compared to other simulation tools. The fact that the 

whole modeling process starts from a SketchUp model 

makes it more friendly and encouraging to use. Even 

though, the majority of the users found that they need to 

be taught how to effectively use the workflow and it is not 

possible to use it alone in the beginning, it is easy to learn. 

The reason behind this easiness returns back to the fact 

that all components are presentable at the same time in 

one interface or canvas, which is different from 

conventional tools. Having all components in one canvas 

makes it more transparent and easier to learn. 
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Figure 8: Simulation workflow assessment - first questionnaire 

 

Figure 9: Simulation workflow assessment - second questionnaire 

 

Also, it allowed users to easily identify the essential 

building parameters that affect the energy simulation 

results in the early phases of investigation, site visits and 

data gathering. Since the workflow is based on 

commercial and opensource tools, the test does not 

consider any question related to the tool’s functions or 

performance. Thus, the aim is to identify the complexities 

related to the workflow’s structure and content. The 

second questionnaire has been carried out to assess in 

detail the simulation workflow through the different steps 

of setting up the model till the simulation. The 

questionnaire has been carried out two times, one before 

the milestone developments and with lower expertise 

from the users’ side as shown in Figure 8, and the second 

after the development and with higher level of expertise 

from the users’ side as shown in Figure 9.  

Throughout the five categories of the questionnaire, 

users’ satisfaction has increased significantly. Starting 

from the 3D model creation, in the early phases, it was 

difficult to allocate modifications directly from SketchUp 

to Grasshopper. When automating the attribution of 

thermal zoning and building elements, it became way 

more user friendly to make attributions, modify and 

reintegrate the 3D model into the simulation tool. 

However, calibrating the simulation model remains 

relatively a hard task to achieve, where users required 

higher level of expertise. Measurements related to 
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ventilation, either natural or mechanical, and infiltration 

remain a major challenge in the calibration process (Lee 

et al. 2011). The fact that building simulation for energy 

renovation is a backward process, by the means that a 

building is already built and is needed to be calibrated, 

creates many uncertainties, which has been pointed out by 

the users when working on the simulation workflow.  

Conclusion 

Data gathering and verification represents the first critical 

step in the methodology. Thus, it is important to avoid the 

risk of collecting incomplete or wrong information. 

Onsite measurements, dataloggers installation are very 

important on that level. Afterwards the workflow allows 

users to identify the essential building parameters that 

affect the energy models. Moreover, since the template 

workflow facilitates the classic process of running energy 

models, it has been possible to expand the potential of the 

used simulation tools to respond to further demands 

whenever is required, such as thermal comfort 

improvement and CO2 emissions reductions.  

The customization of the simulation data settings and 

outcomes represents one of the strength points. The 

methodology is created to respect the best practices of 

carrying out energy audits, from analyzing the building 

envelop to the installation of the technical systems, taking 

in account the different parameters that impacts the 

simulation and calibration results. However, in order to 

successfully follow the methodology and use the 

workflow, an adequate level of expertise is needed in 

running energy simulations and using Grasshopper visual 

programming language, which is considered one of the 

drawbacks of the developed simulation workflow. 

Therefore, engineers should have adequate training on the 

tools before using this workflow.  

On one hand, by using the workflow, the time needed to 

execute a full energy simulation is less than the typical 

process of creating and running full simulation models. 

On the other hand, the time needed for simulation 

represent one drawback, when it comes to the need to 

execute a large number of building in a short time.  

Yet, through this research work, we argue the importance 

of focusing on quality over quantity. In order to provide 

optimal renovation measures, each project requires 

adequate time to be well studied and interpreted. Based 

on the gained experience throughout the presented case 

study, it was possible to achieve higher investments on 

building energy renovations when presenting 

comprehensive and customized results based on each 

buildings’ condition. 

From a technical perspective, simulation running time can 

be reduced by reducing the number of components in the 

Grasshopper template, to be limited to the components 

needed for the simulation. In the span of 2 years from 

now, the workflow is aimed to be used by over 30 

engineers instead of 5. Therefore, the workflow will be 

further developed so that input and output data could be 

exported automatically into technical reports, in addition 

to integrating the financial aspects early in the simulation 

and decision-making process. 
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