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Abstract 

Buildings account for about 40% of energy consumption in the European Union (EU) and 

36% of greenhouse gas emissions, making them the largest energy consumer in Europe. 

Energy performance contracting (EPC) as a tool to improve the energy efficiency of 

buildings can accelerate investments in cost-effective energy conservation measures 

(ECM) for existing buildings. However, there are many risks and barriers that can slow the 

adoption of EPC, such as the complexity of the process or the uncertainty of building 

performance after retrofit. The International Performance Measurement and Verification 

Protocol (IPMVP®), originally developed to encourage investment in energy and water 

efficiency, energy management, and renewable energy projects, has the potential to reduce 

some of the EPC barriers. However, due to limited and uncertain information about 

existing buildings, applying this measurement and verification protocol to retrofit projects 

is often complex and requires the use of novel building simulation tools. To address the 

challenges of applying IPMVP® in building retrofit projects, promote the adoption of 

EPC, and reduce greenhouse gas emissions in the EU, the research presented here 

developed ModSCO, a web application that supports a systematic assessment of energy 

performance using a novel Reduced Order Model (ROM) that can be used for (i) 

systematic quantification of energy savings achieved by ECMs (avoided energy 
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consumption) and (ii) direct estimation of energy savings by exploring different building 

envelope retrofit scenarios. 

This thesis begins with a review of Energy Performance Contracting, followed by an 

research of the methodology based on ROM, which was chosen to overcome the EPC 

barriers. The thesis proceeds to describe the Reduced Order Grey Box Model (ROM), 

which serves as the core of ModSCO, the tool facilitating the estimation of energy savings 

in energy efficiency projects. A number of case studies are then discussed to demonstrate 

the accuracy and benefits of using the ROM as a novel method for estimating energy 

savings in building retrofits. Next, a description of the ModSCO web application and thus 

the front-end of ROM is presented along with a case study. Finally, the benefits derived 

from the research, the results and future work are discussed. 

Keywords 

Reduced order model, International Performance Measurement and Verification Protocol, 

Energy savings, Building retrofitting, Energy performance contracting, 
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1.1 Overview  

The Climate change is occurring globally and has already made a substantial impact on the 

environment and society, due to increased levels of greenhouse gases. Buildings are 

responsible for approximately 36% of European Union (EU) greenhouse gas emissions 

and 40% of energy consumption.  

Buildings are therefore the single largest energy consumer in Europe. One of the potential 

measures to reduce the greenhouse emissions and reduce the building energy consumption 

is Energy Performance Contracting (EPC). EPC is a mechanism for organising the energy 

efficiency financing with the scope of reducing the building energy consumption. The 

company involved in EPC is usually an Energy Service Company (ESCo)  

The ESCo plays a pivotal role within the Energy Performance Contracting (EPC) 

mechanism. The ESCo typically collaborates with property owners to enhance the energy 

efficiency of their properties through the implementation of diverse Energy Conservation 

Measures (ECMs). These measures can range from installing energy-efficient lighting 

systems to upgrading insulation. 

Once the ECMs are put into effect, the ESCo guarantees energy savings in comparison to 

a predetermined baseline, which could be either historical data or calculated projections. 

This baseline serves as a reference point against which the achieved energy savings are 

measured. 

Crucially, the ESCo's compensation is contingent upon the actual performance and 

effectiveness of the implemented ECMs. This means that the ESCo receives remuneration 

based on the amount of energy saved or the degree of improvement in efficiency achieved 

through the implemented measures. Essentially, the ESCo's earnings are directly linked to 

the realized energy savings, incentivizing them to deliver optimal results and ensuring 
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alignment of interests between the ESCo and the property owner. However, there are still 

some barriers to the application of the EPC. This chapter discusses the barriers to the 

application of the EPC in the EU and explains the structure of the thesis. 

1.1.1 Global warming and world energy use  

A reliable supply of energy at an affordable price provides safety and comfort to people 

that is essential for societal growth and quality of life [1]. However, generation and 

consumption of energy emit greenhouse gases, as the final gross energy consumption in 

the EU largely relies on fossil fuel and nuclear energy, as illustrated in Figure 1.1.  

 

Figure 1.1 - Gross electricity production by source in the European Union 

This issue, coupled with the rise in EU energy demand, contributes to the escalation of 

greenhouse gas levels, such as CO2, thereby irreversibly hastening climate change. This 

transformation is evident in Figure 1.2, illustrating the increasing levels of CO2 and, 

consequently, temperatures. 
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Figure 1.2 - Global average temperature, atmospheric CO2, and sunspot activity since 1850 

Climate change includes not only the increasing of the temperatures but also dangerous 

weather events such us hurricanes, rising of seas level, ice melting, and a range of other 

impacts. All these changes are occurring as humans continue to add greenhouse gases to 

the atmosphere. Therefore, in order to reduce greenhouse gas levels and consume less 

energy an acceleration in the clean energy transition is required. 

1.1.2 Energy efficiency in existing buildings 

Figure 3 illustrates that buildings stand as the foremost energy consumers in Europe. 

Moreover, current statistics reveal that approximately 35% of the EU's buildings exceed 

50 years in age, with nearly 75% of the building inventory exhibiting energy inefficiency 

[3]. At the same time, only about 1% of the building stock is renovated each year. 

Renovation of existing buildings can lead to significant energy savings, as it could reduce 

the EUõs total energy consumption by 5-6% and lower CO2 emissions by about 5%. [4] 
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Figure 1.3 - 2014 energy consumption by sector in the EU-28 [2] 

To boost energy performance of buildings, the EU has established a legislative framework 

that includes the Energy Performance of Buildings Directive 2010/31/EU (EPBD) and 

the Energy Efficiency Directive 2012/27/EU [5]. The two directives promote policies that 

will help: (i) achieve a highly energy-efficient and decarbonised building stock by 2050, (ii) 

create a stable environment for investment decisions (iii) enable consumers and businesses 

to make more informed choices to save energy and money. 

The cost-effective investment in Energy Efficiency (EE) is estimated to be billions of euros 

annually. Energy efficiency has been identified as the most effective solution to alleviate 

energy poverty and to overcome some of the potential negative prospective[6]. 

Furthermore, retrofit measures could also represent a novel source of business for the 

various players involved in the whole building retrofit process, including retrofit suppliers, 

building proprietors, and financing enterprises. 

Nevertheless, there are still several issues in the deep retrofit of existing buildings, such 

institutional and administrative factors, monetary problems, technical information and 

expertise, separation of expenses and benefits, and awareness. For this reason, only a 

fraction of this cost-effective investment is used each year. 

http://eur-lex.europa.eu/legal-content/EN/ALL/;ELX_SESSIONID=FZMjThLLzfxmmMCQGp2Y1s2d3TjwtD8QS3pqdkhXZbwqGwlgY9KN!2064651424?uri=CELEX:32010L0031
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1399375464230&uri=CELEX:32012L0027
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To overcome the problem of exploited investments in construction, business models for 

energy efficiency such as Energy Performance Contracting (EPC) are introduced. As 

highlighted by the European Union with the Energy Services Directive [7], EPC is a 

fundamental and efficient tool to accelerate the redevelopment of public and private 

buildings. Additionally, as discussed by Goldman [8] by adopting the EPC, energy service 

companies (ESCOs) can achieve 20% revenue growth per year. Thanks to this fact, the 

EPC is one of the most common business contract models in Europe [9]. 

1.1.3 Energy Performance Contracting  

Energy Performance Contracting (EPC) is one of the most important ways to realise 

energy-saving projects with third-party financing and is therefore considered an essential 

instrument of the energy transition. EPC is a mechanism for organising the energy 

efficiency financing with the scope of reducing building energy consumption. 

1.1.3.1 History  

The concept of EPC initially originated in Europe over a century ago. However, it gained 

significant traction and underwent enhancements when it was introduced to North 

America in the 1970s, spurred by the aftermath of the first US Oil crisis [10]. After this 

event, four stages of the Energy Performance Contracting can be defined in US and 

Europe.    

Phase 1 - The Growing of EPC (1970-1985) 

The fundamentals of the EPC , at the time initially termed performance contracting, were 

established in the late 1970s and early 1980s, when to provide primarily energy-saving 

services to residential customers the US government and the state regulators agencies 

required public utilities. Energy service companies were formed to provide energy services, 
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project financing and a construction traceability system to contracted utilities, labour, 

energy auditing system [11].  

Phase 2 - The Affirmation of the EPC  (1985-1993) 

In the mid-1980s, resources for power generation technology, such as nuclear power 

plants, were becoming significantly more expensive and difficult to locate. For this reason, 

the US state regulators decided that energy savings (i.e. energy efficiency) could provide 

thousands of MW of resources. This fact opened the door to second phase of the EPC. 

Utilities were directed to prepare Integrated Resource Plans which included the 

preparation and integration of energy efficiency measures the procurement of large 

amounts of energy efficiency resources. To procure this vast amount of energy efficiency 

resources, a new generation of energy service companies emerged. These companies were 

specialized in offering comprehensive solutions to large industrial and institutional clients, 

delivering turnkey projects tailored to their unique energy needs. This second phase 

coincided also with the creation od the Measurement and Verification (M&V) [12] since 

these companies required the creation of M&V protocols that accurately measure the 

energy and demand savings achieved by these turnkey projects. All these facts accelerate 

the spread of EPC in Europe as well. The European Commission has been promoting 

EPC with Third Party Financing (TPF) for a long time. The first initiative dates back to 

1988, when the European Commission adopted a recommendation to Member States to 

promote EPC and the use of TPF. 

Phase 3 - EPC Success and Consolidation (1985 ð 2005) 

In the late 1990s and early 2000s there was a rapid growth of the EPC thanks to the arrival 

of the International Performance Measurement and Verification Protocol (IPMVP). This 

growth is documented in a series of industry reports by Lawrence Berkeley National 
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Laboratory [13] and NAESCO [14] sponsored and funded by US DOE[15]. During this 

period a series of new financial instruments (i.e. such as low-cost municipal leases with 

ESCO savings guarantees) created by commercial lenders lowered the cost of financing 

projects. Also, the cost of the M&V was significantly reduced by using the guide outlined 

in the IPMVP. 

In the same period, the European Council and Parliament adopted a Directive[16] calling 

on Member States to design and implement programmes for the use of TPF in the public 

sector. Within the framework of the European Commission's THERMIE and SAVE 

programmes [17], several studies and pilot projects were carried out to promote ESCO 

and TPF activities, mainly in public works. 

 In 1996, two standard ESCO-type contracts were published to support EPC (i.e. for 

buildings and for industry). In 2002, the European Commission's Green Light Programme 

[18] identified ESCOs active in the lighting sector and established a preliminary list of 

ESCOs. 

During this period, both US and EU customers recognized EPC as a practical solution for 

tackling capital and maintenance challenges they previously struggled to resolve. EPC 

clients witnessed a substantial portion of their project costs being directed towards tangible 

efficiency enhancements, rather than being lost to overhead expenses. Furthermore, EPC 

has emerged as the favored approach for enhancing energy efficiency in expansive 

facilities, endorsed by federal and state governments. This era also witnessed a remarkable 

surge in the growth of energy service companies (ESCOs), spurred by utilities that 

recognized the significance of energy services in competing within newly regulated energy 

markets. 

Phase 4 ð The EPC and the ESCO (2005 ð Present)  
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The 2005 coincided with the success of ESCO companies and EPCs in the US and the 

EU. To gather more customers, ESCOs have offered new types of technologies and the 

integration of renewable energy and "green" infrastructure into their product and service 

portfolio in recent years. 

In 2020, the size of the global ESCO market increased by 6%, continuing to grow steadily 

since 2015. Most of this came from China, where estimated revenues grew by 12% despite 

the pandemic [19]. 

The ESCO growth is driven by several factors, including: 

- high and volatile energy prices; 

- a renewed emphasis on energy efficiency and renewable energy; 

 - the continuing shortage of capital and financing for the maintenance of large plants; 

- a renewed interest on the part of federal and state regulators for the acquisition of energy 

efficiency and renewable resources as part of an integrated portfolio that better meets the 

needs of taxpayers; 

- a growing awareness of the need for rapid implementation of large-scale programme to 

limit the production of greenhouse gases and vulnerability to national energy security risks. 

Furthermore, Guidehouse Insights Estimates estimate that the global ESCO market will 

grow at a compound annual growth rate of nearly 10% through 2030[20]. 

1.1.3.2 The Fundamental Concept of EPC 

The Energy Efficiency Directive [5] define the EPC  as ò a contractual  arrangement  

between  the beneficiary  and  the  provider  of  an  energy  efficiency  improvement  

measure  (usually an Energy Service Company -ESCO ),  verified  and monitored  during  

the  whole  term  of  the  contract,  where  investments  (work,  supply  or service) in that 



Introduction 

10 

 

measure are paid for in relation to a contractually agreed level of energy efficiency  

improvement  or  other  agreed  energy  performance  criterion,  such  as  financial savingsó 

There are two main actors in the execution of EPC contracts: the beneficiary of the Energy 

Conservation Measures (ECMs), and the provider of these energy efficiency measures. 

The beneficiary can be the owner or the tenant of the infrastructure, i.e., the one who pays 

the energy costs. The provider is usually a specific company called an energy service 

company (ESCO): Its role, in addition to implementing the energy saving measures, is to 

anticipate or pre-finance the costs of the energy efficiency measures or to raise the capital. 

The EPC approach is based on the transfer of technical and performance risks from the 

client (beneficiary) to the ESCO (provider) on the basis of performance guarantees given 

by the ESCO. A third party sometimes found in an EPC agreement is the financier, which 

is not meant in the classical sense of a financial institution providing a loan backed by solid 

guarantees to the beneficiary or the ESCO, but as a subject that participates in the 

investment by providing debt or equity whose return is linked to the achievement of the 

contractual objectives (project cash flows), also known as project financing: for this reason, 

it assumes the operational risks itself. A fourth possible actor is the "intermediary" whose 

objective is to provide strategic, technical, administrative and financial support in the field 

of energy efficiency investments to a potential client in order to guide him through his 

EPC project. This figure is mainly active in public administration. 

EPC is thus a form of 'creative financing' for capital improvements that permits energy 

efficiency upgrades to be financed from cost reductions. EPC is a means of improving the 

infrastructure of facilities that lack energy expertise, manpower or management time, 

capital financing, risk understanding or technological information. Financially weak but 

creditworthy clients are therefore good potential clients for EPC. 
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The ESCO is characterised by the following main features [21]. 

1. The ESCO guarantee energy savings and/or delivery at lower cost through the 

implementation of an energy efficiency project. A performance guarantee can take 

various forms and will be discussed in the next sections.  

2.  The energy savings achieved by the ESCO defines the remuneration. 

3. ESCOs usually finance the installation of an energy efficiency project they 

implement or help organise the financing by providing a savings guarantee. 

4. ESCOs maintain an ongoing operational role in measuring and verifying savings 

during the financing period. 

Thus, ESCOs accept some risk for achieving improved energy efficiency in a user's facility 

and make their payment for services provided contingent (either wholly or at least in part) 

on the achievement of that energy efficiency. Figure 1.4 illustrates the EPC concept. 

 

Figure 1.4 - EPC Concept [22] 

The most common building business models used by ESCO consist of: (i) guaranteed 

savings and (ii) shared savings (iii) Energy Supply contracting. 
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In a shared savings contract, the cost savings for a given period are shared according to a 

pre-agreed percentage. There is no "standard sharing" as it depends on the cost of the 

project, the duration of the contract and the risks taken by the ESCO and the customer. 

Under shared savings, the ESCO assumes both performance and credit risk (since the 

client assumes some performance risk, he will try to avoid assuming credit risk). For this 

reason, it is more likely that a shared savings contract will be linked to a TPF, ESCO 

financing or a mixed scheme with financing by the client and the ESCO, with the ESCO 

repaying the loan and assuming the credit risk (Figure 1.5). The ESCO thus assumes both 

the performance risk and the underlying client credit risk. If the client goes out of business, 

the income from the project is lost, putting the ESCO at risk [23]. Unfortunately, such a 

contractual arrangement can lead to problems with leverage and increased capital 

requirements of ESCOs, as ESCOs may become too indebted and financial institutions 

may at some point refuse to lend to an ESCO due to the high debt-to-equity ratio. 

 

Figure 1.5 - EPC Shared Saving Concept  [22] 

The concept of shared savings is a good introductory model in developing markets, as 

clients do not assume financial risk [21]. For energy service companies (ESCOs), this 
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approach not only reduces the customer's risk but also offers a pathway to finance services, 

thereby enhancing the ESCO's value proposition [24] .However, this model tends to create 

obstacles for small businesses. Small ESCOs that undertake projects based on shared 

savings quickly become too leveraged and cannot borrow more for subsequent projects  

[24][25] .The concept of shared savings may therefore limit long-term market growth and 

competition among ESCOs and between financing institutions: for example, small and/or 

new ESCOs with no prior borrowing experience and few resources of their own are 

unlikely to enter the market if such arrangements dominate [26][27].  

Anyway, a situation where savings exceed expectations should be considered in a joint 

savings contract. In a guaranteed savings contract, the energy service provider assumes all the 

risk of design, installation and savings performance, but not the credit risk of repayment 

by the customer. Under the guaranteed savings contract, the ESCO guarantees a certain 

level of energy savings and in this way shields the customer from any performance risk 

(Figure 1.6). 

 

Figure 1.6 - EPC guaranteed Saving Concept [22] 
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Consequently, guaranteed savings contracts are not applicable to ESCO financing 

provided internally or through third-party financing with ESCO loans. Projects are 

financed by the clients, who may also receive financing from banks, from other financing 

agencies or from a TPF entity. The main advantage of this model is that it offers the lowest 

cost of funding because it limits the risks of financial institutions to their area of expertise, 

namely assessing and managing the credit risk of customers. The client repays the loan and 

assumes the repayment risk of the investment. If the savings are not sufficient to cover the 

debt service, the ESCO must make up the difference. If the savings exceed the guaranteed 

level, the client pays an agreed percentage of the savings to the ESCO. Usually, the contract 

also contains the caveat that the guarantee is only good, i.e. the value of the energy saved 

is sufficient to meet the customer's debt obligation, provided that the energy price does 

not fall below a fixed minimum price [25]. A variant of contracts with guaranteed savings 

are savings contracts where the payment schedule is based on the amount (%) of savings: 

the higher the savings, the faster the repayment [23]. 

The concept of guaranteed savings is difficult for the introduction of the ESCO concept 

in developing markets, as it requires clients to assume the risk of investment payback.  

The main advantage of this structure is that the lower financing costs allow much more 

project investment to be made at the same debt service level. The public sector usually 

prefers this structure to maximise the amount of infrastructure investment in its facilities 

through an EPC. 

Finally, in an energy supply contracting the customer/beneficiary entrusts an ESCO with the 

supply of the energy sources and with the maintenance of the system, which is also obliged 

to reduce the primary energy index for heating and cooling by at least 10 percent compared 

to the baseline. The revenue from the energy savings can be used to finance the process 
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of energy conversion and use, energy retrofitting of the building envelope, and generation 

of energy from renewable sources. 

The last EPC typologies focus on reducing energy supply costs and can be better defined 

as energy service contracts (ESC), where the energy service provider is responsible not 

only for upgrading facilities but also for supplying energy (heat, power, cooling, etc.). ESC 

involves reducing utility costs, while EPCs generally focus on reducing the demand side, 

i.e., reducing energy consumption.  

The most common EPC models are shared savings and guaranteed savings. Both models 

are used throughout Europe, although in established markets with a well-defined banking 

structure, the guaranteed savings model accounts for most of the market. The main 

features of these two models and the comparison with energy supply contracting are shown 

in Table 1.1. 

Table 1.1 - Comparison of the EPC models according to the key information and associated 
risks.[28][29][30][31] 

Types of 
EPC 

contracting 
models 

 

Description  Risks  % of  
EU  

market   

Capital  Savings Responsibility  ESCO Customer 

Share 

savings 

ESCO or 
third-party 
funding 
through 

ESCO 

ESCO and the 
Client shall 
share the 
savings based 
on the pre-
agreed 
percentage of 
the savings. 

ESCO 

(ESCOs can be 
overleveraged) 

Performance 

risk and 

Credit Risk. (If 
financing is 
provided by a 
third party, the 
risks also fall 
under this). 

Business and Power 

Risk. (as they are 
obliged to pay a 
percentage of the 
actual savings over 
a period of time). 

20% 

Guaranteed 
Savings 

Client or 
third-party 
financing 

through client 

The ESCO is 
paid a fixed 
amount based 
on guaranteed 
savings. If 
actual savings 
fall short, the 
ESCO covers 

the shortfall. 

Both ESCO 
and the 

client. 

Performance 
risk  

Business and Credit 
Risk 

50% 

Energy 
Supply 

contracting  

ESCO  ESCO ESCO Performance 
risk and 

financial risk 

--- 30% 
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Despite the inherent risks associated with Energy Performance Contracts (EPCs), the U.S. 

Department of Energy's Energy Savings Performance Contracts (ESPCs) [32] have proven 

that EPC implementation yields numerous benefits. These include assured improvements, 

cost savings, and enhanced performance [33][34][35]. In the next section, a description of 

the barriers and drivers of the EPC contract are discussed in order to introduce the scope 

of the thesis and the idea behind the methodology that will be discussed in the Chapter 2. 

1.1.3.3 Barriers  

This section delves into the barriers associated with the EPC contract, while the 

subsequent Section 1.1.3.4 specifically examines select EU countries to provide insight into 

the scope of the study and the underlying methodology, which will be further explored in 

Chapter 2. 

the work and the idea behind the methodology which will be discussed in Chapter 2.  

The main barriers to wider application of EPC development and the development of 

ESCOs can be summarised as follows. [11][27][36] 

- Lack of information and scepticism on the demand side. The main reason is the lack of a clear 

definition of the requirements and needs of both the client and the occupant before the 

project starts.  

- Limited understanding of energy efficiency and EPC among financial institutions and lack of 

commercially viable and sustainable project financing due to conservative lending 

practices and limited experience in financing energy efficiency projects in the banking 

sector. As energy efficiency and EPC projects are considered riskier, interest rates are 

high and loan maturities are short. This is also due to the fact that the benefits that can 

be achieved by renovating the buildings are not clear.  
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- Limited savings potential can be demonstrated. Sometimes there is uncertainty in the 

estimated energy savings. If the energy costs are low, the project is not very beneficial for 

a contractor due to the high transaction costs. 

- Measurement and verification protocols to ensure performance guarantees are not 

understood and in some case the application of M&V is expensive. 

Complex calculation method for savings EPCs provide formulas and methods for calculating 

savings that are difficult to understand for decision-makers who do not have sufficient 

technical knowledge. 

Uncertainty in the evaluation of results: Clear and precise contractual terms must be defined 

in EPC contracts. Standardised tools are also needed to enable a clear evaluation of the 

project and it is important to use validated monitoring procedures. The absence of these 

conditions reduces trust from the client and is an obstacle to the spread of EPC. 

- Lack of motivation: energy is only a small part of the total cost and therefore a low 

priority (or if it is a large part, then an in-house energy manager is justified). Moreover, 

energy efficiency projects compete for scarce capital with investments in the core 

business or with more "traditional" and "visible" investments. However, the rise in 

energy costs in the EU over the last year has changed the outlook for this barrier. 

- Limited government support in many EU countries for energy performance contracting, 

especially in the residential sector, where local banks and private investors are reluctant 

to participate. 

- High technical and business risk perception and conservative behaviour of both financial 

institutions and consumers. End-user energy efficiency projects are often not asset-based, 

so it can be difficult to obtain collateral. In addition, consumers may be set on short-term 

repayments. 
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1.1.3.4 The EPC in EU  

As discussed in Section 1.1.3.1, the first ESCO emerged in the EU in the early 1900s. 

However, the ESCO market in the EU is very fragmented, with nations that are advanced 

in the EPC market and those that are still beginners. 

Figure 1.7 illustrate the EU EPC market with excellent development, moderate 

development, preliminary development and where the market does not exist [36].  

 

Figure 1.7 - EPC Market in Eu [36] 

Italy, Germany, Austria, the Czech Republic and the United Kingdom were recently 

considered the most active markets. Germany is one of the most established markets with 

strong institutional and legal framework, while Estonia and Malta do not yet have an 

ESCO/EPC market [37]. In the next section, the Irish and Spanish markets will be 

discussed in more detail, as the pilot projects used in this thesis refers to these countries. 

Initially, the Italian market is also discussed in detail to compare the two markets utilised 

as pilot in the thesis with one of the most developed in the EU. 
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Italian market 

In Italy, the use of Energy Performance Contracts (EPCs) is regulated by Legislative 

Decree 102/14 [37]. This decree promotes the role of Energy Service Companies (ESCOs) 

and the use of third-party financing. It also outlines the specific characteristics that an EPC 

must contain. 

The development of the ESCO market began with the Ministerial Decree of July 20, 2004, 

which introduced the first definition of the term "ESCO". Since then, the market has 

grown steadily, strengthened by the energy efficiency certification mechanism, which is an 

important source of revenue for these companies. In Italy, there are 1050 registered ESCO 

companies [37]. In 2016, sales doubled, and this was followed by constant growth of 

around 10% per year. In 2018, ESCO revenue from EPCs amounted to 35% of total 

revenue and was 3.7û billion per year. 

The main drivers of Energy Performance Contracting (EPC) in Italy include: 

¶ The very high competence of ESCOs: thanks to the introduction of the certification UNI 

11352 and the presence of an expert in energy management in the company 

structure, ESCO is perceived by customers as a company with high technical and 

design skills. 

¶ ESCO responsibility: through an EPC contract, all bureaucratic, administrative and 

management tasks related to energy efficiency measures are taken over by the 

ESCO, which is appreciated by customers. 

¶ Normative obligations: The preparation of audits and energy audits which are 

mandatory for energy-intensive companies has led to efficiency measures being 

implemented by ESCOs in many cases. 
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¶ Administration of incentives: the ESCO usually administers the incentives/rebates 

granted by the legislator on behalf of the client, who receives indirect economic 

benefits as a result. The ability to also pass on tax credits to ESCO clients can 

prove to be a driver of investment in the housing sector. 

The primary barriers to adopting Energy Performance Contracting (EPC) in Italy are: 

¶ The contractual complexity of EPCs. 

¶ Permanent commitment with the ESCO. 

¶ Complex calculation method for savings: EPCs provide formulas and methods for 

calculating savings that are difficult for decision makers who lack technical 

knowledge to understand. 

¶ Uncertainty about the type of EPC used in public administration. 

¶ Lack of historical monitoring data uncertainty in evaluating results. 

Spanish Market  

In 1974, the Spanish Centre for Energy Studies was founded due to the oil crisis and the 

need to promote energy efficiency, energy diversification and energy conservation. The 

market sectors involved were industry, hospitals and medical facilities. The first legislation 

that addressed the Spanish Energy Services Market (ESCO) was the "Sustainable Economy 

Law", Royal Legislative Decree 6/2010, which included a section to promote the ESCO 

market while providing measures in line with the European Energy Services Directive 

ESD, 2006/32/ EC. National Royal Decree 56/2016, of February 12, partially implements 

the Energy Efficiency Directive (2012/27/EU), mainly in relation to energy audits, 

accreditation systems for energy service providers, energy auditors, and the promotion of 

energy efficiency in production processes and in the use of heating and cooling. 
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In Spain, 1,238 companies are registered as ESCOs. In the last five years, total energy 

performance contracting (EPC) sales in Spain increased from û0.85 billion in 2014 to û1.2 

billion in 2018. In 2016, the market stagnated, but recovered in 2017 and 2018 with growth 

rates of around 8% and 9%, respectively. In 2018, the EPC market was estimated to be 

worth around EUR 1 billion annually. 

The key factors driving the adoption of Energy Performance Contracting (EPC) in Spain 

include[36]: 

¶ The Royal Decree 56/2016 

¶ Spanish Energy Saving and Efficiency Action Plan, governmental support measures for 

energy efficiency include energy service companies as potential beneficiaries. 

The main barriers to the adoption of Energy Performance Contracting (EPC)[36]: 

¶ Administrative and financial obstacles. 

¶ Lack of knowledge and trust Both toward the EPC business model and its providers 

(i.e., ESCOs). 

¶ Lack of standardised and enforced measurement and verification (M&V) 

protocols. 

¶ Absence of a neutral third-party institution certifying the accountability of a particular 

ESCO. 

¶ Duration of contracts. 

Irish Market  

Ireland's second National Energy Efficiency Action Plan (NEEAP) was unveiled in 

February 2013, reaffirming Ireland's commitment to 20% energy savings by 2021. The 
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Irish government's Climate Action Plan 2021 includes another ambitious target for the 

public sector, to improve energy efficiency by 50%, reduce CO2 emissions by 51%, and 

increase renewable energy by 50% by 2030. In Dublin, the first public EPC project in 

Ireland was successfully tendered and the contract was due to be signed in April 2016. The 

project includes upgrades to Dublin City Council's Markievicz, Ballymun and Finglas 

sports and fitness centres. A new report from Dublin's energy Codema's [38] highlights 

that there is a huge opportunity to retrofit thousands of buildings across Ireland and 

guarantee the energy efficiency of those buildings using the EPC model. However, the 

Irish Energy Performance Contracting (EPC) market is not yet very experienced since 

some barriers prevent the diffusion of EPC projects. 

The main drivers for adopting Energy Performance Contracting (EPC) in Ireland 

include[38]: 

¶ Irish Governmentõs Climates Action Plan 2021, which calls for a 50% improvement in 

energy efficiency in the public sector  

¶ Irelandõs Long Term Renovation Strategy, which aims to upgrade all public buildings to 

BER B rating by 2030. 

The main barriers to the adoption of Energy Performance Contracting (EPC) in Ireland 

include:[38] 

¶ Financial and legal obstacles since client financing is often not an option due to 

budgetary constraints. ESCo financing is generally not considered feasible due to 

balance sheet concerns.  

¶ Risk Sharing since too much risk is transferred to the ESCo.  
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¶ Lack of knowledge and communication as there is a general lack of common 

understanding of performance-based contracts. 

¶  Lack of scale as energy efficiency projects tend to be small. Longer EE projects that 

integrate the application of many energy conservation measures (ECMs) could 

reduce risk and accelerate the energy transition. 

¶ Lack of standardisation and quality assurance in project development and 

documentation leads to burdensome due diligence for financiers. 

The review of EPC barriers discussed in section 1.1.3.3  and the focus on selected EU 

countries of section 1.1.3.4 has shown that the overall balance of an EPC is highly 

dependent on achieving the predicted energy performance under real operating conditions, 

as energy efficiency investments are directly repaid from the predicted energy savings based 

on the accuracy of the energy forecast. Thus, the certainty of achieving energy savings 

could allay EPCõs scepticism, demonstrate the potential savings, increase motivation for 

the EPC project, reduce risks, and thus enable government support. However, estimating 

projected energy savings requires a complex calculation method, and the standard 

applications used to quantify savings (e.g., Measurement and Verfication) are sometimes 

difficult to apply. 

Therefore, to be more competitive and reduce the barriers mentioned the ESCO should: 

(i) predict the thermal behaviour of the future building in an accurate way , (ii) define valid 

and simple measures to demonstrate energy conservation and (iii) correctly determine the 

actual energy consumption of the building  to improve the estimation of the energy savings 

due to the ECMs installed [39].  

In an EPC the accuracy of the energy forecasting deeply depends on the energy audit and 

the consequent accuracy of performance simulation. The level of detail of the energy audit 
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analysis is correlated to the data needed at the energy software to support the definition of 

the energy baseline needed to forecast the building energy performance through 

simulation. However, the creation of such detailed models usually requires an extensive 

data knowledge of the building under contract, which is not always fully available. 

Furthermore, since most of the Energy Performance Certificates (EPC) regard old existing 

buildings such as public buildings or blocks of residential dwellings, obtaining basic reliable 

technical information can be particularly challenging. This difficulty arises due to various 

factors including past service repairs, restructuring efforts, and the natural aging of the 

buildings, all of which can alter the expected structure and complexity of these buildings. 

Therefore, to cross all the aforementioned barriers, a simple and quick workflow is 

required to predict in an accurate way the energy savings due to building retrofit. This will 

subsequently lead to a successful EPC process resulting in improved energy performance 

in buildings. 

1.2 Thesis structure  

This thesis is divided into four main sections. In Chapter 2, the focus lies on meticulously 

examining existing literature and adopting a robust methodology tailored to tackle the 

barriers in Energy Performance Contracting (EPC). This section delves into the analysis 

of Measurement and Verification protocols, Building Energy Modeling approaches, 

calibration methodologies, and concludes by addressing the research problem and 

proposing a solution. 

Chapter 3 serves as the heart of the thesis, introducing the Reduced Order Grey Box Model 

(ROM), a novel tool designed to streamline the estimation of energy savings within EPC 

and broader Energy Efficiency projects. Through a comprehensive exploration of the 

ROM's structure, calculation methodologies used for parameter determination, and novel 
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calibration procedures, the chapter demonstrates the ROM's capability in overcoming EPC 

barriers. 

Chapter 4 unveils the practical application of the ROM through the ModSCO web 

application, providing stakeholders with an intuitive interface to leverage its capabilities 

effectively. By elucidating the development of tools for parameter calculation, scripting 

mechanisms for ROM execution, and the user-friendly GUI architecture, this chapter 

highlights the integration of the ROM into practical solutions and showcases its application 

in various case studies. 

Chapter 5 serves as the culmination of the thesis, consolidating its findings and offering 

conclusive insights along with actionable recommendations. Additionally, it delineates 

potential avenues for future research, highlighting areas where further exploration and 

innovation are warranted. 

1.3 Publications  

1.3.1 Journal publications 

¶ Alessandro Piccinini , Magdalena Hajdukiewicz, Marcus M. Keane (2021) ôA novel 

Reduced Order Model technology framework to support the estimation of the energy savings in 

building retrofits. Energy and Buildings 

https://doi.org/10.1016/j.enbuild.2021.110896  

1.3.2 Peer-Reviewed Conference Publications     

¶ Massimo Vaccarini, Alessandro Piccinini, Letizia D'Angelo, Alessandro 

Carbonari (2017) òIntegration of Control Policies for Comfort Improvement in a Large Public 

Buildingó. In Proceedings of the 34rd ISARC Conference p. 908-915 DOI: 

https://doi.org/10.22260/ISARC2017/0127  

https://doi.org/10.1016/j.enbuild.2021.110896
https://doi.org/10.22260/ISARC2017/0127
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¶ Alessandro Piccinini, Letizia D'Angelo, Federico Seri, Conor Deane, Raymond 

Sterling, Andrea Costa, Alberto Giretti, Marcus M. Keane (2019) ôDevelopment Of A 

Reduced Order Model For Standard-Based Measurement And Verification To Support ECMõ. 

In: Proceedings of the 16th IBPSA Conference, p.4180 DOI : 

https://doi.org/10.26868/25222708.2019.210482  

¶ Letizia D'Angelo, Alessandro Piccinini, Federico Seri, Raymond Sterling, Andrea 

Costa, Marcus M. Keane (2019) ôBIM-based Business Process Model to support systematic 

deep renovation of buildingsõ. In: Proceedings of the 16th IBPSA Conference, p.137 

DOI : https://doi.org/10.26868/25222708.2019.210481  

¶ Alessandro Piccinini, Luis M. Blanes, Federico Seri, Letizia DõAngelo, Marcus 

M. Keane (2019) ôModSCO. Online Reduced Order Models (ROM) to Address the 

Performance Gapõ. In: Proceedings. MDPI AG, 20(1), p. 18. DOI : 

https://doi.org/10.3390/proceedings2019020018  

¶ Letizia DõAngelo, Noel Finnerty, Federico Seri, Alessandro Piccinini, Ronan 

Coffey, Carlos Tighe, PJ Mealy, Marc Mellotte, Marcus Keane (2019) ôA Global 

Energy Management System to Support Sustainable Decision Makingõ. In: Proceedings. 

MDPI AG, 20(1), p. 22. DOI : https://doi.org/10.3390/proceedings2019020022  

¶ Alessandro Piccinini , Magdalena Hajdukiewicz, Letizia DõAngelo, Luis M. 

Blanes, Marcus M. Keane (2020) òA novel ROM methodology to support the 

estimation of the energy savings under the Measurement and Verification 

protocoló In: Proceedings of BSO-V 2020. DOI: https://doi.org/10.13025/stsq-xr77 

¶ Letizia DõAngelo, Alessandro Piccinini , Magdalena Hajdukiewicz, Thomas 

Messervey, Marcus M. Keane (2021) òA Business Process Model to produce 

standard based as-built BIM using different data acquisition techniquesó World 

sustainables Energy Days Conference (WSED 2021). 21-25 June 2021. Wells, 

Austia 

¶ Alessandro Piccinini, Federico Seri, Letizia DõAngelo, Shima Yousefigarjan, 

Marcus M. Keane (2021)õ ModSCO a Web Application 

Based on a Grey-Box Model to Support the Estimation of the Energy Savings in 

Building Retrofitsõ Environ. Sci. Proc. 2021, 11, 31. 

https://doi.org/10.3390/environsciproc2021011031     

https://doi.org/10.26868/25222708.2019.210482
https://doi.org/10.26868/25222708.2019.210481
https://doi.org/10.3390/proceedings2019020018
https://doi.org/10.3390/proceedings2019020022
https://doi.org/10.13025/stsq-xr77
https://doi.org/10.3390/environsciproc2021011031


Introduction 

27 

 

1.3.3 Posters 

¶ ASHRAE / IBPSA Ireland Research Symposium 28th May 2018, Dublin (1st 

author) òKnowledge-based assessment tools to support deep energy retrofit quality 

assurance and certification schemesó 

¶ ASHRAE / IBPSA Ireland Research Symposium 28th May 2018, Dublin (2nd 

author) òDevelopment of a BIM based Business Process Model to support 

buildingsõ deep renovationó 

¶ Ryan Institute's Annual Research Day 2019 (1st author) òDevelopment And 

Calibration Of A Reduced Order Model For The Evaluation Of Energy 

Conservation Measuresó 

¶  Ryan Institute's Annual Research Day 2019 (2nd author) óBIM based BPM to retrofit 

existing  buildingsó 

¶ MaREI Symposium 2020 (1st author) òUtilising Reduced Order Models (ROM) to 

estimate energy savings of building retrofitsó 



 

 

 

Chapter 2 
 

 Literature review and 
methodology 
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2.1 Overview 

In the previous chapter, the EPC was presented as a solution to unlock investment in building 

retrofits and reduce global warning. However, several barriers were identified, such as 

uncertainty about post renovation energy performance, which prevent wider use of the EPC 

in Europe. Measurement and Verification (M&V), and in particular the International 

Performance Measurement and Verification Protocol (IPMVP), provide an important 

framework to quantify the energy savings of Energy Conservation Measures (ECMs) and 

reduce uncertainty about energy performance after renovation. Nevertheless, the application 

of the IPMVP framework in the context of renovation competitions is often complex due to 

limited and uncertain information about the buildings. 

Without appropriate tools to predict energy use in retrofitted buildings for which uncertain or 

missing data exist, the estimation of energy savings, and thus ESCO rebates, cannot be assured 

with any degree of certainty. This chapter succinctly presents the research context, research 

question, and proposed methodology.  

 

Figure 2.1 - Thesis structure 
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Figure 2.1 illustrates the structure of this thesis, with global warming at the base of the inverted 

pyramid, underscoring the potential for mitigation through building retrofits. As discussed in 

Chapter 1, unlocking investment in building retrofits is essential, and one concrete solution is 

the use of EPC contracts. To address the barriers associated with EPCs, Chapter 4 introduces 

ModSCO, a web application designed to streamline the adoption of EPC contracts. This 

application is built on the IPMVP protocol, discussed in the next section of Chapter 2, and 

incorporates the Modelica Reduced Order Model (ROM) presented in Chapter 3. 

2.2 Literature review  

The primary aims of this chapter are to find a practical solution to the EPC problem discussed 

in Section 1.1. Therefore, an extensive literature review was carried out to find a simple and 

easy tool for estimating energy savings in the existing building. 

In the previous section it was explained that the two fundamental parts for a successful EPC 

are the energy audit and the associated Building Energy Model (BEM). 

In an EPC the BEMs are used for two main applications:  

¶ Prediction of future savings. It is the evaluation of the impact of potential Energy 

Conservation Measures before their installation.  

¶ Prediction of actual savings. It  is the process for quantifying savings delivered by an Energy 

Conservation Measures.  

The Prediction of future savings is used during the EPC audit (Figure 2.2) phase while the 

prediction of actual savings is used during the EPC contract phase (Figure 2.2) to evaluate the 

ESCOõs remuneration.  The prediction of the actual saving is one of the main challenges and 

crucial issues in the EPC business model as it can generate a considerable degree of insecurity 

and monetary risks for the ESCO [39]. 

https://en.wikipedia.org/wiki/Energy_conservation_measure
https://en.wikipedia.org/wiki/Energy_conservation_measure
https://en.wikipedia.org/wiki/Energy_conservation_measure
https://en.wikipedia.org/wiki/Energy_conservation_measure
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Figure 2.2 - EPC standard phases 

In order to reduce these risks, the Measurement and Verification (M&V) has a fundamental 

role in demonstrating that the energy savings will be sufficient to meet the project cost.  In 

fact, as shown in Figure 2.3, if the M&V is built correctly it brings credibility to the project. 

Credibility brings trust between the customer and the ESCO. When the client has confidence 

in the ESCO, he is ready to share the technical and monetary risk. This guarantees the 

investment and unlocks the energy efficiency measure in the building. 

 

Figure 2.3 - M&V and EE Investments 
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Therefore, in an EPC contract it is of fundamental importance to build a credible and 

transparent M&V plan.  For these reasons, the first part of the critical literature review regards 

the standard protocols used to for M&V.  After this, the focus will in the building energy 

modelling (BEM) approaches utilised for the prediction of the future and actual savings in the 

M&V. Finally, the literature review will focus on the BEM calibration methodology and the 

related issues. 

To achieve the best result, a systematic literature review process was utilised following the 

Schulze method [40]. The Schulze method for systematic literature reviews involves several 

structured steps to ensure a thorough and unbiased synthesis of existing research: 

¶ Define the Research Question: Clearly state the research question or hypothesis. 

¶ Develop a Protocol: Outline the review process, including inclusion/exclusion 

criteria and search strategy. 

¶ Comprehensive Search: Conduct extensive searches across multiple databases. 

¶ Screening and Selection: Select studies based on predefined criteria. 

¶ Data Extraction: Collect relevant data using a standardized form. 

¶ Quality Assessment: Evaluate the quality and risk of bias in the included studies. 

¶ Data Synthesis: Combine findings using qualitative or quantitative methods. 

¶ Report and Interpret Findings: Present and discuss the results, noting limitations 

and future research directions. 

By following these steps, the Schulze method ensures a systematic and transparent review 

process, reducing the likelihood of researcher bias and enhancing the credibility and reliability 

of the reviewõs conclusions [41]. 
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2.2.1 Measurement &  Verification    

Measurement and Verification (M&V) protocol is a procedure of measuring and analysing data 

from operating buildings and reporting energy savings within a system or a whole facility. M&V 

underpins and enhances a standards-based approach for the implementation of energy 

conservation measures (ECMs). 

It has been proven that the M&V is a fundamental tool in guaranteed performance contracts 

(i.e. EPC) since it minimizes transaction costs related to insufficient knowledge of technical, 

managerial, behavioural aspects. In particular in an EPC the M&V: 

¶ is the òmeteró of energy efficiency projects; 

¶ is a risk management tool for all parties involved in an EPC; 

¶ contributes to smoothing business transactions; 

¶ It is crucial to establish confidence, trust, and credibility in the assessment of energy 

savings. 

M&V guidelines and regulations have been created worldwide by different institutions. The 

main M&V guidelines are the: International Performance Measurement and Verification 

Protocol (IPMVP [42]), American Society of Heating Refrigerating and Air Conditioning 

Engineers (ASHRAE) Guideline 14 [43], Federal Energy Management Program (FEMP [44]) 

and the Uniform Methods Project (UMP).  

All the guidelines discussed define accurate and reliable methods to estimate the energy 

savings. However, the IPMVP remaining the most used guideline since it has been translated 

into sixteen languages and spread all over the world.  

The purpose of IPMVP is to increase certainty, reliability and accuracy of the savings estimated 

within the energy and water sector. The IPMVP provides clear guidelines on how to estimate 

energy savings (or avoided energy consumption) during building retrofit as difference between 
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the Adjusted Baseline Period Energy consumption (BPE) and the Reporting Period Energy 

(RPE).  

Savings = Adjusted Baseline Period Energy ɀ Reporting Period Energy   (Eq1.1) 

Where, Adjusted BPE represents energy consumption of a building without the ECMs, and   

RPE represents energy consumption of a building after the implementation of ECMs 

 

Figure 2.4 - IPMVP Saving Concept 

In measuring and verifying the savings, the IPMVP provides four options referenced from Að

D [45]. Options A & B involve retrofit isolation, while C & D consider the whole facility. An 

overview of these methods and practices is shown in Table 2.1. 

Table 2.1 - The IPMVP options [46]. 

Measurement & Veriþcation option How savings are 
calculated 

Cost 

Option A:  

Focuses on physical assessment of equipment changes 
to ensure the installation is in accordance with its 
speciþcations. Key performance factors (e.g., lighting 
wattage or chiller efþciency) are determined with spot or 
short-term measurements and operational factors (e.g., 
lighting operating hours or cooling, kWh) or historical 
data. Performance and operation factors are measured 

and checked annually 

 

Engineering calculations 
using spot or short-term 
measurements, 

computer simulations, and 

historical data 

 

Dependent on number of 

measurement points.  

Approximately 1ð5% of project 
construction cost. 
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Measurement & Veriþcation option How savings are 
calculated 

Cost 

Option B:  

Savings are determined after project completion by 
short-term or continuous measurements taken 
throughout the term of the contract at the device or 
system level. Both performance and operation factors 
are monitored. 

 

Engineering calculations 
using metered data. 

 

Dependent on a number and 
type of systems measured and 
the term of analysis or metering.  

Typically, 3ð10% of project 
construction cost. 

Option C:  

After project completion, savings are determined at the 
ôôwhole-buildingõõ or facility level using current year and 
historical utility meter (gas or electricity) or sub-meter 

data. 

 

Analysis of utility meter (or 

sub-meter) 

data using techniques from 
simple comparison to 
multivariate (hourly or 
monthly) regression 

analysis. 

 

 

 

Dependent on a number and 
complexity of parameters in 
analysis.  

Typically, 1ð10% of project 
construction cost. 

 

Option D: 

Savings are determined through simulation of facility 

components and/or the whole facility. 

 

Calibrated 3D energy 
simulation or modelling; 
calibrated with hourly or 
monthly utility billing data 
and/or end-use metering. 

 

Dependent on a number and 

complexity of systems evaluated.  

Typically, 3ð10% of project 

construction cost 

Table 2.2 defines the capabilities of the different options described in IPMVP. Determining 

which IPMVP option is best for your energy efficiency project is based on the individual 

project conditions, analysis, budget, and various project-specific characteristics.  Nevertheless, 

Table 2.2 shows that compared to the other alternatives the Option D is the most complete 

and generic solution.   

Table 2.2 - Capabilities of the different IPMVP options [47] 
 

A B C D 

Assess individual retrofits X X 
 

X 

Assess an entire facility 
  

X X 

<10% savings of utility meter X X 
 

X 

Industrial X X 
 

X 

Unclear variables' significance 
 

X X X 

Complex interactive effects 
  

X X 

Future Baseline Adjustments expected X 
  

X 

Long term assessment X X X X 

No baseline energy data 
   

X 

Need of simulation software, skill and experience  
  

X 
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Option D is the development of a calibrated computer simulation model that supports detailed 

analysis of various Energy Conservation Measures (ECMs). According to IPMVP, this 

procedure should be undertaken only for three main reasons (i) when creating a baseline is not 

possible with the other options (e.g. new constructions) or (ii) when the ECMs responsible for 

the savings are not easy to measure and mostly (iii) for projects that generate enough savings 

to justify its use.  In fact, one of the main recommendations of the IPMVP guidelines is that 

the M&V cost should not exceed 10% retrofit cost. Additional cost limits are provided by 

M&V guidelines, such as the M&V handbook [48], where the cost limits range from a 

minimum of 1% of the annual measured savings for the IPMVP®  Option A to a maximum 

of 10% for the IPMVP®  Option D.   

The higher costs of Option D are due to the complexity in the development of a calibrated 

energy simulation and the needs of skills and expertise. However, this option also provides the 

higher accuracy and the big opportunity to evaluate the savings of each ECM or multiple 

ECMs and thus, to test the best renovation scenario to apply to a building. 

To identify an alternative to the standard calibrated energy simulation used for IPMVP® 

Option D, the second focus of the literature review examines various modeling approaches 

for estimating building energy consumption.  The scope of these literature reviews was to find 

a modelling approach able to reduce the time, the costs and the expertise needed to develop 

the energy models required for Option D and define a novel IPMVP methodology to estimate 

the energy savings in buildings.    

This work is of fundamental importance since is well demonstrated that the IPMVP should be 

neither complex nor expensive in order to enhance the trust in the energy efficiency 

investment.   
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2.2.2 Building  energy modelling approaches 

Many software tools are suggested in the IPMVP® Option D to analyse energy consumption 

and determine building control and operation opportunities including eQUEST [49], 

EnergyPlus[50], and IES-VE [50]. These tools are classified as a Whole Building Energy 

Simulation Models (WBESM) or white box models.  

This modelling approach requires that all the buildingõs components (i.e. geometry, heating, 

ventilation and air conditioning (HVAC) system, internal gains etc.) are manually detailed and 

modelled for each of the thermal zones. This results in a model with a large number of 

parameters, many of which are usually uncertain. On the other hand, this modelling approach 

can provide the most comprehensive prediction of building energy performance, with a vast 

range of detailed outputs from energy consumption to indoor comfort. These models are also 

suitable for retrofit analysis as detailed physics-based equations can be used to model and 

implement building components, systems, and subsystems prior to any retrofit. However, a 

high computational time [51], complexity and cost of model implementation, and the 

uncertainty of model parameters [52] pose barriers for the application of WBESM in IPMVP®  

and, in general, for energy performance prediction of existing buildings in the deep-retrofit 

processes [53].  

All issues listed above also carry the increasing cost of white box models that usually 

overcomes the cost limit recommended by the IPMVP. Two alternatives to this purely physics 

modelling approach (white-box) are; (i) a purely empirical approach (black-box) and (ii) a 

synthesis of white and black-box modelling approaches into a grey-box modelling approach 

[54]. 

The black-box approach is usually used for Options A, B and C. It is a data-driven modelling 

approach that uses basic (linear regression) or complex machine learning algorithms (e.g. 
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ANN, ARX [55]) to predict building energy consumption. It has different advantages 

compared to the white-box approach such as the: lower engineering cost, less domain of 

knowledge; and greater adaptability because the model will change itself with new data [56]. 

The accuracy of black-box models depends on the amount and the quality of buildingõs data. 

Since the black-box approaches are purely data-driven, the model variables are abstract [57]  

which results in a major difficulty to physically interpret  model results. Furthermore, like the 

white-box, the black-box approach lack of interoperability. Thus, the model is unique for each 

building and, hence, new models need to be generated for each building being studied. 

Therefore, the ability of black box models to predict building behaviour post-retrofit or 

altering control strategies cannot be demonstrated [58].  

The last approach is provided by grey-box also called reduced-order models (ROM), simplified 

models or hybrid models. The grey-box models are a synthesis of white and black box models. 

They consist of coupling the physical meaning and structure from the white box paradigm and 

the statistical approach and parameter estimation from the black box approach thus tacking 

the advantages of both methods. In particular the grey-box approach is more computationally 

efficient and simpler than the white-box model and the structure is more interpretable than 

black-box model [56]. It is important to note that the complexity of a model does not define 

it as a grey or a white box. Moreover, model definition is based on the calculation of parameters 

being used. When calculations are purely based on physical knowledge the model is referred 

to a white box. However, it becomes a grey box model when at least one parameter is estimated 

based on data obtained from the monitoring of the building performance [59]. 

The most common grey-box model approach  simplifies the physical description of the 

building and creates a resistances and capacitances network (RC-Network) where the number 

of capacitances in the RC-network (not counting for the air mass) give the order of the model 
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as explained in [60]. Usually each of the RC assemblies represent a component of the building 

(e.g. external wall, external windows). Thus, the grey-box model has a clear physical meaning 

and is more understandable than a black-box model. The number of capacitances (Cx), not 

counting the air mass, give the order of the model as shown in Figure 2.5.  

 

Figure 2.5 - ROM orders [60]. 

Grey box model features contain both physical meaning and a high grade of generality. Their 

characteristics provide the capability of having parameters related to building component and 

the opportunity to use the same model structure in different types of buildings. 

2.2.3 Building energy modelling calibration 

The calibration is the other fundamental point of the IPMVP framework since from the 

calibration accuracy derives the precision of the model, the consequent trust in the EPC and 

the ESCOõs remuneration. 

An uncalibrated or poorly calibrated Building Energy Model (BEM)  can produce discrepancies 

between the monitored and the simulated building energy consumption in a range between 

30% and 90% [61]. For this reason, a BEM with a high-level of accuracy is essential to produce 

reliable results after the application of ECMs. The calibration of a BEM can be defined as the 
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process of reducing the uncertainty of a model by comparing the predicted output of the model 

under a specific set of conditions to actual measured data for the same conditions.  

According to Tian [62] the uncertainty in a BEM can be divided into two categories, i.e. (i) an 

aleatory uncertainty that depends on a probabilistic framework and is due to natural variation 

of the complexity in a building (e.g. air leakage), thus, it cannot be simply reduced; (ii) an 

epistemic uncertainty, which depends on the lack of knowledge regarding the building (e.g. 

lighting power density, system characteristics) and can be reduced by collecting more building 

data. 

Several studies have been carried out, particularly focused on a white-box approach, to find a 

standard method to reduce both the aleatory and the epistemic uncertainties in BEMs. A 

formal method to calibrate white-box models against monthly measured data was presented 

by Agami  [63], where a parametric optimization analysis was used to determine a number of 

calibrated models for a building.  Another study was performed by Raftery [64], with an 

evidence-based approach, where only verifiable building information was used in the 

calibration. Both studies pointed out that high-quality data was fundamental to reduce the 

uncertainty of model calibration and to avoid overfitting. Overfitting means the model is 

excessively tailored to the specific details and noise in the calibration data. This results in the 

model performing well on the historical data used for calibration but poorly on new data, 

leading to inaccurate energy consumption predictions for the building under different 

conditions. This occurs when there are too many parameters, insufficient data, overly complex 

models, noise in the data, and inadequate validation, leading the model to fit noise and specific 

details instead instead of the true underlying energy usage patterns. 

Although technologies such as Advanced Metering Infrastructure (AMI), Building 

Management Systems (BMS), and the Internet of Things (IoT) have been widely implemented 



Literature review and methodology 

41 

 

in the construction industry to improve data quality, uncertainties in model parameters, both 

aleatory and epistemic, remain present during the development of white-box models[56]. 

Moreover, as discussed in the introduction, given that Energy Performance Certificates (EPCs) 

typically pertain to historical and existing buildings, the scarcity of building data is particularly 

pronounced further increasing the uncertainties. 

Thus, a white-box approach that utilises large number of parameters [65] may not always be 

the best solution, since many uncertain parameters need to be estimated based on similar 

buildings or standard values. This increases the risk of creating overfitting in the calibration 

process [63], which could result in underestimated or overestimated savings due to ECMs. 

Since the grey-box approach is composed by a reduced number of parameters, it requires lower 

quality and quantity of data for the calibration [66]. Thus a reduced number of parameters 

together with the relatively simple physics of the model tends to decrease the overfitting 

problem [65]. Hence, as demonstrated by Giretti [67], a knowledge based practical calibration 

approach can be developed for these types of models.  

2.3 Research Problem  

The literature review presented demonstrated that the grey-box approach, when applied within 

the framework of the International Performance Measurement and Verification Protocol 

(IPMVP), has significant potential as a method for improving the efficiency and effectiveness 

of Energy Performance Contracts (EPCs). However, as presented by Li [56] there are some 

barriers regarding the use of the grey-box approach in simulating existing buildings and thus 

in the application in the EPC. These issues are: 

(1) The Grey box modelsõ assumptions and limitation are vague. In the preceding section, the 

effectiveness of estimating energy consumption using the grey box modeling approach for 
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building energy modeling has been explained. Nevertheless, the assumption utilised for the 

development of the model such us the model order is unclear. The most compressive 

comparisons of grey box modelsõ order  accuracy was provided by [68], with similar studies 

performed by [69],  [70], and [71].All these authors conclude that increasing the order of the 

model (i.e. the number of capabilities) does not always lead to higher model accuracy.  

(2) The estimation of the model parameters is not clear. Two approaches are usually used to 

evaluate the resistances and capacitances in the grey box models.  The first method is the 

forward approach which ensures the best accuracy [56] and consist in the direct calculation of 

the parameters from physical formulae. The second is the inverse approach that use data-

driven algorithms to do curve of fitting the resistance and capacitance values [72][73]. 

(3) Suitable and practical applications of grey-box models are unknown. Many studies used RC 

models for load or energy estimations [74][75], but other applications are unknown. 

(4) Lack of a user-friendly software package based on grey box models for wider adoption. 

The use and development of a grey box model and the calculation of parameters requires a lot 

of special skills and expertise. Few applications have been developed to facilitate the adoption 

of the grey box approach [56]. However, all the developed applications lack an intuitive 

interface and clear workflow. 

Figure 2.6 - Deficiencies in the grey-box models  
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Considering the barriers listed in Figure 2.6 , this thesis poses the following research question: 

òHow a tool based on Reduced Order gray-box Model techniques (ROM) can support the stakeholders in being 

able to predict the impact of the deep renovation process in an EPC?ó 

2.4 Proposed Solution  

To enhance the utilisation IPMVP® in building retrofit and increase the uptake of EPC this 

research thesis fulfils the discussed grey box model gaps and objectives by developing a novel 

web application (i.e., ModSCO) based on a Reduced Order grey-box Model (ROM)(Table 2.1). 

A web application was chosen among other alternatives since it is widely accessible across 

different devices and works on any kind of hardware.  

The structure of the ROM embedded in the ModSCO web application is an extension of the 

grey-box  model proposed by Giretti et al. [67] which was developed and used as the baseline 

energy model in a building retrofit. A third order model structure has been selected for the 

development of the grey-box model as recommended by Reynders et al. [76]. The ROM 

proposed in this research, was created by taking advantage of the ability of Modelica [76] 

language into the Dymola Environment[77].  

Dymola is a commercial modelling and simulation environment based on the open source 

Modelica modelling language. The selection of this language was due to three main reasons. 

Firstly, it enables the modeling of complex dynamic energy systems through object-oriented 

modeling and simulation.  Secondly, the language recognises linear, non-linear and hybrid 

equations and finally, many open source and commercial simulation environments support 

Modelica providing several numerical solvers, algorithms, and libraries such as the IBPSA 

Project 1 Library [78], which was implemented in the model. 

https://en.wikipedia.org/wiki/Modelica
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A series of newly-developed parameter calculation tools that deal with correct estimation of 

model inputs were developed using Microsoft Excel and embedded in the ModSCO web 

application. The tools used the òforward approachó defined by Li et al [56] since the formulae 

used for the parameters calculation are based on widely-used method which is defined in 

standards. 

Finally, since the model considers the main physical dependencies among each variable, a 

simplified knowledge-based calibration procedure based on the Giretti [67] assumptions have 

been developed to create the IPMVP baseline period energy consumption and estimate in an 

accurate way the energy savings due to the ECMs installed in the building during the EPC.  

Thus, the ModSCO web application based on the Modelica ROM results in a representation 

of an existing building. The ModSCO application simplifies the estimation of the energy 

savings due to ECMs in a typical EPC scenario where the technical information about the 

building may be missing and a high uncertainty of building data is present[67]. This scenario 

of high uncertainty in the building data is also the one where the IPMVP framework found 

more application difficulties, since Option D (white-box approach) requires all technical 

information of the building to reduce the uncertainty and simplify the calibration procedure. 

On the other Hand, Option C (black-box approach) requires high quality data to generate an 

accurate model and usually this kind of data is not available during the retrofitting of buildings. 
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3.1 Introduction  

Figure 3.1 illustrates the structure of the proposed methodology of the thesis. The methodology 

is divided between Chapter 3 and Chapter 4. Chapter 3 focuses on the development of the ROM 

model, while Chapter 4 covers the development of the ModSCO web application. The ModSCO 

web application represents the container of the ROM model, which serves as the core and engine 

of the application. 

 

Figure 3.1 - Thesis structure schema - ROM Chapter 2 

Therefore, this chapter focuses on ROM. Specifically, the scope of Chapter 3 includes: 

¶ Create a standard Reduced Order grey-box Model for simulating the energy consumption 

of various types of buildings (Section 3.2). 

¶ Generate formulas based on standards to calculate the ROM parameters (Section 3.3). 
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¶ Embed the ROM developed into IPMVP framework by creating a workflow that simplify 

the estimation of the energy savings in the EPC scenario (Section 3.4). 

¶ Validate the approach by showing that the ROM can be used to accurately predict the 

impact of the building renovation process. This was done by testing the ROM on different 

pilotsõ buildings (Section 3.5). 

3.2 Modelica Reduced Order Model (ROM)  

The structure of the developed ROM is based on an extension version of the grey-box model 

proposed by Giretti [67] that derives from one of the third order models developed by Bacher and 

Madsen [68].  The Girettiõs [67] model was assumed since it was successfully used  for a similar 

purpose (i.e. EPC tendering phase). Thus, to meet the accuracy required by the IPMVP®, several 

changes were made to the model structure, components, and parameter estimation, starting from 

Girettiõs model. Specifically, the ROM presented in this chapter is an upgrade of Girettiõs model 

in the following ways: 

¶ The structure of the ROM was rebuilt by modifying and expanding the RC-Network, 

restructuring the network from a different perspective, and adding components to simulate 

natural ventilation and air infiltration. 

¶ The heating and cooling systems of the ROM were enhanced to allow simultaneous heating 

and cooling simulations, with energy consumption linked to building occupancy. The 

output was divided into convective and radiative heat. 

¶ The weather file component was updated, and a ground temperature component was 

added. 

¶ The internal gain component was updated, with the output similarly divided into 

convective and radiative heat. 
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¶ Finally, all formulas related to the various components were created or retrieved from 

standard regulations. 

All the changes applied, starting from Girettiõs model, were implemented at various stages and are 

documented in the pilot testing (Section 3.5). 

The ROM developed in the thesis was created by taking advantage of the ability of Modelica 

(Fritzson & Engelson, 1998) language into the Dymola Environment (Dassault Systèmes, 2020). 

Dymola is a commercial modelling and simulation environment based on the open source 

Modelica modelling language. In particular, the ROM uses the thermal network analogies. Thus, 

the system complexity was treated as an electrical problem by means of a resistances and 

capacitances (RC) network. In thermal analysis, resistances and capacitances are used to model a 

material's ability to resist and store heat, respectively. Thermal resistance indicates how much a 

material resists heat flow, similar to electrical resistance in a circuit: the higher the thermal 

resistance, the less heat flows through the material. Conversely, thermal capacitance represents a 

material's ability to store heat, analogous to electrical capacitance: a higher thermal capacitance 

allows the material to store more heat energy for a given temperature change. 

To simplify the model description and gives a general idea of the developed ROM , Figure 3.2 

shows the ROM as an RC network. According to standard naming convention of Li [56], the ROM 

can be considered a 14R3C since fourteen resistances and three pure capacitances were used to 

represent the building complexity. 

In particular, the RC network divides the buildingõs mass into three capacitances representing all 

internal partitions (Cm), the external opaque envelope (Cwall) and all floor slabs in contact with the 

ground (Cgf). The high number of resistances is due to the division of each resistance element into 

an internal surface resistance (e.g., Rwall_is), external surface resistance (e.g. Rwall_es) and a thermal 

https://en.wikipedia.org/wiki/Modelica
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resistance (e.g. Rwall). The main thermal resistance (e.g. Rwall) was divided to apply the thermal 

capacitance at the midpoint, resulting in an optimal representation of the wall structure. 
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Figure 3.2 - The RC Network of the ROM developed. 

Lrate and NVrate are two components used to simulate respectively the air infiltration and the 

natural ventilation. CAIR is the room capacitance, and it is represented in Modelica with the 

MixingVolume element. %QSI and QSC are the radiative and convective heat gain generated by the 

solar. %QIGI  and QIGC are the radiative and convective part of the heat gain due to the internal 

gains. Finally, QHC is the system heat gain. 

Figure 3.3 shows the ROM in the Dymola Environment. This picture represents the translation in 

Modelica language of the RC network described in Figure 3.2. The Modelica ROM consists of 

four main components:  

¶ Building (contains the RC Network and generates the Lrate ,NVrate,,%QSI and QSC), 

¶ Internal gains (generates %QIGI  and QIGC),  

¶ Heating and cooling system (generates QHC), 

¶ Weather data. (Contains the weather file and the ground temperature)  
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Figure 3.3 - The Modelica ROM. 

3.2.1 Building Component  

The ôbuilding componentõ is the main element of the ROM. The structure of this component is an 

extension of the model proposed by Bacher and Madsen (2011). The ôbuilding componentõ (Figure 

3.4) is created using the element of the Modelica Library and the IBPSA Project 1 Library [78]. It 

is composed of 14 resistances, three capacitances, a solar irradiation component, a natural 

ventilation component and an air infiltration component. The aforementioned elements are 

connected to a Modelica MixingVolume element (i.e., InternalVolume) that represents the entire 

volume of the building. The ôbuilding componentõ is also connected to the outdoor weather data 

(weaBus) and thus receives inputs such as temperature and solar irradiation through the ôWeather 

data componentõ. Finally, the MixingVolume component is connected to the ôinternal gains 

componentõ (QIGI  and QIGC) and the ôheating and cooling system componentõ(QHC) through the 

radiative and convective heat ports. 
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Figure 3.4 - ROM Building component. 

The resistances and capacitances in this component are divided into four groups, used to combine 

all internal and external envelope elements of the building. The first group (Cm, Rm, Rm1, Rm_is) 

is used to couple all the internal walls and slabs of the building. The second group (Rwall_es, Rwall, 

Cwall, Rwall1, Rwall_is) is used to combine the whole building opaque envelope. The third 

(Rwin_es, Rwin, Rwin_is) represents the building transparent envelope, and finally the fourth 

(Rgf_es, Rgf, Cgf, Rgf1, Rgf_is) is the building ground floor. These elements take the temperature 

inputs from the ôweather data componentõ.   

While the various resistances and capacitances of the building component are taken directly from 

the Modelica libraries, the solar irradiation component, the natural ventilation component and the 

air infiltration component are developed expressly for the ROM developed in this research. These 

components were designed expressly to suit the structure and configuration of the reduced model. 
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%QSI  
QSC  

L rate  
NV rate  

%QIGI  

  

QIGC  

  

QHC  

  



The Modelica Reduced Order grey-box Model 

52 

 

In particular, the solar irradiation (Figure 3.5) uses two elements of the IBPSA Project 1 Library 

[78] to compute the direct solar irradiation and the diffuse solar irradiation using the anisotropic 

sky model [79]. The irradiation is then reduced, by using the G-total value (total amount of solar 

irradiation entering through the glazing and the solar shading with reference to the total incident 

radiation) calculated according to the BS EN 13363-1 [80].This component, illustrated in Figure 

3.4 and represented by the symbol in the left corner of Figure 3.5, generates the %QSI and QSC.  

 

Figure 3.5 - Solar radiation component  

The natural ventilation component (Figure 3.6) is based on a similar component developed for the 

IBPSA Project 1 library [78].  

 

Figure 3.6 - Natural ventilation component  

%QSI  QSC  

L rate  
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The component calculates the heat flow caused by air exchangers using a formula from ASHRAE 

[81], which is based on temperature and pressure differences between the ambient and the internal, 

total building volume and occupancy level. This element, illustrated in Figure 3.4  and represented 

by the symbol in the left corner of Figure 3.6 generates the Lrate output. 

Finally, to compute the air infiltration in the building an air leakage component is created based 

on the òPressureDropó component of the IBPSA Project 1 Library [78]. The component utilises 

as input the infiltration rate in kg/s (at Pressure Drop =150 Pa). This component, depicted in 

Figure 18 and denoted by the symbol in the top left corner of Figure 3.7, produces the NV rate 

output. 

 

 Figure 3.7 - Air infiltration component 

3.2.2  Internal Gain Component 

The ôinternal gains componentõ (Figure 3.8) is modelled to evaluate the thermal heat gains from 

people, lighting, and equipment in the building. The element utilises the occupancy schedules, the 

equipment schedule, the lighting schedule, the maximum internal heat gains from people, lighting 

and equipment and the stand-by heat gain from the lighting and equipment to generate the 

convective (QIGC) and the radiative part (QIGI) of the heat gain.  

Furthermore, a Modelica component estimating the electrical consumption of lighting and other 

equipment is included and used for calculation of the total energy consumption. This component 

adjusted the energy consumption by utilising two other parameters representing the simultaneous 

utilisation/efficiency of the lighting and equipment heat gains. 

NV rate  
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Figure 3.8 - Internal gain component 

3.2.3 Weather Data Component 

The ôweather data componentõ (Figure 3.9) is a simple data container. The weather data and the 

ground temperature enclosed in this element are used by the ôbuilding componentõ and the ôheating 

and cooling system componentõ.  

 

Figure 3.9 - ROM Weather data component. 

QIGC  

  QIGI   
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3.2.4  Heating and Cooling Component 

The ôheating and cooling system componentõ is implemented as a thermo-regulated heat gain with 

an internal control loop. This component is a generic heat source that could be used to represent 

different types of systems. The component is divided in two parts. The first part (Figure 3.10) 

represented the thermo-regulated heat gain controlled by two Proportional Integral Derivatives 

(PIDs, a control loop mechanism employing feedback). This structure enables the simultaneous 

generation of heating and cooling heat gains (QHC) within the building or room. The second part 

(Figure 3.11) is used to estimate the heating and cooling energy consumption of the system. To 

estimate these energy consumptions, the second part of the component use the òCooling_Poweró, 

òHeating_Poweró, òEquipment Poweró output of Figure 3.10. Additionally, three parameters are 

included to maximise the efficiency of the calibration procedure and to consider the real utilisation 

and efficiency of the heating and cooling system.  

 

Figure 3.10 -  Heating and Cooling system Modelica component (Part 1) 

QHC  

  

https://en.wikipedia.org/wiki/Control_loop
https://en.wikipedia.org/wiki/Feedback
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Figure 3.11 - Heating and Cooling system Modelica component (Part 2) 

3.3 ROM Parameters and the formulae  

The Modelica ROM and in particular of the four components described previously need input 

parameters in order to generate the output (e.g., QHC) and feed the RC-Network. In this Section 

the formulae needed at each of the Modelica ROM parameters are described.  

According to Li et al. [56], to achieve the highest model accuracy, the forward approach is 

employed for parameter estimation. In this method, the parameters required for the Reduced-

Order Model (ROM) are estimated using specific formulae that are informed by data collected 

from various sources, including extensive data collection efforts and on-site surveys. This 

comprehensive approach ensures that the parameters are accurately derived, thereby enhancing 

the overall precision and reliability of the model. Table 3.1 presents the full list of parameters 

divided by the four components (i.e. B=building, W=weather data, I=internal gain, S=heating and 

cooling system) of the Modelica ROM. Table 3.1 shows that the ROM is described by 50 physical 

parameters and five calibration parameters (Alpha). The Alpha parameters are introduced to 

simplify the calibration procedure as fully explained in Section 3.4.2.  
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Table 3.1 - Modelica ROM parameters 

  Description Unit   Description Unit 

B 

Latitude Building/room latitude - 

B 

Rgf_es Ground floor external resistance K/W  

Volume Building/room volume m3 Cgf Ground floor capacitance J/K  

AWinSouth Total windows surfaces at south m2 L_Rate Infiltration rate kg/s 

AWinNorth Total windows surfaces at north m2 
W 

WeaFile Weather data file - 

AWinWest Total windows surfaces at west m2 GroundT Ground temperature °C 

AWinEast Total windows surfaces at east m2 

I 

MLoadPeo Heat gain per people W 

AWinRoof Total roof windows surfaces  MLoadLig Heat gain per lighting W 

GtotSouth G-total values windows south - MLoadEqu Heat gain per equipment W 

GtotNorth G-total values windows north - SBLoad Internal gains Stand-By consumption W 

GtotWest G-total values windows west - AlphaLig Lighting efficiency/utilisation - 

GtotEast G-total values windows east - AlphaEqu Equipment efficiency/utilisation - 

GtotRoof G-total values windows roof - PeoSch  Schedule People  

Ratio_m Ratio of the internal partition - LigSch  Schedule Lighting  

Ratio_wall Ratio of the external walls - EquSch  Schedule Equipment  

Ratio_win Ratio of the external windows - 

S 

MCoolP Maximum system cooling Power W 

Ratio_gf Ratio of the ground floor - MHeatP Maximum system heating power W 

Rwall_is Walls internal surface resistance K/W  HCEquP system equipment power W 

Rwall Walls resistance K/W  SBHeat Stand-By consumption heating W 

Rwall_es Walls external surface resistance K/W  SBCool Stand-By consumption cooling W 

Cwall Walls capacitance J/K  BuilType Building type: residential or not  - 

Rwin_is Glazing internal surface resistance K/W  AlphaPeo People system influence - 

Rwin Glazing resistance K/W  AlphaHeat Heating system efficiency/utilisation - 

Rwin_es Glazing external surface resistance K/W  AlphaCool Cooling system efficiency/utilisation - 

Rm_is Partitions internal surface resistance K/W  HeatSch  Schedule Heating System - 

Rm Partitions resistance K/W  CoolSch Schedule Cooling System - 

Cm Partitions capacitance J/K  HeatSet Heating Setpoint  °C 

Rgf_is Ground floor internal resistance K/W  CoolSet Heating Setpoint °C 

Rgf Ground floor resistance K/W     

A = Surface IS = Internal Surface Lig = Lighting 

Win = Windows ES = External Surface Equ = Equipment  

Gtot = G total value  L = Leakage  P = Power  

m = Medium (partition, internal slabs) T = Temperature SB = Stand By 

gf = Ground floor M = Maximum  HC = Heating and Cooling 

R = Resistance Load = Heat Gain Alpha = Unknow Calibration Parameter  

C = Capacitance Peo = People Sch= Shedule  

Set = Setpoint  B= Building component W= Weather component  

I= Internal gain component  S= Heating and Cooling system 

component  
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In the next sections each of the parameters shown in Table 3.1 are explained according to the four 

Modelica components.   

3.3.1 Building Component Parameters  

The building component requires 31 parameters. Figure 3.12 shows the component parameters in 

the Dymola environment. These parameters are the 14 resistances and three capacitances 

described in Section 3.2.1. All of these resistances and capacitances are calculated using formulae 

derived from international standards. 

 

Figure 3.12 - View of the 'building component' parameters in the Dymola environment 

In particular, the resistances of the building opaque envelopes that consider both external walls 

and roofs (Rwall_es, Rwall, , Rwall1, Rwall_is) and the partition (Rm, Rm1, Rm_is) are calculated using formulae 

that derive from the ISO 6946 [80]: 

Ὑ ͺ   В
Ȣ
    ὑὡϳ   (Eq.1) 

Ὑ ͺ  В
Ȣ
   ὑὡϳ  (Eq.2) 
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Ὑ  
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     ὑὡϳ  (Eq.3) 

Ὑ ͺ  В
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     ὑὡϳ  (Eq.4) 

Ὑ  
В   

В
      ὑὡϳ  (Eq.5) 

Where: 

 ὃ = Area of the envelope element i [m2]  

 Ὑ = Resistance of the envelope element i [(m2K)/W]  = В ὝὬὭὧὯὲὩίί  ά Ⱦ ὧέὲὨόὧὸὭὺὭὸώ  ὡȾ

άὑ  

Where   k= layer of the envelope element  

ὃ = Area of the partition element j [m2]  

 Ὑ = Resistance of the partition element j [(m 2K)/W]  = В ὝὬὭὧὯὲὩίί  ά Ⱦ ὧέὲὨόὧὸὭὺὭὸώ  ὡȾάὑ  

Where   y= layer of the partition element  

The glazing resistances (Rwin_es, Rwin, Rwin_is) are calculated using a simplified version of the UNI EN 

ISO 10077-1:2007[82]: 

Ὑ
В ȟ

ȟ  ȟ ȟ  ȟ  
 

   В ȟ
 ὑὡϳ      (Eq.5) 

Ὑ ͺ   В
Ȣ
                 ὑὡϳ      (Eq.6) 

Ὑ ͺ  В
Ȣ
                 ὑὡϳ        (Eq.7) 

Where:  

ὃ ȟ = Total area of the windows element i [m2]  

ὃȟ = Area of the glass of the windows element i [m2]  

ὃȟ = Area of the frame of the windows element i [m2]  
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Ὗȟ = U-value of the glass of the windows element i [W/(m2K)]  

Ὗȟ = U-value of the frame of the windows element i [W/(m2K)]  

The ground floor slab resistances (Rgf_es, Rgf, Cgf, Rgf1, Rgf_is) are calculated using a simplified version 

of the UNI EN ISO 13370 [83]. 

Ὑ
В     

В
         ὑὡϳ       (Eq.8) 

Ὑ ͺ   В
Ȣ
                 ὑὡϳ       (Eq.9) 

Ὑ ͺ  В
Ȣ
                 ὑὡϳ       (Eq.10) 

Where:  

ὃ = Area of the ground floor element i [m2]  

 Ὑ = Resistance of the ground floor element i [(m 2K)/ W] =  В ὝὬὭὧὯὲὩίί  ά Ⱦ ὧέὲὨόὧὸὭὺὭὸώ  ὡȾ

άὑ  

Where:    

k= layer of the ground floor element  

ὦ  = Confinant ambient coefficient  

Table 3.2 - Confinant ambient coefficient 

Confinant ambient  ╫◄► 

Slab in contact with the ground 0.45 

ventilated ground floor slab 0.80 

Other parameters required for the building component are the building latitude (Latitude), building 

total volume [m3] (Volume), window surface areas in each direction [m2] (AWinSouth, 

AWinNorth, AWinWest, AWinEast, AWinRoof), g total value (that is the total amount of solar 

entering through the glazing and the solar shading) of the windows for each direction (GtotSouth, 

GtotNorth, GtotWest, GtotEast, GtotRoof).  
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The g total value is calculated using the BS EN 13363-1 [80], the formulas used depend on the 

presence of curtain or blinds and the position of these element (i.e. external, internal, half glass). 

The formula requires the following parameters: the solar factor of the glass (g, that depends on 

the kind of glass and can be deduced from technical datasheet) and the presence/ position of 

curtains or shutters. In case of curtains or shutters, more detail is required, such as the solar 

transmission (ǲe), reflection (ǯe) and absorption (ǟe) of the curtain or shutter. 

Below the different formulae utilised in the calculation of the g-total value are reported based on 

the kind and the position of the curtain or shutter.  

¶ No curtain or shutter 

Ὃ  Ὣ      (Eq.11) 

Where: 

Ὃ   g total factor in the direction i 

Ὣ= solar factor of the glass in the direction i 

¶ External curtain or shutter  

Ὃ  †Ὣ ‌ †ρ  Ὣ       (Eq.12) 

Where:  

Ὣ= solar factor of the glass in the direction i 

†   average solar transmission of the curtain or shutter in the direction i 

‌  average solar absorption of the curtain or shutter in the direction i 

Ὃ
ρ

ό

ρ

Ὃ
 
ρ

Ὃ
 

όȟ  average thermal transmission f the glasses in the direction i 

Ὃ υ 

Ὃ ρπ 
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¶ Internal Curtain or shutter  

Ὃ  Ὣ ρ Ὣ” ‌       (Eq.13) 

Where:   

Ὣ= solar factor of the glass in the direction i 

”   average solar reflection of the curtain or shutter in the direction i 

‌  average solar absorption of the curtain or shutter in the direction i 

Ὃ
ρ

ό
 
ρ

Ὃ
 

όȟ  average thermal transmission f the glasses in the direction i 

Ὃ σπ 

¶ Curtain covering half of the glass surface.  

Ὃ  †Ὣ  Ὣ ‌ ρ  Ὣ ”         (Eq.14) 

Where: 

Ὣ= solar factor of the glass in the direction i 

”   average solar reflection of the curtain or shutter in the direction i 

‌  average solar absorption of the curtain or shutter in the direction i 

†   average solar transmission of the curtain or shutter in the direction i 

Ὃ
ρ

ό
 
ρ

Ὃ
 

όȟ  average thermal transmission f the glasses in the direction i 

Ὃ σ 

Finally, in the ôbuilding component, the following data have to be specified:  the ratios between a 

building component surface (i.e. partitions, exterior walls, exterior windows, ground floor slab) 

and the total building surface areas (Ratio_m, Ratio_wall,  Ratio_win, Ratio_g) and  the infiltration 

rate [kg/s] (L_rate). 



The Modelica Reduced Order grey-box Model 

63 

 

3.3.2 Internal Gain component parameters    

The internal gain is defined as the heat emitted within an internal space from any source that is to 

be removed by air conditioning or ventilation, and/or results in an increase in the temperature and 

humidity within the space.  

The ROMõs ôinternal gainõ component requires six parameters and three time series (i.e., schedules). 

A view of these parameters in the Dymola environment is shown in Figure 3.13 . 

 

Figure 3.13 - View of the internal gain component' parameters in the Dymola environment 

These parameters include the maximum heat gains from people [W] (MLoadPeo), the maximum 

heat gain from lighting [W] (MLoadLig), the maximum heat gain from equipment 

[W](MLoadEqu) , the standby electrical power from equipment and lighting [W](SBLoad), the 

occupancy schedule (PeoSch),   equipment schedule (EquSch) and the lighting schedule(LigSch). 
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Finally, two other parameters (calibration parameters) are needed in the Internal Gain component: 

i.e. equipment efficiency / utilisation and lighting efficiency/utilisation (AlphaEqu, AlphaLig).  

The maximum heat gains per person [W] (MLoadPeo), is the maximum heat loss by humans due 

to their metabolic activities, which is related to the person activity (i.e. sedentary, sleeping, dancing). 

In the ROM the maximum heat gains per people is calculated as: 

ὓὒέὥὨὖὩέ  В ὃὧὸὭὺὭὸώ ὒὩὺὩὰ  ὼ  ὲЈ ὴὩέὴὰὩ         (Eq.15) 

Where:  

ὃὧὸὭὺὭὸώ ὒὩὺὩὰ =  Watt generated by the activity level i in the building (Figure 3.14) 

ὲЈ ὴὩέὴὰὩ   number of people doing the activity level i 

Figure 3.14 gives some standard values of activity level [W/Person]. 

 

Figure 3.14 - Activity level for various activities [95] 

The maximum heat gain per lighting [W] (MLoadLig) is the maximum heat gain released by the 

electrical energy used by the all the lamps installed in the building. When the light is switched on 

a fraction of the electrical power of the lamp is emitted in the space as heat power. The heat gain 

is emitted by means of conduction, convection, or radiation as explained in Figure 3.15. 

Generally speaking, in determining the internal heat gain due to artificial lighting, the following 

should be known: (i)total electrical input power, (ii)fraction of heat emitted which enters the 

space (iii)radiant, convective and conductive ratio of the heat emitted by the lighting system. 
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Figure 3.15 - Radiant, convective/conductive ratio in lamps 

This information is included and considered in the ROM but, to simplify the parameters 

calculation and make the procedure streamlined, the values related to the radiant, convective, and 

conductive ratio have been fixed in the model, while the fraction of the heat emitted is accounted 

by AlphaLig calibration parameters.  

Thus, the maximum heat gain per lighting in the ROM is calculated as:  

ὓὒέὥὨὒὭὫ  В ὰὥάὴ  ὼ  ὲЈ ὰὥάὴί     (Eq.16) 

Where:  

ÌÁÍÐÓ  = Watt generated by the lamp i in the building  

ÎЈ ÌÁÍÐÓ  number of lamps of the kind i 

The best accuracy in the estimation of this parameter is reached by utilising the manufacturersõ 

data. However, in case of missing information or uncertainty the standard values such us the ones 

proposed in Figure 3.16 could be used. In case of utilisation of the tabulated value, the AlphaLig 

parameters will account also for its uncertainty.  The AlphaLig is the first of the five-alpha 

calibration parameters, its comprehensive application and operational details elaborated in Section 

3.4.2. 
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Figure 3.16 - Internal lighting, equipment and people heat gain for typical building 
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The maximum heat gain per equipment [W](MLoadEqu) represents the total heat power input by 

the equipment in the building. In the ROM it is calculated as: 

ὓὒέὥὨὉήό  В ὩήόὭὴάὩὲὸ   ὼ  ὲЈ ὩήόὭάὴὩὲὸ     (Eq.17) 

Where:  

ὩήόὭὴάὩὲὸ  = Watt generated by the miscellaneous i in the building 

ὲЈ ὰὥάὴί  number of miscellaneous of the kind i 

The equipment heat gains power (equipmenti) can be calculated from basic data but care must be 

taken to allow for diversity of use, idle operation and the effects of energy saving features of the 

equipment. For instance, the actual peak internal heat gain for all office equipment in a single 

common area is less than the sum of the individual continuous gains due to diversity of use. 

Diversity is the factor that accounts for a percentage of equipment being idle or turned off. It 

varies between 37% and 78%. Hence, to cover the diversity factor of the equipment and account 

for the efficiency of the equipment, the AlphaEqu calibration parameter has been introduced in 

the ROM. Also in this case, in case of missing data the value proposed in Figure 32 could be 

utilised and AlphaEqu will account for its uncertainty. 

Each of the internal heat gains discussed (i.e. MLoadPeo, MLoadLig,  MLoadEqu) are connected 

to an annual schedule (Figure 3.8 of Section 3.2.2) that adjust the maximum load value with an 

half hourly step(1800 seconds). These schedules are uploaded in the Modelica model in a text 

format. Figure 3.17 shows an example of the schedule text file needed at the Modelica ROM. In 

the text file of Figure 3.17 the second row describes: the kind of matrix (i.e double), the name (i.e. 

tab1) and the dimension (i.e. 17521 rows x 2 columns). From the third row onwards, the value 

used by the internal gains parameters (i.e. MLoadPeo, MLoadLig,  MLoadEqu) are reported.  In 

particular, the second column represents the value used by the internal gains parameter for the 

time reported in the first column.  
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Figure 3.17 - Example of Modelica Schedule needed at the ROM 

Finally, the ôinternal gain componentõ requires the standby electrical power from equipment and 

lighting parameter [W](SBLoad). This parameter represents a constant consumption generated by 

the equipment and the lighting in the building.  

3.3.3 Heating and Cooling Component parameters  

The heating and cooling component requires 13 parameters. A view of the component parameters 

in the Dymola Environment is shown in Figure 3.18. 

 

Figure 3.18 - View of the ôheating and cooling componentõ parameters in the Dymola environment 
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These parameters are, firstly, the maximum cooling power [W] (MCoolP), denoting the total 

cooling capacity installed in the building (e.g., the cumulative cooling power of all chillers). 

Secondly, the maximum heating power [W] (MHeatP), signifying the total generated heating power 

within the building(e.g., the aggregate heating power output of all boilers). Additionally, the 

components needs thee maximum power of the system equipment [W] (HCEquP) represents the 

electrical power consumption of HVAC equipment, including crucial components such as AHU 

fans and circulation pumps. Furthermore, the elements contain as a parameter the stand-by 

consumption of heating [W] (SBHeat) and the standby consumption of cooling [W]  SBCool). 

These two parameters encapsulate constant consumption attributed to areas of the building 

requiring continual cooling or heating and/or the consumption of the  domestic hot water (DHW). 

As for the Internal gain, the Heating and cooling components requires schedules that evaluate 

when the system is turned on or off and thus when the powers (i.e. MCoolP and MHeatP) defined 

previously are used. The schedules needed at the component are the cooling system schedules 

(CoolSch) and the heating system schedule (HeatSch). Both schedules have to be uploaded in 

Modelica ROM in the format showed in Figure 3.17. 

The ôheating and coolingõ component also demands the average room winter setpoint [ C] (Heat 

Set), the average room summer setpoint [ C]( (CoolSet). These two values are utilised by the 

thermo-regulated heat gain controlled defined in Section 3.2.4 to switch on or off the heating and 

cooling component when the internal temperature reaches the setpoint temperature.   

Furthermore, another parameter is included in the component to represent the capability of the 

users to control the internal thermostat and the rooms heated and cooled [True/False] in the 

residential buildings (BuilType). These parameters proportionally connect the building 

consumption with the occupancy schedules. The influence of the parameter is regulated by the 

alpha people coefficient (AlphaPeo). The BuilType and the AlphaPeo parameters are particularly 
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important in the residential building since in some cases (e.g., multi splits system), the number of 

rooms conditioned depends on the number of people currently present in the building.  

Finally, the last two parameters are the heating component efficiency/utilisation (AlphaHeat), and 

the cooling component efficiency/utilisation (AlphaCool). The three alpha (i.e. AlphaPeo, 

AlphaHeat and AlphaCool) parameters of the heating and cooling component are used in the 

calibration procedure to account for the system efficiency and diversity of use and will be explained 

in detail in the Calibration Section 3.4.2. 

3.3.4 Weather Component figure parameters  

Figure 3.19 show the two parameters required for this block, i.e., the ground temperature [°C] 

(GroundT) and the weather file (WeaFile, fileName in Figure 3.19) in the Dymola environment. 

Figure 3.19 - View of the ôweatherõ parameters in the Dymola environment 

The first parameter is the weather file in Modelica format (i.e., .mos). This file can be generated 

from an. epw (EnergyPlus, 2020) and converted into a .mos using the following script in the 

command prompt of windows: 

cd Buildings/Resources/weatherdata 

java -jar ../bin/ConvertWeatherData.jar inputFile.epw 
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In the script, the first row specifies the path of the weather file and the second row its name. 

Personalised weather files could be also created by using the Elements platform [84]. This tool 

allows one to edit the weather data contained in the .epw file. Once the personalised .epw file is 

created, it can be converted using the script described previously.   

3.4 Modelica ROM utili sation   

Figure 3.20 shows a workflow representing the utilisation of the Modelica ROM. The schema 

consists of three phases: 

¶ Phase 1 ð Estimation of Modelica ROM parameters, which receives building specific data 

as input. 

¶ Phase 2 - Simulation and calibration of the Modelica ROM. 

¶ Phase 3 - ROM utilisation. 

Building Data 
as it is Parameters estimation

 
MD<15%

NMBE<5%
CV(RSME)<20%

R²>0.75

 Calibration
Complete

YES

 IPMVP Baseline Period 

Energy 

Modelica ROM 
Simuation and Calibration  

Phase 1
 ROM Parameters- Retrofit 1,2,é,n

Modelica ROM 

for retrofit scenario  1,2,é,n 

Simulation and results 
 for retrofit 1,2,é,n

Have all
 the calibration parameters 

been tested?

NO

NO

YES

 

Figure 3.20 - ROM technology framework. 
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In Phase 1 of the framework the parameters are estimated using the formulae described in Section  

3.3. In Phase 2, the parameters calculated are inserted in the Modelica ROM and an annual 

simulation with an hourly step is run using the Dymola software.  From the thousands of outputs 

generated by the Modelica ROM, only the Electrical energy consumption [kWh] and the fossil fuel 

energy consumption [kWh] time series are investigated for the IPMVP scope. From these two-

time series, the monthly consumptions are calculated and then compared with the real electric 

energy and fossil fuel consumptions of the building (i.e. energy bills or meter data).  

The accuracy of the comparison is evaluated using a series of statistical IPMVP indices and their 

limits calculated from the comparison between the simulated and actual monthly consumption of 

the building (e.g. fossil fuels and electricity). If the values are not within the limits, the calibration 

process begins. The calibration process consists of an iterative procedure in which some uncertain 

parameters are changed. The procedure stops when all the IPMVP statistical values are within the 

corresponding limits. 

Once the model is considered calibrated it can be used for (i) systematic quantification of energy 

savings (avoided energy consumption) achieved through ECMs, and (ii) direct estimation of energy 

savings through the investigation of different envelope retrofit scenarios.  

In the following sub-section, a complete description of the IPMVP statistical values and their 

limits, the ROM calibration workflow of Phase 2 and the process to estimate the energy savings 

of Phase 3 are described.  

3.4.1 Calibration statistical values 

The main scope of the Modelica ROM developed in this research is to provide an accurate 

forecasting of the electric energy and fossil fuel consumption of a building to develop the IPMVP 

monthly Baseline Period Energy consumptions (BPEs) and the relative Adjusted BPE 
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According to EVO [85], without an uncertainty evaluation, a energy model cannot be considered 

as a basis for decision-making. Determining the uncertainty associated with estimates of energy 

savings (kWh) requires statistical intervention. Thus, the Modelica ROM needs to be calibrated 

and numerical evaluation indices should be used to evaluate the compliance between the simulated 

(monthly BPEs) and actual measured energy data (Monthly energy bills or meters) 

The ROMõs two main outputs to be calibrated are the simulated electrical energy consumption 

[kWh] and the simulated fossil fuel energy consumption [kWh] generated from the simulation of 

the Modelica ROM in the Dymola Environment. The four main coefficients utilised in this 

research to evaluate the uncertainty of the simulated electrical energy and  fossil fuel energy 

consumption outputs are: 

¶ Coefficient of Determination (R2) 

¶ Normalized Mean Bias Error (NMBE) 

¶ Coefficient of Variation of the Root-Mean-Square Error (CV[RMSE]) 

¶ monthly deviation  

 

3.4.1.1 Coefficient of Determination (R
2

) 

The coefficient of determination is a measure of the extent to which modelled data describes 

variations in the utility data (kWh) from its mean value, on a scale from 0-100% [85], In the 

research the following formula was utilised to calculate the R2:  

Ὑ
ϽВ Ͻ В Ͻ В   

ϽВ В  ϽВ В   

                              (Eq.18) 

Where:  

¶ ὣ = simulated energy consumption of the month i   
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¶ ὣ =actual energy consumption of the month i   

¶ n = number of data points (number of months taken in exam) 

Normally the greater the value of R2 the better is the accuracy of the Model. However,  the R2 test 

should only be used as an initial check and models should not be rejected or accepted solely on 

this basis [85]. 

A low value of R2 can indicate: (i) Lack of inclusion of one or more independent variables (only 

add them if they have theoretical merit ð to avoid bias) and (ii) inappropriate model functional 

form. It is important to note the major flaw of R2 which is its dependency on the slope of the 

model. Higher slopes tend to show a higher value of R2 even though the variance of y is the same. 

For this reason, in this research other metrics are used in conjunction with  R2 are used for the 

estimation of the accuracy of the ROM. 

3.4.1.2 Normalised Mean Bias Error (NMBE) 

The NMBE is a measure of the deviation between simulated energy use and actual metered data 

(kWh), when considering all paired datapoints across the adopted baseline period. It is a good 

indicator of overall bias in the estimate [43]. 

The NMBE is evaluated by initially calculating the difference (residual) between actual and 

simulated energy use (kWh) for a given time period (i.e., a month). This is repeated for all months 

over the designated baseline period. The value calculated is then divided by the number of months 

considered minus one. Finally, the square root is divided by the mean of actual monthly energy 

consumption (kWh) over the same period [43]: 

ὔὓὄὉ 
В

ρzππϷ                           (Eq.19) 

Where:  

¶ ὣ = mean of actual monthly energy consumption 



The Modelica Reduced Order grey-box Model 

75 

 

The major flaw related to this metric is its independence regarding the time and therefore positive 

and negative bias cancel out each other, . In other words, if a model consistently overestimates at 

some points (positive bias) and underestimates at others (negative bias), these errors can offset 

each other when averaged. This statistical value can provide a positive or a negative value. A 

positive value of MBE indicates that simulated data under predicts the baseline data, and a negative 

value of MBE indicates that the simulated data over predicts the baseline data. The closer this 

value is to zero the better.  

3.4.1.3 Coefficient of Variation of the Root-Mean-Square Error (CV[RMSE]) 

The CV (RMSE) essentially gauges how much spread exists in the actual metered/simulated 

data(kWh). Similar to the NMBE, the residual for each month is calculated. These are then squared 

with the sum divided by the number of datapoints presented. The square root of this result is then 

taken and divided by the measured data mean to calculate the CV (RMSE) [43]: 

ὅὠὙὓὛὉ 
В

ρzππϷ                     (Eq.20) 

CV(RMSE) evaluate how well a model fits real data. A lower CV(RMSE) indicates better model 

calibration and less uncertainty, meaning the model's predictions are closer to the actual data. 

The uncertainty of simulation models generally decreases as the number of data points increases. 

This means that models using more granular data, such as hourly data, tend to be more reliable 

because they provide more detailed information for the calibration process. 

However, when data is aggregated over longer periods, like monthly data, the variability in the data 

decreases, leading to a lower CV(RMSE). This lower spread in aggregated data can make the model 

appear more accurate, even though it uses less granular data. Therefore, while more granular data 

typically improves model reliability, less granular, aggregated data can sometimes yield a deceptively 

low CV(RMSE), suggesting better model performance. 
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3.4.1.4 Monthly deviation  

The Monthly Deviation (MD) is the difference between the actual metered and the simulated 

monthly consumption divided by the actual monthly consumption in percentage. 

ὓὈ ρzππϷ                (Eq.21) 

Where: 

ὣ = simulated energy consumption of the month i   

ὣ =actual energy consumption of the month i   

n = number of data points (number of months taken in exam).  

ὣ = simulated energy consumption  

This value is important to determine if some of the months have unusual values reconducted in 

modelling errors or in the building data.  

3.4.1.5 Acceptance limits and considerations   

The ROM developed in this research can be consider as a whole-building calibrated simulation 

thus the IPMVP acceptable limits for the Option D can be utilised. In particular for the R2, no 

universal standard for acceptance is described but a value of 75% or greater is generally considered 

as an indicator of significant correlation between the modelled and metered variations (EVO, 

2012).  Instead, acceptable limits of ± 5% for the NMBE, 20% for the  CV(RMSE) and 10% of 

MD are suggested by the IPMVP (Table 3.3).  

Table 3.3 - IPMVP statistical values acceptable limits 

Statistical index Acceptable monthly value 

R2 75% 

NMBE 5% 

CV(RMSE) 20% 

MD 10% 
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3.4.2 ROM Calibration process   

This section describes the workflow used in Phase 2 of Figure 3.20 for calibrating the Modelica 

ROM and thus to simplify and accelerate the creation of the BPEs needed to estimate the energy 

savings due to ECMs. As discussed in Section 2.4, the ROM high grade of generality (i.e. different 

building typologies can be represented with the same developed structure) and its simplified 

physics (i.e. described by a small number of parameters) allow to describe a standard calibration 

procedure to be described [67].  In the following section, the standard calibration procedure 

developed for the ROM of this research is described. The procedure is organized in three phases 

(i.e. Data analysis, Alpha parameters calibration and building parameters calibration).  

3.4.2.1 Data analysis  

The ROM is described by 50 physical parameters and 5 calibration parameters (alpha). During the 

data analysis, the parameters are classified based on the reliability factor and therefore on the 

quality of the data. The parameters with lower reliable information are considered uncertain and 

thus adjusted during the calibration process, the remaining parameters are considered fixed.The 

most common reliability of the ROM parameters are defined in Table 3.4 . 

Table 3.4 - Parameter reliability 

Reliability Parameter name  
Low L_Rate 

Medium/Low Heating and cooling system powers (SBHeat, SBCool, MCoolP, MHeatP) 

Internal Gain electrical power (MLoadLig, MLoadEqu)  

Medium GroundT, MLoadPeo, SBLoad, HCEquP 

Schedules (HeatSet, CoolSet, PeoSch .txt, LigSch .txt, EquSch .txt,HeatSch .txt, CoolSch .txt) 

Medium/High Windows surfaces (AWinSouth, AWinNorth, AWinWest, AWinEast, AWinRoof,) 

G total values (GtotSouth, GtotNorth, GtotWest, GtotEast, GtotRoof)  

Ratios (Ratio_m, Ratio_wall, Ratio_win, Ratio_gf) 

RC Network parameters (Rwall_IS, Rwall, Rwall_ES, Cwall, Rwin_IS,  Rwin ,Rwin_ES, Rm_IS , 
Rm, Cm, Rgf_IS, Rgf 

Weather file  

High BuilType, Latitude, Volume 

Calibration 
Parameters  

AlphaLig, AlphaEqu, AlphaPeo, AlphaHeat, AlphaCool 
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In particular, the building type (BuilType), the latitude (Latitude) and the volume (Volume) have 

usually a high reliability and thus are not changed in the calibration process. The heating setpoint 

(HeatSet), the cooling setpoint (CoolSet), the resistances and capacitances of the RC Network, the 

g total value, the ratios and the weather file (WeaFile) are considered with a medium/high 

reliability.  

The maximum heat gain per people (MLoadPeo) the StandBy electrical power per 

lighting/equipment (SBLoad), the System equipment electrical power (HCEquP), the ground 

temperature (GroundT) and the five ROM schedule (PeoSch.txt, LigSch.txt, EquSch.txt, 

HeatSch.txt, CoolSch.txt) are classified as a medium reliability since these values are typically 

provided by datasheet, technical documents and are not affected by substantial variation due to 

external factors (e.g. external temperature, building utilisation).  

The maximum electrical power per lighting (MLoadLig), the maximum electrical power per 

equipment (MLoadEqu), the maximum heating power (MHeatP) , the maximum cooling power 

(MCoolP), the standby heating power (SBHeat) and the standby cooling power (SBCool) are 

classified as  medium/low reliability. Thus, these parameters are usually the first to be corrected 

during the calibration phase because they are usually affected by a certain level of uncertainty.  

To simplify the adjustment of the medium/low reliability parameters, the five calibration 

parameters were introduced in the model. These parameters allow adjustment of the building 

parameters without changing the original values estimated. In particular, the Alpha equipment and 

lighting (AlphaLig, AlphaEqu) are used in the calibration to consider the uncertainty of the 

MLoadLig and MLoadEqu values used, to consider the diversity factor and to consider the average 

efficiency of the related system. The Alpha Heating and Cooling (AlphaHeat, AlphaCool) are used 

to represent the average efficiency of the system installed (i.e., COP) and the diversity factor.  

Alpha People (AlphaPeo) is a parameter that increases the correlation between the 'heating and 

cooling' component and the occupancy schedule (PeoSch.txt). It was introduced to increase the 
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correlation of people when in the residential building. The system could be controlled in each of 

the rooms (e.g., fan coils system or multi split conditioning system). In this case, the consumption 

of the building depends on the actual number of people present in the building. It is important to 

note that this parameter can only be changed when the Building Type (BuilType) parameters are 

set to Residential. 

Finally, the last parameter needed at the model is the air leakage rate of the building (L_RATE). 

The air leakage rate is initially approximated to 1 and then adjusted  in the calibration process since 

usually not easily measured. 

The ôdata analysis phaseõ stops with the first simulation of the ROM. After this simulation the 

resulting Baseline Period Energy consumptions (BPEs) are compared with the actual 

consumptions (electrical or/and fossil fuel). The comparison is accomplished by checking the 

IPMVP statistical values explained in Section 3.4.1  (i.e. NMBE, CV(RMSE), R2 and MD). 

If the statistical indexes are not within their limits, the parameters classified with lower reliability 

during the ôdata analysisõ phase are adjusted iteratively, as discussed in the next sections.  

3.4.2.2 Alpha parameters calibration  

The phase two of the calibration procedure starts with the adjustment of the parameters 

considered more uncertain. In the previous section a description of the alpha calibration 

parameters and their correlation with the building parameters considered with medium/low 

reliability have been explained. Thus, the Alpha parameters can be considered the first to be 

adjusted since: (i) they are strictly related to the final consumption of the building and (ii) correlated 

to the building parameters affected with the higher uncertainty (lower/medium reliability). 

Unlike the building parameters where the value is estimated starting from the building data, the 

Alpha parameters cannot be estimated but can only be adjusted in the calibration phase using an 
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iterative process.  The iterative process is needed since each of the calibration parameters consider 

different unknown factors such us the system efficiency and diversity factor.  

The diversity factor of the ROM developed in this research is more accentuated compared to a 

white box model since the ROM considers a single volume to represent the whole building. This 

simplification brings the following limitations: (i) a single indoor air temperature approximates the 

average indoor air temperature of all the rooms (ii) the unconditioned zones are considered in the 

dynamic simulation and (iii) single schedules cannot be utilised for each of the heat gains in the 

rooms. Thus, especially in large buildings and residential buildings, the adjustment of the alpha 

parameters is always needed.  

In contrast with the white box approach, where hundreds of parameters must be controlled, the 

limitation discussed for the ROM and its low number of parameters allows development of a 

general empirical procedure. The procedure permits the calibration of the five Alpha parameters 

and matching them with the real consumption avoiding possible overfitting issues.  

The first alpha parameters to be adjusted in the calibration process are the ones related to the 

lighting (i.e., AlphaLig) and equipment (i.e. AlphaEqu). Since the lighting and the equipment power 

are only related to the associated schedules they are not influenced by external factor (e.g. external 

temperature) facilitating the calibration process. 

 The AlphaLig and the AlphaEqu are adjusted during the mid-seasons (i.e.  late spring or early 

autumn) when then consumption due to the heating and cooling is lower or null. In general, a 

lower value of AlphaEqu is expected since the diversity factor of the equipment is smaller 

(contemporary utilisation). It is important to note that every adjustment of the AlphaLig and 

AlphaEqu parameters must be justified and related to the real utilisation of the building. If the 

final adjusted value resulting from the calibration cannot be justified, an error in the estimation of 

the Alpha-related building parameters (i.e., MLoadLig, MLoadEqu) or in the related schedules (i.e. 

LigSch .txt, EquSch .txt) can be present.   
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Once the AlphaLig and AlphaEqu are adjusted in the mid-season, the subsequent parameters 

needed of the same treatments are the AlphaCool and AlphaHeat. The AlphaHeat adjust the 

consumption during the winter season while the AlphaCool during the summer season. These 

parameters are changed iteratively until the actual consumption fits the simulated consumption 

according with the IPMVP statistical indexes. Also, in this case every adjustment of the AlphaCool 

and AlphaHeat have to be justified with the real utilisation of the building.  

The last calibration parameter needed of adjustment is the AlphaPeo. The AlphaPeo parameter 

increases the correlation between the number of people in the building (occupancy schedule) and 

the system consumption. As explained in the previous section, it is used when the building type 

parameters (BuilType) is set on residential and when the previous four Alpha parameters did not 

calibrate the ROM (i.e., the IPMVP statistical index are not within their limits). Like the previous 

Alpha parameters, this parameter needs to be iteratively adjusted until the actual consumption fit 

the simulated consumption according with the IPMVP statistical indexes. The adjustment of the 

AlphaPeo has to be always related to a real condition in the building such as the presence of some 

rooms that are heated or cooled only if people is present in them (e.g., a multi split conditioning 

system).  

3.4.2.3 Building parameters calibration 

After the adjustment of the alpha parameters, if the statistical indexes are not within their limits, 

the building uncertainty parameters need to be changed according to their level of reliability. One 

of the parameters usually affected by the higher rate of uncertainty is the air leakage(L_rate). The 

low reliability is due to the difficulty in the measurement of this parameter. Thus, it is usually 

approximated to 1 and then adjusted during the calibration process. The adjustment of the L_rate 

involves modifying consumption levels in winter and summer, with minimal effect during the mid-

season. The second parameter usually affected by uncertainty is the ground temperature 

(GroundT). The ground temperature could derive from an on-site survey or can be taken directly 
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from online databases. In the second case, its uncertainty could bring an overestimation or 

underestimation of the average building internal temperature with a related proportional 

overestimation or underestimation of the consumption. Therefore, the temperature associated 

with this parameter could be adjusted by a few degrees.  If after the following three calibration 

steps the IPMVP statistical indexes are not within their limits, an error occurring in the operation 

schedules or in the building data can be present. In the first case since the schedule is usually purely 

knowledge-based, a new stage of interview and observation can be carried out to retrieve some 

faults in the generated profiles. In the second case, the building data must be manually checked 

and eventually adjusted, and the simulation and calibration process need to be repeated.Otherwise, 

if the model complies with the IPMVP statistical value limits, the baseline period energy 

consumption generated by the ROM can be considered calibrated and the list of parameters can 

be utilised in the reporting period for the generation of the Adjusted BPEs and for the calculation 

of the energy savings (or avoided energy consumption).  

3.4.3  IPMVP Saving Estimation  

This section explains the third phase of the schema of  Figure 3.20. This phase concerns the 

utilisation of the ROM as a baseline for the IPMVP or the direct application of retrofit scenarios. 

According to the Efficiency Valuation Organization (EVO)[42], energy or water demand savings 

cannot be directly measured, because savings represent the absence of energy or water 

consumption/demand. Instead, savings are determined by comparing measured 

consumption/ demand before and after the implementation of a program/retrofit , making suitable 

adjustments for changes in conditions. The comparison ôbeforeõ and ôafterõ energy 

consumption/ demand should be made on a consistent basis, using the following general M&V 

equation: 

3ÁÖÉÎÇÓ  "ÁÓÅÌÉÎÅ 0ÅÒÉÏÄ %ÎÅÒÇÙ  2ÅÐÏÒÔÉÎÇ 0ÅÒÉÏÄ %ÎÅÒÇÙ   !ÄÊÕÓÔÍÅÎÔÓ              (Eq.22)  
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3.4.3.1 IPMVP Baseline period Energy Consumption  

The creation of Baseline Period Energy with the ROM is accomplished by using the following 

formula:  

Savings =  

ɀ 

±  

(Adjusted Baseline Period Energy from the Calibrated Model [without ECM] 

Actual Reporting Period Energy [e.g. energy bills]) 

Calibration Error in the Corresponding Calibration Readings   (Eq.23) 

 

 

To create the ôAdjusted Baseline Period Energy from the Calibrated Modelõ the calibrated ROM 

must be updated with the data referring to the reporting period. This data included all the 

independent variables such as the weather file, occupancy schedules, equipment schedules, HVAC 

set points, and HVAC heating/cooling ON-OFF (called routine adjustment by the IPMVP).  

Furthermore, other ROM parameters could be changed if the static factors are modified in the 

reporting period. These statics factors may include parameters such us a variation of the people 

heat gains(MLoadPeo), significant equipment problems (MLoadEqu) (called non-routine 

adjustment by the IPMVP).  Figure 3.21 shows the concept of IPMVP Savings referred to a ROM.  

 

Figure 3.21 - Savings (or avoided energy consumption) calculated using the ROM for the creation of the baseline 
energy period (EVO, 2016). 
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The savings (or avoided energy consumption) generated by the Energy Conservation Measures 

(ECMs), represented by the green area in Figure 3.21, are calculated by taking the difference 

between the monthly consumption values of the Reduced-Order Model (ROM) Adjusted Baseline 

Period Energy (BPEs) and the Reporting Period Energy (RPEs), which are derived from energy 

bills and meter readings, as outlined in Equation 23. This method allows for an accurate assessment 

of the energy savings achieved through the implementation of ECMs. 

Finally, the ôCalibration Error in the Corresponding Calibration Readingsõ is calculated starting 

from the calibration results as: 

ὓέὲὸὬὰώ ὃὦίέὰόὸὩ ὖὶὩὧὭίὭέὲ
Ѝ
 ὼ Ô             (Eq.24) 

From the montly absolute precision the monthly and yearly relative and absolute precision can be 

calculated using the following formulae:  

ὓέὲὸὬὰώ ὶὩὰὥὸὭὺὩ ὴὶὩὧὭίὭέὲ 
 

 
                     (Eq.25) 

ὣὩὥὶὰώ ὥὦίέὰόὸὩ  ὴὶὩὧὭίὭέὲ !ὦίέὰόὸὩ ὖὶὩὧὭίὭέὲ ὼ  Ѝὲ             (Eq.26) 

ὣὩὥὶὰώ ὶὩὰὥὸὭὺὩ ὴὶὩὧὭίὭέὲ 
   

В
                     (Eq.27) 

Where:  

s= sample standard deviation = 
В  

 

t= t -distribution coefficient ( Table 3.5, equal to 1.80 if 12 months at 90% of confidence level) 

n = number of data points (i.e. number of months taken in exam) 

ὣ = simulated energy consumption of the month i   

ὣ =actual energy consumption of the month i   

ὣ = mean of actual monthly energy consumption 
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Table 3.5 - T-distribution coefficient [42] 

Degrees of 
Freedom (DF) 

Confidence Level 

95%  90%  80%  50%  

1 12.71 6.31 3.08 1.00 

2 4.30 2.92 1.89 0.82 

3 3.18 2.35 1.64 0.76 

4 2.78 2.13 1.53 0.74 

5 2.57 2.02 1.48 0.73 

6 2.45 1.94 1.44 0.72 

7 2.36 1.89 1.41 0.71 

8 2.31 1.86 1.40 0.71 

9 2.26 1.83 1.38 0.70 

10 2.23 1.81 1.37 0.70 

11 2.20 1.80 1.36 0.70 

12 2.18 1.78 1.36 0.70 

13 2.16 1.77 1.35 0.69 

14 2.14 1.76 1.35 0.69 

15 2.13 1.75 1.34 0.69 

16 2.12 1.75 1.34 0.69 

17 2.11 1.74 1.33 0.69 

18 2.10 1.73 1.33 0.69 

19 2.09 1.73 1.33 0.69 

21 2.08 1.72 1.32 0.69 

23 2.07 1.71 1.32 0.69 

25 2.06 1.71 1.32 0.68 

27 2.05 1.70 1.31 0.68 

31 2.04 1.70 1.31 0.68 

35 2.03 1.69 1.31 0.68 

41 2.02 1.68 1.30 0.68 

49 2.01 1.68 1.30 0.68 

60 2.00 1.67 1.30 0.68 

120  1.98 1.66 1.29 0.68 

Њ 1.96 1.64 1.28 0.67 

Note: Calculate degrees ÏÆ ÆÒÅÅÄÏÍ $&  ÕÓÉÎÇȡ $&  Î  ρ ÆÏÒ Á ÓÉÍÐÌÅ ÃÏÍÐÕÔÁÔÉÏÎ ÌÉËÅ estimating the 

ÍÅÁÎ  ÏÒ Î  k ɀ 1 (for a regression model), where n = Sample Size and k = Number of Explanatory 

Variables. 



The Modelica Reduced Order grey-box Model 

86 

 

 

3.4.3.2 Application of retrofit scenarios  

The second application of the Modelica ROM is the generation of energy savings due to different 

retrofitting scenarios. In this case, both Reporting Period Energy and Baseline Period Energy are 

calculated using the Modelica ROM.  

Savings =  

ɀ 

±  

(Adjusted Baseline Period Energy from the Calibrated Model [ without 
ECM] 

Reporting Period Energy from the Calibrated Model [without ECM]) 

Calibration Error in the Corresponding Calibration Readings  (Eq.28) 

The òBaseline Period Energy from the Calibrated Modeló was calculated as in the previous section 

(Section 3.4.3.2 ), while the òReporting Period Energy from the Calibrated Modeló was calculated 

by applying Energy Conservation Measures (ECM) to the ROM.   In this case,the ROM was tested 

only for the application of envelope retrofits, e.g. additional external wall insulation  [86]; and 

HVAC simple controls, e.g. changing temperature set points [87]. Figure 3.22 shows the 

application of retrofitting scenarios using a ROM.  

 

Figure 3.22 ð Savings (or avoided energy consumption) calculated by using the ROM for the creation of the baseline 
energy period and the reporting energy period ([42]). 
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3.5 Modelica ROM Test Cases  

This section focusses on the different building test cases used to validate the Modelica ROM with 

the scope of improve the body of knowledge and the functionality.  

3.5.1 Alice Perry Engineering Building (Hit2Gap Project) 

The Alice Perry Engineering Building was the first test of the Modelica ROM. The ROM used was 

similar to that proposed by Giretti et al [67] in terms of both parameter estimation and formulae 

and model structures. The test was performed for the HIT2GAP EU Project [88] with the scope 

to evaluate the accuracy of the Modelica ROM and its capability of simulating AHU control 

scenarios.  

3.5.1.1 Pilot Description  

The ROM has been analysed using three rooms of the Alice Perry Engineering building of the 

University of Galway as case studies. The first room was the Post Grad Areas 2053 and 3053 

located on the second and third floors respectively and served by AHU 103, the second room was 

the Lecture Theatre G047 placed on the ground floor and conditioned by the AHU 101A, and 

finally the third was the Computer Labs 2016 and 2017 situated on the second floor served by the 

AHU 105. A survey has been conducted  for all the three rooms to collect construction data, 

mechanical data and the thermal and electric energy consumption of AHUs for the years 2015 and 

2016.  

Geometry and materials 

The Civil Engineering Department of the University of Galway provided the plans of the building 

from which it was possible to evaluate the building dimensions, the room distributions and 

purposes and the main structures. Figure 3.23 shows an example of the study undertaken for the 
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Lecture Theatre G047 where the building constructions where divided in order to calculate 

manually the resistances and capacitances needed at the ROM.  

 

Figure 3.23 - Lecture Theatre G047 geometrical plan 

Weather file 

The weather file was created by using the IRUSE weather station at the National University of 

Ireland [89]. The Weather station maintains a record of Galway weather. The following 

measurements are recorded (at 1-minute intervals) in the weather file: Dry-bulb temperature; 

Relative humidity, Barometric pressure, Windspeed, Wind direction, Rainfall (hourly), Global solar 

irradiance, and Diffuse solar irradiance. The weather data listed was utilised for creating the .com 

weather file as discussed in Section 3.2.3. 

Occupancy  

The Reduced-Order Model (ROM) used in this test utilized a single schedule to control the various 

internal gains, including lighting, equipment, and occupancy. This schedule was established by 
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referring to the lecture timetable and by creating a mathematical function that correlated the 

number of people present with the CO2 levels in the room. After defining the schedule, it was 

manually converted into a text file, following the procedure outlined in Section 3.3.2. This 

approach ensured that the internal gains were accurately represented, reflecting the real-life usage 

patterns of the space. 

Heating System 

The heating system characteristics were deduced from the mechanical plans provided by the Civil 

Engineering Department of the University of Galway. The schedule needed at the ôheating and 

cooling componentõ were then collected using from Cylon Data log manager. The Cylon tool 

allowed the data logs to be viewed and the files to be exported in a CSV format. These files were 

utilised to create the ôheating and cooling componentõ needed at the ROM.  

Energy Consumption  

The monthly thermal energy consumption of the three AHUs were calculated according to ISO 

13790:2008 since no measures were available in the AHUs.  The estimated thermal consumption 

was then used to calculate the monthly electrical consumption of the three AHUs. 

3.5.1.2 Results 

Data for the three case studies selected was analysed and the parameters calculated. Then 

following the schema of Figure 3.20 the Modelica ROM was calibrated. In this version of the ROM 

the calibration was more complex compared to thhat explained in Section 3.4.2 since no alpha 

parameters were present.   Even with the complex calibration process, for all three rooms studied 

the results satisfied the ASHRAE Guideline 14 calibration criteria [43].  
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In particular, the Post Grad Area provided a NMBE = 0.39% and a CV-RMSE = 9.80%. Figure 

3.24 shows the comparison between the actual metered and simulated energy consumption with 

the relative monthly deviation for the Post Grad Area in the year 2016.  

The Lecture Theatre resulted in an NMBE = 0.09% and a CV-RMSE = 8.81%. Figure 3.25 shows 

the comparison between real and simulated energy consumption and the relative monthly 

deviation for the Lecture Theatre for the year 2016.  

Finally the Computer Lab resulted in NMBE = 0.32% and a CV-RMSE = 7.08%.The comparison 

between actual measured and simulated energy consumption with the relative monthly deviation 

for the Computer Lab for the year 2016 is shownin Figure 3.26. 

 

Figure 3.24 - Actual metered vs ROM simulated energy consumption with the relative monthly deviation for the 
Post Grad Area in the year 2016. 

 

Figure 3.25 - Actual metered vs ROM simulated energy consumption with the relative monthly deviation for the 
Lecture theatre in the year 2016. 
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Figure 3.26 - Actual metered vs ROM simulated energy consumption with the relative monthly deviation for the 
Computer Lab in the year 2016. 

The Computer Lab was then further validated with the following 2017-year data by changing 

weather file, occupancy schedules, AHU setpoints, and AHU heating and cooling switch. The 

results obtained are similarly positive and satisfy all calibration criteria with a NMBE = 1.42%, 

CV-RMSE = 11.10%. The same room was also used to test the impact of a control scenario based 

on temperature setpoint. For 2016, the setpoint temperature of the Computer Lab was fixed to 

22 °C. A control scenario by using 20°C for the winter season and 24°C for the summer season 

has been tested. This implementation results in a yearly electric energy saving of 2100kWh.  

3.5.1.3 Conclusion 

In this first test, an early version of the Modelica ROM described in Section 3.2 was employed to 

estimate the energy consumption of three university rooms. The purpose of this testing was to 

evaluate the ROM's potential as a simplified method for estimating energy savings under the 

IPMVP. The test demonstrated the ROM's effectiveness, as it produced accurate results, with 

calibration coefficients falling within the acceptable range specified by ASHRAE Guideline 14  [43] 

for annual energy consumption predictions. 

The main cons of the ROM version used in this test were: 

¶ The calibration method that was composed of different steps in which different outputs 

of the simulation were examined. This made the calibration procedure complex to 
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understand for a standard user compared to the method described in Section ROM 

Calibration process.    

¶ The impossibility of estimating the energy consumption from two different sources. The 

presence of two sources is very common in the building renovation where usually the fossil 

fuel (e.g. gas boilers) is used for heating and the electricity (e.g. chillers) for the cooling. 

¶ The calibration results were sufficiently accurate, but the IPMVP monthly deviation criteria 

index exceeded the 15% limit. This issue was most noticeable during the mid-season when 

the heating and cooling systems were barely operating, if at all. This occurred because the 

simulated temperatures in the rooms were not accurate enough during these periods to 

correctly simulate the system shutdown. 

As pros, the ROM used was quick to setup, fast to run, and sufficiently accurate ROM to support 

the impact evaluation of environmental and energy retrofit scenarios using a limited information 

and uncertain data. Due to these benefits, it was decided to continue improving the ROM's 

capabilities to address the existing limitations and enhance its effectiveness further. 

3.5.2 Aran Islands Residential houses (Respond Project) 

The second test of the Modelica ROM was performed utilising a modified and extended version 

of the model used in the previous pilot (Section 3.5.1).  In this Modelica ROM Version the only 

difference compared to the final version of the ROM described in Section 3.2 was in the ôHeating 

and Cooling componentõ.  In fact, the ôHeating and Cooling componentõ used in this example was 

able to estimate the energy consumption from just one energy source (i.e. fossil fuel or electricity). 

The pilot building utilised was one of the many dwellings that compries the Irish Pilot in the H2020 

Respond project  [90]. The scope of the RESPOND project was to deliver a demand response 

solution from building residential level to district level.  
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In this testing, the ROM was used for the first time to support Measurement and Verification 

(M&V) by utilising the ROM as a simplified calculation method to estimate the monthly energy 

consumption and supports accurate and reliable quantification of energy savings achieved through 

Energy Conservation Measures (ECMs). 

Futhermore, to demonstrate the accuracy of the methodology, the ROM was compared with a 

whole facility linear regression (Option C IPMVP®) and white box model developed with IES-

VE (Option D IPMVP®). 

3.5.2.1 Pilot Description 

This study researched a one-storey residential dwelling located on the island of Inis Mór (largest 

of the Aran Islands), Co. Galway off the west coast of Ireland ì. The dwelling was constructed in 

1998, with additional upgrades in 2008 and 2015. The building is north facing with a total floor 

area of 110ά  .  

 

Figure 3.27 - BIM model of the pilot building 

Building Characterisation 

The layout is shown in Figure 3.27 and the room types include bedrooms, a kitchen, glazed offices, 

circulation space, toilets and living rooms. Since 2012, the island of Inis Mór embarked on an 
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ambitious program to reduce the dependence on fossil fuels and introduced decarbonisation of 

residential heating systems on the island with the ambition of becoming a carbon neutral island by 

2025 [91].   

Thus, the dwelling has a 5.5kW air to air heat pump, a variety of storage heaters for the domestic 

hot water and a 2kW photovoltaic (PV) panel installed on the roof. Building data was collected 

through physical measurements, an interactive process of interviews and direct communication 

with the homeowner. 

Building Fabric  

The building consists of two types of external walls. The first, is a 4m x 2m timber frame, with 

100mm of glass wool insulation. The second, includes the addition of 50mm fibre glass board 

insulation. 

A weighted average of both walls was carried out to calculate the overall U-value (W/m2K). The 

dwelling has a òwarm roofó which offers optimal thermal performance and comprises of additional 

fibre glass board insulation on top of the existing roof structure. All windows and roof lights are 

timber framed and double glazed with 10% of the window openings faceing the eastðwest sides 

of the building and 40% facing the north-south sides. The ground floor is a concrete slab with 

polystyrene insulation. 

 

Occupancy Schedules 

The dwelling houses a married couple with four children. Three children are studying away from 

home but return on holidays and at summer. Occupancy varies in this regard, but from months 

January to May and from September to Decembre, the house is fully occupied with 3 people in 

the morning, at least 1 person in the afternoon and fully occupied again in the evening.  



The Modelica Reduced Order grey-box Model 

95 

 

Heating Systems 

Air conditioning is non-existent within the dwelling, with the exception of extractor hoods used 

during cooking. Temperature control within the dwelling focuses solely on heating rather than 

cooling, mostly between the months of September through to May, inclusive. The dwelling is 

equipped with a 5kW air-sourced Daikin heat pump which is currently only used for DHW 

purposes. Electrical storage heaters are located in the kitchen, bedrooms and living rooms. The 

storage heaters are 1.3kW, 1.95kW and 2.6kW in size depending on room dimensions. Heating is 

not in use in the glazed offices, circulation space or toilets.   

Energy Consumption Analysis 

Through a detailed investigation it was that there are five common power consuming products in 

this dwelling. The whashing machine has a power usage of 500W and is used for one hour most 

mornings. The dishwasher of 1200W is used on average for one hour each evening. The fridge 

runs throughout the day with a power consumption of 300W. Tumble dryer (1400W) is used in 

direct correlation to the weather and more frequently in summer months as it rains quite often. 

The lighting in each room are energy efficient LED bulbs. A list of the main building characteristic 

is described in the Table 3.6 

Table 3.6 - Summary description table of pilot building 

Location Latitude:53.13349  

Longitude: -9.696486 

Dimensions Floor area: 131 m2  

Volume: 313m3 

Main 

construction 

layers  

Exterior walls 2008 [U-value =0.20 W/m2K]: thin plaster(15mm), air cavity (15mm), wool glass insulation 

(100mm), board insulation (50mm), hardwood (120mm); 

Exterior walls 1997 [U-value =0.27 W/m2K]: thin plaster(15mm), air cavity(15mm), wool glass 

insulation(100mm), Hardwood(120mm); 

Windows [U-value=3.3 W/m2K]: Double glazed/timber frame; 

Roof [U-value=0.12 W/m2K]: Tougher felt metal (10mm), board insulation (100mm), Tougher felt metal 

(10mm), board insulation (150mm), thin plaster(15mm). 
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Weather data 

The Aran Islands average temperature ranges from 14°C in summer to 6°C in winter. The Island 

is exposed to the elements and the prevailing winds are West/Southwest.  

To retrieve the latest energy data for the simulations, the MERRA 2 application [92] was utilised 

to extract temperature, relative humidly, pressure and solar radiation for 2016 and 2017. 

Utility Bills analysis  

All energy bills dating back to 2006 were retrieved from the electricity provider. In particular, the 

electricity usage and charges were studied for years 2017 and 2016 to generate a typical profile of 

electricity use and to also understand any anomalous months. 

3.5.2.1 Results  

The workflow described in Section 3.4 has been utilized against a detailed model, typically used in 

the IPMVP® Option D, and a whole building linear regression, typically used for the Option C, 

to demonstrate the accuracy of the ROM as M&V baseline.  Moreover, once the two simulation 

models have been calibrated, a comparison side by side has been done to demonstrate the 

capability of the ROM in simulating retrofitting scenarios. The detailed model (Option D) was 

developed using the IES-VE 2017 software[93]. The model is based on information collected 

during the data collection and investigation stage. Thermal templates of each room type were 

created to match the actual building. All simulations were performed using apacheSIM and each 

iteration was recorded in a manual calibration process. Option C was developed using a linear 

regression model based on monthly energy bills (12 months as recommended by IPMVP®), 

occupancy schedules and Heating Degree Days (HDD).  Using the formulas explained in Section 

3.3, the data collected were used to estimate the model parameters. The parameters were input 

into the Modelica ROM; In Table 3.7, the list of resistances and capacitances calculated has been 

provided.  
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Table 3.7 - Aran Island ROM resistances and capacitances 

 Value Unit   Value Unit  

Rwall_is 5.09E-04 K/W  Rm_is 1.07E-03 K/W  

Rwall 8.29E-03 K/W  Rm 5.44E-03 K/W  

Rwall_es 1.56E-04 K/W  Cm 4.19E+07 J/K  

Cwall 2.32E+07 J/K  Rgf_is 9.94E-04 K/W  

Rwin_is 2.83E-03 K/W  Rgf 1.55E-02 K/W  

Rwin 6.60E-03 K/W  Rgf_es 3.06E-04 K/W  

Rwin 6.60E-03 K/W  Cgf 3.60E+07 J/K  

Rwin_es 8.72E-04 K/W     

 

Since the values of the previous table are calculated with the real specifications of the building 

construction, they were not considered in the calibration process (low uncertainty). The values that 

are used in the calibration process were those with a high-level uncertainty. Table 3.8 outlines the 

model building parameters considered uncertain with the final calibration values. 

Table 3.8 - Values of uncertain parameter calculated by ROMFit 

Uncertain 
parameter 

Description Value  

AlphaH Heating - efficiency/utilisation  0.1 

AlphaC Cooling - efficiency/utilisation  -  

L_rate Air infiltration rate [kg/s] 2 

AlphaEq Equipment - efficiency/utilisation  0.1 

AlphaLig Lighting - efficiency/utilisation  0.5 

Baseline period energy demonstration 

Once the three models were developed and calibrated with 2017 data, a comparison in terms of 

accuracy in creating the IPMVP® baseline period have been carried out. As it can be seen in Table 

3.9, the ROM proved to be the most accurate statistically. With this, the ROM demonstrated also 

to be the least time consuming to calibrate in comparison to its IES-VE counterpart. This was 

mainly due to the limited number of parameters involved in the calibration compared to the white-

box IES-VE model. As suggested by the IPMVP® methodology, a comparison was made of the 

three models, in terms of monthly deviation to measured data. 
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Table 3.9 - Calibrated modelsõ statistical values, using 2017 data 

Model ROM IES-VE Lin -REg 

Total energy 12568 kWh 12527 kW - 

NMBE -0.14% 0.21% - 

CV(RMSE) 6.05% 7.57% 13.89% 

R2 0.98 0.97 0.91 
 

 

From  

Table 3.10 , it is evident that both the ROM and the IES-VE model satisfied the criteria set out as 

keep the monthly deviation within the 15% recommended by IPMVP®. However, the ROM 

proved to be the most accurate as its monthly deviation always felt within 10% of measured data.  

Table 3.10 ð Calibrated modelsõ monthly deviation, using 2017 data 

Reference 
period 

Monthly deviation 

ROM IES-VE LIN -REG 

12 Dec - 9 Jan -3.1% 13.0% -4.9% 

9 Jan - 2 Feb -3.8% -10.8% 2.3% 

2 Feb - 13 Mar -5.2% -0.9% -0.2% 

13 Mar - 7 Apr 8.5% -7.8% -12.0% 

7 Apr - 2 May -0.6% -0.1% -21.5% 

2 May - 19 Jun 0.5% -6.6% 7.1% 

19 Jun - 12 Jul 0.9% 4.1% 1.3% 

12 Jul - 11 Aug -5.5% -4.4% -20.2% 

11 Aug -19 Sep -3.4% 1.0% -4.0% 

19 Sep - 11 Oct 5.0% 4.9% 14.4% 

11 Oct- 10 Nov 9.8% -0.8% 20.4% 

10 Nov - 19 Dec -2.5% 3.3% -0.2% 
 

 

The ROM was then further validated by utilising it with the previous 2016 year data. This data 

included weather file, occupancy schedules, setpoints, and heating ON-OFF. The results obtained 

are similarly positive and satisfy all calibration criteria with a NMBE = 0.62%, CV-RMSE = 9.39%. 

and R2=0.976. In addition to this, Figure 3.28 outlines the monthly deviation using the 2016 data 

and shows that all months lie within the acquired 15% range.  
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Figure 3.28 - ROM monthly deviation, validation using 2016 data 

The months of January and December 2016 were not taken into consideration as the bills of these 

two months were estimated by the energy provider. Therefore, we can assume that the ROM can 

be used for energy demand forecasting and M&V baseline definition. 

Energy Cost Saving Measures (ECMs) 

In order to test the ROM in terms of renovation packages, close attention was paid to the 

backcasting method present in the IPMVP® [42]. This method was utilised to model the building 

in its original conditions in the year 1998. The original model could be then updated with each 

ECM implemented in the year 2008. Thus, the avoided energy consumption (AC) from each ECM 

was evaluated. During the renovation works in 2008, the owner upgraded numerous parts of the 

house. This included an upgrade from single to double glazing windows (A), the addition of 50 

mm of insulation in some parts of the old external wall (B) and an upgrade in insulation on the 

roof with the addition of a 150 mm rigid foam (C).Table 3.11 outlines the U-values (W/m2K) 

before and after the ECMs. 

Table 3.11 - U-value before and after the ECMs 

 As it is U-value [W/m2K]  1998 U-value [W/m2K]  

A 3.3  5.8  

B  0.20  0.27  

C  0.12  0.29 
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Firstly, both the reduced order and IES-VE model were simulated under 1998 conditions. Then, 

the renovation packages were applied one by one to each model. Thus, an estimation of the AC is 

calculated. Table 3.12 outlines a comparison of the annual saving generated for each ECM and 

combined ECMs for both models. The last column represents the absolute value difference 

between the avoided energy consumption calculated with the ROM and with the IES model. The 

mean value of |ACROM- ACIES| is 1.95% with a standard deviation of 1.06%. Thus, we can 

assume that the ROM is suitable to estimate the energy savings of retrofitting scenarios. 

Table 3.12  - ROM and IES-VE ECMs energy savings comparison 

 ROM IES-VE |AC ROM 

- ACIES| 
[%] 

Total 
[kWh]  

ACROM 

[%] 

Total 

[kWh]  

ACIES 

[%] 

1998  15,060 - 15,496 - - 

A 14,196 5.74 14,770 4.69 1.05 

B 14,552 3.37 15,191 1.97 1.40 

C 13,527 11.24 14,363 7.32 3.92 

A+B 13,680 9.16 14,413 6.99 2.17 

A+C 12,667 15.89 13,291 14.23 1.66 

B+C 13,259 11.96 13,777 11.10 0.86 

As it is  12,568 16.54 12,527 19.16 2.62 

 

3.5.2.2 Conclusion 

In this second test of the Modelica ROM, a novel methodology to support Measurement and 

Verification (M&V) was developed.  

This version of the Modelica model gave better results in terms of accuracy and simplicity of 

calibration procedure compered to the ROM used in Section 3.5.1. This test concluded that the 

ROM was the most accurate between the three models when being utilized as IPMVP® baseline 

energy consumption. The ROM resulted with a yearly NMBE = -0.14%, a CV-RMSE = 6.05% 

and a R2=0.98, compared to the energy 2017 monthly energy bills. Furthermore, a comparison in 
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terms of annual saving generated by ECMs between the ROM and IES model was completed and 

showed the possibility to use the ROM in estimating the savings achieved through ECMs. 

Thanks to this test case, the great capability of the ROM was demonstrated as a novel framework 

for IPMVP purposes. 

3.5.3  Sant Cugat Primary School (GeoFit Project) 

In this third test case, the Modelica ROM was demonstrated on an educational building located in 

Sant Cugat, Spain as part of the H2020 GEOFIT project [94]. In this building, the final version of 

the Modelica ROM described in Section 3.2 was utilised. Compared to the previous Aran Island 

testing, the main difference were in the ôheating and cooling componentõ. In this case, the 

component allowed the estimation of the energy consumption from two different energy sources 

(i.e. fossil fuel and electricity). This new component permitted to create with the same Modelica 

ROM the Baseline Period energy consumption of the Sant Cugat building for both electricity and 

natural gas.  

3.5.3.1 Building description 

The Sant Cugat building included a primary school building, a sports pavilion and an administrative 

building, all constructed in 1975 (Figure 3.29).   

 

Figure 3.29 - BIM model of the demonstration buildings.  
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The relevant construction building data were collected directly from the BIM model and integrated 

through an interactive process of interviews and direct communication with the building owners. 

Building fabric  

Based on the BIM data, the primary school had a total floor plan area of 2900 m2 distributed 

between two floors (3.5 m high). The administrative buildingõs floor plan area was 280 m2 with an 

average floor to ceiling height of 3.5 m, and the sport pavilion had a floor plan area of 450 m2 with 

an average floor to ceiling height of 5.9 m. 

The Building Information Model (BIM) provided specifications for walls, floors, roofs and 

openings, including surface area, materials and U-values. The U-Values not specified in the BIM 

were calculated starting from the wall specification. There were five different types of external 

walls and two types of internal partitions in the demonstration buildings (Table 3.13).  

Table 3.13 - External walls and partitions specification.  

Walls and Partitions 
Area 
[m2] 

U-Value 

[W/(m²·K)]  

Hollow bricks partition - 12cm 115.05 4.5 

Hollow bricks partition - 10cm 1925.27 5.40 

Concrete wall - 15cm 40.67 - 

Brick wall - 30cm 67.37 1.80 

Brick wall - 40cm 277.66 1.35 

Brick wall - 50cm 220.68 1.08 

School Brick wall - 30cm 2589.41 0.83 

The floor slabs, including the ground floor slab, were made of concrete (U-value of 2.66 W/m2K). 

The roof was a steel structure cladded with clay tiles (total surface area of 2200 m2). 

The windows were double glazed with a PVC frame and equipped with manually operable shutters. 

The total surface area of the windows was 610 m2. 80% of the window openings faced northð

south direction and the remaining 20% faced east-west direction.  
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Occupancy schedules and internal gain  

Occupancy schedules were estimated by direct communication with buildings owners. The 

buildings were occupied between Monday and Friday, from the middle of September to the middle 

of June, depending on the year. The primary school was occupied by 55 people between 7.30am 

and 9.30am, 350 people between 9am and 4.30pm and 45 people between 4.30pm and 6pm. The 

administrative building was occupied by 8 people between 7am and 6pm. The sport pavilion was 

occupied on average by 52 people between 9am and 4.30pm and by 35 people between 4.30pm 

and 6pm. The internal gains from lighting, plug loads and people were calculated using the formula 

described in Section 3.3.2.  

Due to the Covid-19 lockdown the buildings were closed between 11th March 2020 and 1st June 

2020. During this period there was no activity in the building. These considerations were included 

in the creation of the internal gain schedules of the ROM (people, lighting and equipment).   

Heating Systems 

The demonstration buildings were equipped with three non-condensing natural gas boilers 

(thermal capacity of 1 x 125 kW and 2 x 110 kW), with the fourth boiler (110 kW) kept in reserve. 

The heat was distributed by radiators with a maximum supply temperature of 70°C. 

Cooling units were only present in the sport pavilion and in the computer labs of the primary 

school. The sport pavilion was equipped with three 12 kW air source heat pump units and four 

5.2 kW split units, while the computer labs were equipped with four 3.3 kW dual split units. The 

heating season generally occurred between the end of October and the middle of April, depending 

on the year. The indoor set point temperatures were constant, i.e. at 22 °C for heating and 26°C 

for cooling. The heating schedules were estimated through direct communication with owners (for 

the years 2017-2019) and deduced from the Ecoscada cloud Building Energy Management System 

(BEMS) for 2020.  From the beginning of the Covid-19 lockdown (11th March 2020) until the 
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closure of the heating system (16th April 2020) the circuit was kept open but the setpoint 

temperature was decreased by 1°C (i.e. 21°C).  

Buildings retrofit  

Since 2018, the buildings had been retrofitted with several ECMs. A new lighting system based on 

LED bulbs and photovoltaic (PV) panels were installed in December 2018. All of the external 

opaque building envelope was retrofitted with an external thermal insulation composite system 

(ETICS). These retrofitting works started in February 2019 and finished in July 2019. The U-values 

of external walls pre- and post-retrofit are shown in Table 3.14. 

Table 3.14 - U-Values for walls pre- and post-retrofit 

Walls  Area [m2] 
U-Value [W/(m²·K)]  

Pre Post 

Retrofitted concrete wall - 15cm 40.67 6.5 0.29 

School retrofitted brick wall - 30cm 2,589.41 0.83 0.27 

Ecoscada BEMS 

In November 2019, a smart cloud Building Energy Management System (BEMS) called Ecoscada 

was installed in the demonstration buildings. With the Cloud-based BEMS several meter readings 

have been collected, such as building electricity consumption, gas consumption of the boilers, and 

indoor and outdoor air temperatures. The measured BEMS data was utilised to create the 2020 

weather file, ROM schedules and analysis of utility bills.   

Weather data  

The Sant Cugat average ambient air temperature ranges between 20 - 29°C in summer, to 7 -16°C 

in winter. The MERRA 2 application [84] was utilised to extract the 2017 ð 2019 weather data, 

including ambient air temperature, relative humidity, barometric pressure and solar irradiation 

needed for ROM development.  



The Modelica Reduced Order grey-box Model 

105 

 

The 2020 weather data was extracted from the ECOSCADA BEMS and from the MERRA 2 

application.  The Elements platform [90] was used to create the standardised weather file (.epw). 

Then, the .epw file was converted into a .mos file to allow its usage in the ROM.  

Utility bills analysis  

A full review of energy bills retrieved for electricity and gas consumption for the demonstration 

buildings was carried out. Gas and electricity bills of the facility were analysed for the years 2017 

to 2019 and for the year 2020, the Ecoscada BEMS data was used.  Table 3.15 shows monthly 

electrical energy bills and monthly gas readings used to develop the M&V baseline in the ROM 

and to estimate energy savings generated by ECMs.  

Table 3.15 shows that the electricity consumption in 2019 was 30000 kWh lower than the previous 

year (2018), due to the installation of light emitting diode (LED) bulbs and photovoltaic (PV) 

panels in December 2018.  

Table 3.15 - Monthly electricity and natural gas consumption of the demonstration buildings.  

 
Electricity [kWh]  Natural gas [kWh] 

2017 2018 2019 2020 2017 2018 2019 2020 

Jan 12,766 11,659 9,472 7,670 60,237 62,680 57,377 35,139 

Feb 11,335 10,571 9,406 6,766 34,196 58,647 50,889 25,979 

Mar 11,041 9,997 7,745 4,306 22,732 29,459 27,538 20,808 

Apr 8,360 9,176 6,512 2,602 13,712 19,086 21,837 5,572 

May 10,146 9,507 5,846 2,236 6,386 4,069 11,490 242 

Jun 9,066 8,702 5õ590 1,834 n/a n/a n/a n/a 

Jul 6,644 5,833 4õ740  n/a n/a n/a  

Aug 6,611 4,241 3,049  n/a n/a n/a  

Sep 9,548 7,733 4,928  n/a n/a n/a  

Oct 10,970 9,195 6,932  n/a 7949 623  

Nov 10,800 9,954 7,800  23,297 22,179 22,038  

Dec 9,634 8,427 7,129  40,607 35,773 18,921  

         

Tot 116,921 104,995 72,020  201,167 239q,842 210,713  



The Modelica Reduced Order grey-box Model 

106 

 

3.5.3.2 Parameters³ calculation (Phase 1) 

Following the research methodology explained in Section 3.4, the formulas described in Section 

3.3 were used to calculate parameters required as input to the Modelica ROM (Table 3.16). These 

parameters were based on 2017 data collected from Sant Cugat demonstration buildings.  

Table 3.16 - ROM parameters for the Sant Cugat demonstrator based on 2017 data  

 Value Description Unit   Value Description Unit  

Latitude 41.4776 Building/room latitude - Rm 1.17E-04 Partitions resistance K/W  

Volume 13547 Building/room volume m3 Cm 2.52E+09 Partitions capacitance J/K  

AWinSouth 255.75 Total windows surfaces at south m2 Rgf_is 6.57E-05 Ground floor internal resistance K/W  

AWinNorth 237.51 Total windows surfaces at north m2 Rgf 2.83E-04 Ground floor resistance K/W  

AWinWest 60.9 Total windows surfaces at west m2 Rgf_es 2.02E-05 Ground floor external resistance K/W  

AWinEast 54.81 Total windows surfaces at east m2 Cgf 1.51E+09 Ground floor capacitance J/K  

AWinRoof 0 Total roof windows surfaces  L_Rate 3 Infiltration rate kg/s 

GtotWSouth 0.75 G-total values windows south - WeaFile S.Cugat Weather data file - 

GtotWNorth 0.75 G-total values windows north - GroundT 20 Ground temperature °C 

GtotWWest 0.75 G-total values windows west - MLoadPeo 32756 Heat gain per people W 

GtotWEast 0.75 G-total values windows east - MLoadLig 42280 Heat gain per lighting W 

GtotWRoof 0 G-total values windows roof - MLoadEqu 6724 Heat gain per equipment W 

Ratio_m 0.381 Ratio of the internal partition - SBLoad 0 Internal gains StandBy consumption W 

Ratio_wall 0.424 Ratio of the external walls - AlphaLig 1 (1 to 3) Lighting efficiency/utilisation - 

Ratio_win 0.046 Ratio of the external windows - AlphaEqu 1 (1 to 3) Equipment efficiency/utilisation - 

Ratio_gf 0.149 Ratio of the ground floor - MCoolP 70000 Maximum system cooling Power W 

Rwall_is 2.31E-05 Walls internal surface resistance K/W  MHeatP 345000 Maximum system heating power W 

Rwall 4.9E-04 Walls resistance K/W  HCEquP 8000 system equipment power W 

Rwall_es 7.10E-06 Walls external surface resistance K/W  SBHeat 5000 StandBy consumption heating W 

Cwall 7.99E+08 Walls capacitance J/K  SBCool 0 StandBy consumption cooling W 

Rwin_is 2.13E-04 Glazing internal surface resistance K/W  BuilType False Building Type ð Residential or not - 

Rwin 6.33E-04 Glazing resistance K/W  AlphaPeo 1 (1 to 5) People system influence - 

Rwin_es 6.56E-05 Glazing external surface resistance K/W  AlphaHeat 1 (1 to 5) Heating system efficiency/utilisation - 

Rm_is 2.56E-05 Partitions internal surface resistance K/W  AlphaCool 1 (1 to 5) Cooling system efficiency/utilisation - 

   

A = Surface IS = Internal Surface Lig = Lighting 

Win or W = Windows ES = External Surface Equ = Equipment  

Gtot = G total value  L = Leakage  P = Power  

m = Medium (partition, internal slabs) T = Temperature SB = Stand By 

gf = Ground floor M = Maximum  HC = Heating and Cooling 

R = Resistance Load = Heat Gain Alpha = Unknow Calibration Parameter  

C = Capacitance Peo = People  
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The five underlined parameters in Table 3.16, i.e. LRATE, AlphaLig, AlphaEqu, AlphaHeat, 

AlphaCool, were necessary for the calibration. Following the [67] assumptions, these parameters 

were chosen, because they were affected of a higher degree of uncertainty, i.e. a low level of 

reliability.  All other parameters were sourced from project data, on-site surveys, and technical data 

sheets, ensuring high to medium reliability. Specifically, the leakage rate (L_RATE) was used in 

the calibration as it couldn't be easily measured. Alpha equipment and lighting (AlphaLig, 

AlphaEqu) were used in the calibration to address internal gain uncertainties. Lastly, Alpha Heating 

and Cooling (AlphaHeat, AlphaCool) were selected to adjust the system's average efficiency and 

utilization. 

ROM Simulation and Calibration (Phase 2) 

The ROM, which included calculated parameters (Table 3.16) was calibrated using the 2017 Sant 

Cugat data.  The 2017 data included also schedules for occupancy, equipment, cooling, heating 

and set points. The calibration consisted of an iterative process of changing the five parameters 

considered uncertain in the building (Table 3.17) until the IPMVP® statistical indices were 

respected. The model results were compared with the measured gas readings and electrical bills 

from the demonstration buildings using the statistical indices (Section 3.4.1). Table 3.17 shows the 

final values of five uncertain parameter in the calibrated 2017 ROM.  

Table 3.17 - Parameters used in the calibrated 2017 ROM.  

Parameter Description Value 

AlphaHeat Heating - efficiency/utilisation 2.2 

AlphaCool Cooling - efficiency/utilisation 0.2 

L_rate Air infiltration rate [kg/s] 3 

AlphaEqu Equipment - efficiency/utilisation 1.1 

AlphaLig Lighting - efficiency/utilisation 0.5 

The calibrated 2017 ROM satisfied all IPMVP® calibration criteria (Table 3.18), with yearly 

precision of 4.14% and 3.65% for gas and electricity consumption respectively. 



The Modelica Reduced Order grey-box Model 

108 

 

Table 3.18 - IPMVP® statistical indices of the calibrated 2017 ROM. 

Model 2017 ROM Gas ROM Ele 

Total energy 202408 kWh 115011 kWh 

NMBE -0.67% 1.31% 

CV(RMSE) 7.98% 7.08% 

R2 0.99 0.89 

Monthly precision 
@90% 

±14.35% 

(±1152 kWh) 

±12.66% 

(±1213 kWh) 

Figure 3.30a outlines the simulated energy consumption against the measured energy consumption 

with the associated monthly deviation. There are no data shown for gas consumption between 

June and October 2017 (Figure 3.30b) because the heating system was turned off during that 

period. The results show that calibrated ROM was capable also of meeting the IPMVP® monthly 

deviation criteria within the 15% range.  

a 

 

b 

 

Figure 3.30 - Measured and simulated electrical (a) and gas (b) consumption with monthly deviation for year 2017. 
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3.5.3.3 ROM Validation  

The calibrated 2017 ROM of Sant Cugat demonstration buildings was validated utilising the 2018 

data. The parameters used in the 2018 ROM were the same as those used in the 2017 calibrated 

ROM (Table 3.16 and Table 3.17), while the weather file, internal gains schedules and system 

schedules were updated with the 2018 data.  

Table 3.19 shows the results of the 2018 ROM met the calibration criteria. This demonstrated the 

capability of ROMs to forecast electrical and gas energy consumption in buildings, in a scenario 

where some of the technical information was incomplete and uncertainties in model parameters 

were present.  

Table 3.19 - IPMVP® statistical indices of the calibrated 2018 ROM  

Model 2018 ROM Gas ROM Ele 

Total energy 196302 kWh 116410 kWh 

NMBE 4.99 3.47 

CV(RMSE) 9.77 8.81 

R2 0.98 0.83 

Figure 3.31a shows the simulated energy consumption against the measured energy consumption 

with the associated monthly deviation for the year 2018. Figure 3.31a shows two anomalies where 

the monthly deviation was over the 15% limit.  

The first anomaly occurred in August where the ROM overestimated the electrical consumption. 

During this period, the building was closed, which may have led to an overestimation in energy 

consumption in the ROM simulated result. This discrepancy could have been caused by the 

different schedules assumed for the equipment or lighting in the Reduced Order Model (ROM) 

compared to the real usage of the building. Since the ROM might not have accurately reflected the 

reduced usage of these systems during the closure, it likely resulted in higher estimated energy 

consumption than what occurred. There was no Ecoscada BMS data available for that period, 

thus, the real schedule in operating building could not have been verified. 
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The second anomaly in December 2018 was due to the PV panels and the LED bulbs installed 

during that month. This reduction reflected savings that were calculated in section 5.4 for the year 

2019.  Figure 3.31b shows the measured and simulated gas consumption with monthly deviation 

for the year 2018. Also in this case there was an anomaly in May 2018, where the monthly deviation 

reached 25%. In this case the high value of monthly deviation was due the low value of measured 

gas consumption in May 2018 (as calculated from equation 20).  

a 

 

b 

 

Figure 3.31 -  Measured and simulated electrical (a) and gas (b) consumption with monthly deviation for year 2018. 

IPMVP® Baseline (Phase 3a) 

In order to demonstrate the capability of ROM to be used as an IPMVP® Baseline Period Energy 

(BPE) and, thus, to estimate energy savings using the IPMVP® formula (Section 3.4.3), the 

calibrated ROM was used to create gas and electricity baseline energy for year 2019. Also in this 
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case, the updated data were the weather file, internal gains schedules and system schedules. All 

remaining parameters were kept the same as in the calibrated 2017 ROM.  Figure 3.32a displays 

the ROM Adjusted BPE in comparison with the Reporting Period Energy (RPE) for electricity. 

ROM Adjusted BPE is a baseline period energy consumption modified as part of routine and non-

routine adjustments to account for changes in the reporting period [85]. In other words, it is 

buildingõs energy consumption as if the ECMs were not carried out. ROM Adjusted BPE allows 

to calculate the actual energy savings, taking into account the boundary conditions (e.g. weather 

file, different occupancy, etc.) of the year considered. Figure 3.32a shows the savings generated 

(avoided energy consumption), which were due to the new PV panels system and LED bulbs 

installed in December 2018 (ECMs installation).  

a 

 

b 

 

Figure 3.32  - ROM Adjusted (a) electrical and (b) gas BPE in comparison with the electrical and gas RPE for year 
2019. 
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The savings in year 2019 and 2020 peaked in the summer period (Figure 3.32a), probably due to a 

higher (than in other seasons) electrical energy production from PV panels.  Figure 3.32a shows a 

reduction of the adjusted BPE consumption in the year 2020 compared to the year 2019. Due to 

the Covid-19 lockdown starting March 11, 2020, the ROM schedules were adjusted for the building 

closures, resulting in lower BPE energy consumption in 2020 compared to the previous year. 

Consequently, the ROM calculated the avoided energy consumption from the December 2018 PV 

panels and LED bulbs installation, considering all boundary conditions. Thus, with a 90% level of 

confidence, it was concluded that the ECMs in Sant Cugat demonstration buildings generated the 

electrical energy savings of 35,853 kWh ± 4,198 kWh (11.7%) over the last 12 months of the 

analysis (from July 2019 to June 2020). Figure 3.32b displays the ROM Adjusted BPE in 

comparison to the Reporting Period Energy (RPE) for gas consumption over one year of heating 

between June 2019 and June 2020. Between February and July 2019, Sant Cugat demonstration 

buildings underwent the installation of external insulation. Thus, with a 90% level of confidence, 

it can be noted that the effects of this ECM generated yearly savings of 65,821 kWh ± 3,987 kWh 

kWh (6.1%) (for the period between June 2019 and June 2020). 

ECMs Saving Estimation (Phase 3b) 

In order to test the ROM in terms of retrofit packages, the external wall insulation applied to the 

building between February and August 2019 was also included in the model, and ROMPar was 

updated accordingly, with the new material thermal resistances. Table 3.20 shows new envelope 

thermal resistances and capacitance calculated by using the formulas explained in Section 3.3.1 .  

Table 3.20 - Resistances and capacitance of the retrofitted external wall.  

 Baseline Values Value Unit  

Rwall_is 2.31E-05 2.31E-05 K/W  

Rwall 4.9E-04 1.18E-03 K/W  

Rwall_es 7.10E-06 7.10E-06 K/W  

Cwall 7.99E+08 1.18E+09 J/K  
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Figure 3.33 shows the measured (Ecoscada BEMS) and ROM simulated (with insulation) gas 

consumption with the absolute value difference for year 2020. The figure shows the good 

capability of the ROM in estimating the energy savings due to envelope ECMs. The absolute 

difference was under 10%. Thus, the ROM could be used also as a method to test the best retrofit 

envelope package to apply to the building. 

 

Figure 3.33 - Comparison of the monthly measured and ROM simulated gas consumption. 

ROM Daily and Hourly Heating Demand  

The ROM modified with the new insulation applied, was investigated to understand the modelõs 

capability in simulating daily and hourly gas consumption. Firstly, the hourly data was downloaded 

from Ecoscada and combined to calculate measured daily gas consumption (kWh). The measured 

daily gas consumption was then compared with the simulated daily gas consumption (Figure 3.34).  

 

Figure 3.34 - Comparison of the daily measured (boiler gas meter) and ROM simulated gas consumption.  
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In the four-month period (January 2020 to end of April 2020), the ROM achieved the accuracy 

limits of daily NMBE of 1.8% and CV-RMSE of 24.0%. The absolute deviation was below 30% 

on most of the days (exceeding 30% on seven occasions).   

Since the measurement campaign was conducted during normal building operations, it is possible 

that deviations occurred due to unexpected variations in both internal and external loads. These 

variations could include factors such as unexpected window openings, changes in cloud coverage 

affecting solar gain, or variations in system schedules. 

Overall, the low values of NMBE and CV-RMSE indicated the building model could be considered 

accurate to estimate daily gas consumption. In order to investigate the source of the deviations, 

the two highest absolute deviations were considered. The first concerned the 19th January 2020 

when the absolute deviation was equal to 100%; the second concerned the 12th February 2020 

when the absolute deviation was 68%. 

Figure 3.35 shows the comparison of the daily gas consumption for three weeks of January 2020 

where the first anomaly occurred on 19th January 2020. That day, the ROM underestimated the 

gas consumption because, in the model, the HVAC schedule was assumed closed during the 

weekend; however, in reality the boiler was working.  

 

Figure 3.35 - Comparison of the measured and ROM simulated daily gas consumption for three weeks in January 
2020.  
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Figure 3.36 shows the comparison of measured and ROM simulated gas consumption including 

outdoor temperature, showing the second highest absolute deviation that occurred on the 12th 

February 2020. 

 

Figure 3.36 - Comparison of measured and ROM simulated daily gas consumption with outdoor temperature for the 
second week of February 2020.  

In this case, the ROM overestimated the gas consumption. On 12th February 2020, the outdoor 

temperature was lower than the other days that week. Thus, the ROM reacted with an increment 

in gas consumption, while the measured gas consumption was lower than the other days. This 

could have been caused by many factors both from the ROM side (poor ability to simulate the 

thermal inertia of the building) and from the building side (some radiators were closed, unusual 

increment in the internal gain). 

In order to validate the calibration procedure and to investigate the ROMõs ability to accurately 

predict indoor temperatures, the measured and simulated indoor air temperatures between January 

and April 2020 were analysed. 

Figure 3.37 shows measured (Ecoscada) and ROM simulated daily-average indoor air temperature, 

with an absolute daily temperature difference indicated. The dotted grey line representing the 

difference between the two temperature values (measured and simulated) was often below 1.5 

degree Celsius absolute difference.   
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Figure 3.37 - Comparison of measured and ROM simulated daily-average indoor air temperature, with absolute 
temperature difference, for 2020.  

Thus, the comparison of measured and ROM simulated indoor air temperatures (Figure 3.37) 

showed that the calibrated model accurately predicted daily-average indoor air temperatures; thus, 

it could be used for the creation of the IPMVP® baseline energy consumption. 

3.5.3.4  Conclusion 

In this test case, the last version of the Modelica ROM was demonstrated on operating educational 

buildings located in Sant Cugat, Spain. Measured data (2017-2020) supported the development, 

validation and calibration of a ROM which represented demonstration buildings before and after 

the installation of ECMs, such as energy efficient lighting, PV panels and envelope retrofits. 

The ROM demonstrated excellent potential of applying this novel technology framework to 

multiple and complex buildings to estimate monthly energy savings due to ECMs under the 

IPMVP framework.  

This test rendered the ROM ready for the final phase (Chapter 4) consisting of the automation of 

the procedure and in the creation of a web application based on the Modelica model.



 

 

 

Chapter 4 
 

ModSCO web application  
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4.1 Introduction  

ModSCO stands for Model-Supported Control that is an innovative web application based on the 

Modelica Reduced Order grey-box Model (ROM) developed in Section 3.2. The ModSCO web 

application was created to address the EPC barrier explained in the Chapter 1 and thus as a bridge 

between the Modelica ROM applied at the IPMVP and the Global Warning (Figure 2.1). Thus, 

the ModSCO application simplifies and makes the Modelica ROM and its benefits available to a 

wider range of users by creating a tool for disseminating the EPC.   

Like the Modelica ROM, the ModSCO application simplifies the estimation of energy savings due 

to ECMs by proposing an innovative approach based on the IPMVP framework. Therefore, the 

innovative web application can be used by energy companies or ESCOs to accurately and 

standardise the energy savings generated by building retrofits.   

The ModSCO web app generates the IPMVP Baseline Period Energy (BPE) consumptions. The 

BPE generated by ModSCO can be used for two main applications: 

¶ systematically quantify the monthly energy savings achieved through the standards-based 

ECM (Method 1); 

¶ directly estimate the monthly energy savings through the analysis of different building 

retrofit scenarios (Method 2). 

The first method is typically used in the operational phase while the second method is used in the 

design phase and thus also in the EPC audit phase. 

As shown in Figure 3.1, the Chapter 4 is divided into 5 sections: Section 4.1 is the introduction,  

Section 4.2 describes the flowchart for using the ModSCO web application, Section 4.3 shows the 

MS Excel based tool developed to simplify the calculation of parameters, Section 4.4 describes the 

steps for the development of the ModSCO Web Application starting from the Modelica ROM 

developed in Chapter 2 and, finally Section 4.5 displays a pilot building in which the ModSCO and 

related results have been applied. 
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4.2 ModSCO Flowchart  

The framework for the utilisation of the ModSCO web application (Figure 4.1) consists of three 

phases: (i) the calculation of the parameters, (ii) the simulation and calibration of ModSCO and 

(iii) the utilisation of ModSCO.  

1
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Figure 4.1 ð The ModSCO Web Application flowchart. 



ModSCO web application 

120 

 

Phase 1 of Figure 4.1 entails calculating the 28 parameters listed in Table 4.1, crucial for operating 

the ModSCO web application. Additionally, Table 4.1  offers insights into each parameter, such as 

units of measure, data type, and typical uncertainty encountered during the data collection phase. 

As explained in the Section 3.4.2  (ROM Calibration ), the ModSCO  calibration process focuses 

on the parameters with the highest degree of uncertainty, following Giretti et al. [67] hypothesis.  

Table 4.1 - List of model parameters 

Input  Description Unit  Data Type Uncertainty  

BuilType Building type residential or not residential  - Boolean Low 

Latitude Building/room latitude - Real  Low 

Volume Building/room volume m3 Real Low 

ROMPar .txt Building parameters file - list Low 

WeaFile Weather data file .mos - time series Low/Medium 

GroundT Ground temperature °C Real Medium 

MLoadPeo Maximum heat gain per people  W Real Medium 

MLoadLig Maximum heat gain per lighting  W Real Medium/High 

MLoadEqu Maximum heat gain per equipment  W Real Medium/High 

SBLoad StandBy electrical power per lighting/equipment.  W Real Medium 

MCoolP Maximum cooling power of the mechanical system W Real Medium/High 

MHeatP Maximum heating power of the mechanical system W Real Medium/High 

HCEquP System equipment electrical power (pumps, fans) W Real Medium 

SBHeat StandBy heating power W Real Medium/High 

SBCool StandBy cooling power  W Real Medium/High 

L_Rate Air infiltration rate  Real High 

PeoSch .txt People schedule - time series Low 

LigSch .txt Lighting system schedule - time series Low 

EquSch .txt Equipment schedule - time series Low 

HeatSch .txt Heating System schedule - time series Low 

CoolSch .txt Cooling System schedule - time series Low 

HeatSet Heating Setpoint  °C Real Low/Medium 

CoolSet Heating Setpoint °C Real Low/Medium 

AlphaLig Lighting efficiency/utilisation - Real - 

AlphaEqu Equipment efficiency/utilisation - Real - 

AlphaPeo People system influence (for residential buildings) - Real - 

AlphaHeat Heating system efficiency/utilisation - Real - 

AlphaCool Cooling system efficiency/utilisation - Real - 
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Table 4.1 divides the parameters into two groups, the first group (building parameters) are 

estimated starting from the building data and then corrected during the calibration phase by the 

second group of parameters (calibration parameters) as fully described in Section 3.4.2.   

The calculation of these parameters is based on the formulas and methods defined in Section 3.3, 

which are implemented in three tools based on MS Excel: ROMPar, which is the schedule 

generator and internal gain calculator downloadable in the web application.  

During Phase 1 (Table 4.1), the ModSCO user populates the MS Excel tools using the building 

data. The tools generate the underlined text files Table 4.1 (i.e., the ROM Schedules.txt and the 

ROMPar.txt). The ModSCO GUI allows the loading of the generated text files and, once the user 

has manually completed the remaining inputs (i.e., manual parameters of Phase 1 of Figure 4.1), 

the application is ready to run the ModSCO simulation.  

Phase 2 of the workflow shown in Figure 4.1 concerns the ModSCO simulation whose output is 

the calibrated IPMVP Baseline Period Energy consumptions (BPEs) for the building under 

analysis. The ModSCO application produces the BPEs in .csv format (i.e., 

ElectricityConsumption.csv [kWh], FossilConsumption.csv [kWh], HeatPumpConsumption.csv 

[kWh]). These BPE are compared with the actual consumption of the building to calibrate the 

model.  

The structure of ModSCO ROM and its low number of parameters helped in reducing the degree 

of freedom of the calibration phase, thus reducing the possibility of over-fitting problems [65]. 

For this reason, as explained in Section 3.4.2, a knowledge-based calibration procedure was 

adopted to select the group of model parameters most affected by the uncertainty. The calibration 

phase focuses on iterative optimisation of the values of the selected group of uncertain parameters 

in order to increase the accuracy of the BPEs. During Phase 2, the user runs a simulation for each 

iteration and the resulting BPEs are compared with the actual measured energy consumptions (e.g. 
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energy bills). This comparison is simplified by using a dedicated MS Excel Tool (òcalibration and 

saving estimation tooló) downloadable from the application. The MS Excel Tool calculates the 

calibration error and accuracy using the indices discussed in Section 3.4.1 and their IPMVP 

acceptable limits. The BPEs generated by ModSCO are considered accepted and calibrated if all 

values fall within the range of the IPMVP acceptance criteria. 

In this case, two methods can be used (Figure 4.1). The first consist in the systematic quantification 

of energy savings (avoided energy consumption) achieved through ECMs, the second consists of 

the direct estimation of energy savings through the investigation of different envelope retrofit 

scenarios.  In both methodologies the calibrated ModSCO model is used to generate the Adjusted 

BPEs, allowing the calculation of the energy savings due to the adoption of ECMs or the 

forecasting of possible energy savings.  

To create the Adjusted BPEs, the calibrated ModSCO parameter set has to be updated with the 

data referring to the reporting period. This data includes all independent variables such as the 

weather file, occupancy schedules, equipment schedules, HVAC set points and HVAC 

heating/cooling ON-OFF.  Furthermore, the other ROM inputs could be adjusted if the static 

factors were modified over the reporting period. These may include peopleõs heat gains (occupancy 

type, density), significant equipment problems or lighting levels, etc. Finally, the user calculates the 

energy savings using the MS Excel Tool òcalibration and saving estimation tooló. The tool allows 

automatic comparison of the adjusted BPEs with the Reporting Period Energy consumption 

(RPEs) and the savings are calculated using the formula described in Section 3.4.3. 

4.3 ModSCO MS Excel Based Tools 

The ModSCO web application utilises four Microsoft Excel Based tools. Three of them are used 

in Phase 1 (Figure 4.1) during the calculation of the parameters (i.e. ROMPar, schedule generator 

and internal gain calculator) while the fourth is used during the calibration and saving estimation 
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phase (Phase 2 and Phase 3 of Figure 4.1). All the MS Excel tools are available via the web 

application with a direct download button (Figure 4.2).  

 

Figure 4.2 - ModSCO MS Excel Based tool direct link 

4.3.1 ROMPar 

ROMPar is a Microsoft Excel (MS) based tool created to simplify the estimation and reduce the 

number of parameters required by Modelica ROM. The ROMPar tool automatically calculates 

most of the building component parameters (such as resistances and capacitances) using the 

formulas described in Section 3.3. Thanks to ROMPar, the 55 original parameters required by 

Modelica ROM were reduced to 28.  The tool generates the ROMPar.txt file by following eight 

simplified steps; in the first step, the user defines the project name (Figure 4.3).   

 

Figure 4.3  - ROMPar first page 
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This first page also allows the generation model parameters and export the ROMPar.txt file once 

all the eight required steps are completed.  In the second step, a database of materials is activated 

for the user to define the construction properties of the building (Figure 4.4).  The database can 

be integrated by the user with new materials by defining the main thermal properties (i.e., 

Conductivity [W/mK], Density [kg/m3] and Specific Heat [J/kgK]). 

 

Figure 4.4 - ROMPar Material Database 

From the third to the seventh steps, the ROMPar tool allows the definition of the geometric and 

thermal characteristics of the building components (i.e. external walls, internal floors and 

partitions, roof and windows), such as thickness, materials and area. 

Figure 4.5 shows an example of definition of òexternal walló where, after entering the required 

input, the tool automatically creates the stratification diagram of the materials and calculates the 

U-Value [W/m 2K] and the thermal heat capacity [kJ/K ] of the construction element. These values 

are utilised to estimate the ModSCO parameters and in particular the ModSCO (i.e. ROM) 

resistances and capacitances.  
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Figure 4.5 - ROMPar External Facades and Envelope Spreadsheet 

The last step is to calculate the g-total value for each direction (Figure 4.6). This part of the 

calculation is based on the BS EN 13363-1 formulae described in Section 3.3.1.  

 

Figure 4.6 - G-total factor calculation 

Finally, once all the eight steps on the first page are completed (Figure 4.3), two buttons are 

enabled. The first generates and debugs the calculated parameters and the second generates the 

ROMPar.txt file. The .txt file can be then uploaded to the ModSCO web interface.   
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4.3.2  Schedules Generator  

ModSCO requires a total of five schedules, three of which are required for internal gains 

(PeoSch .txt, LigSch.txt, EquSch .txt in Table 4.1), while the remaining two for the heating and 

cooling system (HeatSch .txt CoolSch .txt in Table 4.1). To simplify the creation of these schedules, 

in this research a MS Excel tool called òSchedules Generatoró was developed and included in the 

ModSCO GUI. Figure 4.7 shows the òSchedules Generatoró interface. 

 

Figure 4.7 - Schedules Generator interface 

Creating each of the five schedules needed by the model consists of two steps. The first step allows 

to define the building occupancy for the whole year (Figure 4.8).  

 

Figure 4.8 - Schedules generator step 1 
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The second step allows hourly adjustments of the weekly profiles generated by the first step (Figure 

4.9). As with the previous tool, the output is a text file containing schedules formatted in the 

Modelica format. These files can be generated from the first page of the tool (Figure 4.7) by 

clicking on generate and export .txt.   

 

Figure 4.9 - Schedules generator step 2 

4.3.3  Internal Gain Calculator 

The "Internal Gain Calculator" is the last parameter calculation tool used in the first phase of the 

workflow. Compared to the previous tools (e.g. "ROMPar" and "Schedule Generator") the 

"internal gain calculator" simply helps to estimate the internal gains parameters needed by the 

ModSCO application in case of lack of data. 

Therefore, the tool does not generate any text file, but it calculates the values of the internal gains 

due to people, lighting, and equipment (i.e., MLoadPeo, MLoadLig, MLoadEqu) of the building.   

The formulas and values implemented in the òinternal gain calculatoró are based on Table 6.2 of 

the ASHRAE 55: 2013 [95]. The data needed by the MS Excel tool to estimate the three internal 
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gains parameters are the type, the use and surface of the building (Figure 4.10). Optionally, the 

number of occupants can be entered in the tool to make the calculation more accurate.  

 

Figure 4.10 - Internal Gain Calculator 

4.3.4  Calibration and Saving Estimation tool   

The òCalibration and Saving Estimationó is a MS Excel tool developed to simplify the calibration 

of the ModSCO model during Phase 2 of Figure 4.1 and the estimation of energy savings of Phase 

3 of Figure 4.1.  

The òCalibration and Saving Estimateó allows the user to load the hourly time series contained in 

the BPEs .csv files generated by the ModSCO application. 
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During the calibration phase, the user utilises the first spreadsheet called òcalibration tooló. In this 

tab, the user loads the BPEs generated by the ModSCO application and manually enters the actual 

monthly consumption (i.e. fossil fuels and electricity) of the building during the baseline period. 

The BPEs are transformed by the tool into a monthly consumption and compared with the actual 

monthly energy consumption of the building. From the comparison, the tool calculates the 

statistical indices discussed in Section 3.4.1 and checks them with the relative IPMVP limits with 

a green check mark (Figure 4.11). 

 

Figure 4.11 - Calibration tool 

This process of loading the BPEs into the calibration tool is repeated iteratively for each set of 

calibration parameters until all indices are within the range of the IPMVP acceptance criteria. 

Once the model is calibrated, the user can utilise the Calibrated ModSCO parameter set to generate 

the Adjusted BPE and calculate the energy savings due to ECMs.  
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The energy savings calculation with the ModSCO tool is performed using the òSaving Estimation 

tooló spreadsheet of the òCalibration and Saving Estimationó tool (Figure 4.12). 

 

Figure 4.12 - Saving Estimation tool. 

Similar to the previous spreadsheet, the òSaving estimation tooló allows the user to load the 

Adjusted BPEs and compare them with the RPEs of the building (i.e., the actual consumption of 

the building after the implementation of the ECMs). From the comparison, the tool calculates the 

energy savings (or avoided energy consumption) with relative accuracy at a confidence level of 

90%. The òCalibration and Saving Estimationó is available for download on the ModSCO GUI 

results page, and it is sent by e-mail together with the ModSCO BPEs.csv. 

4.4 ModSCO Web Application  

The development of the ModSCO web application consisted of several steps.  The core of the 

ModSCO web application is a python script [96] based on a long open-source stack (PyFMI [97] 

and dependencies) which is stored on a server. The python script runs a Functional Mock-up Unit 
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(FMU) [98]. The FMU file contains the Reduced Order grey-box Model (ROM) developed in 

Section 3.2.  

A web-based graphical user interface (GUI) was created using the bubble.io platform [99] to make 

the python script accessible and thus, to simplify the use of the ROM. The GUI uses an 

Application Programming Interface (API) to send and receive information from the Python script 

stored on the server. The following sections outline the various steps required to create the web 

application. 

4.4.1  FMU File creation 

The first step necessary for the creation of the web application was to compile the Modelica ROM 

in an open source and accessible file that can be used outside the Dymola environment. For this 

reason, the Modelica ROM .mo file was transformed into a FMU file. 

A FMU file is a particular file format that contains a simulation model that adheres to the 

Functional Mock-up Interface (FMI) standard. The FMI is an open standard for exchanging 

dynamic simulation models between different tools in a standardized format [100]. The FMI 

standard specifies an open format for exporting and importing simulation models. Thus, it gives 

the possibility to select the most suitable tool for each type of analysis while maintaining the same 

model. 

The open-source tool Jmodelica.org 2.14 [101] was chosen among other software for generating 

the ModSCO FMU file. This tool was selected because: (1) it generates open source models 

compliant with the FMI 2.0 standard; (2) provides a Python user interaction package (PyFMI), 

including compiling, loading models, changing parameters, simulating and optimizating; (3) 

integrates several Modelica libraries [102]. 

Using Jmodelica.org 2.14, the Modelica ROM model was compiled for both co-simulation and 

model-exchange. In the co-simulation FMU file (Figure 4.13) the numerical solver is incorporated 
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and provided by Jmodelica (i.e. The exporting tool), while the import tool will be used to set the 

inputs and then read the outputs. In the model-exchange FMU file (Figure 4.14,  the numerical 

solver is also provided by the importing tool, making the simulation time longer.  

 

Figure 4.13 - Cosimulation (Modelon, 2021)  

 

 Figure 4.14 - Model Exchange (Modelon, 2021) 

4.4.2  Python Script  

A script was developed using the Python 3.7 programming language [101] to run the FMU file 

created in the previous section. The standalone PyFMI package [97] and its dependencies (i.e. 

Assimulo, FMI Library and Cython) were chosen among other Python packages to run FMU. 

PyFMI is an open-source Python package for loading and interacting with FMI-compliant models. 

It is designed to provide a high-level, easy-to-use interface for working with FMUs. PyFMI 

supports both FMI 1.0 and FMI 2.0 and the two different model types, model exchange and co-

simulation [100]. 

 The first part of the script imports the modules needed to run the FMU file and view the results. 

 

The second part creates the folder where the results files (BPEs .csv) are stored.  
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Then, the fmu file is loaded into the script and the ROM parameter list is requested to make its 

value editable. 

 

 

Next, the parameters are claimed into the FMU and a new value can be assigned to each of the 

parameters. 

 

Finally, once all 55 parameter values are assigned, the model.set command imports the new 

parameter list into the FMU file and a simulation is performed. The script runs a simulations with 

an hourly step (8760 seconds), for a whole year (31536000 seconds) using the CVode solver [97]  

inside PyFMI. 
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The script result files are three .csv files: 

¶ electricity consumption.csv [kWh]; 

¶ fossil consumption.csv [kWh]; 

¶ heat pump consumption.csv [kWh]. 

These .csv files represent the Baseline Period Energy consumptions of the building. 

The first two are used in the case of different sources for heating (e.g. a boiler working with natural 

gas) and cooling (e.g. a chiller consuming electricity), while the third is used in case of a heat pump 

installed in the building where the same source of energy is used for heating and cooling (i.e. 

electricity). 

4.4.2.1  Python Script and FMU file validation  

The validation of the Python script was carried out by comparing the annual and monthly 

consumption (i.e. BPE) resulting from the script with the same model developed with Modelica 

ROM. The test was performed using the Aran Island Residential houses described in Section 3.5.2 

and the Sant Cugat Primary School described in Section 3.5.3. The comparison resulted with an 

absolute difference in terms of monthly energy consumption lower than the of 0.1%  both for the 

gas and electricity showing that the accuracy of the python script is to be considered totally 

comparable with the Modelica ROM. Section 4.5.1 presents the validation of the Python script 

accomplished by comparing the Modelica ROM result and the Script results in the Saint Cugat 

pilot presented in the section 3.5.3.  

4.4.3 ModSCO Application, GUI and the API  

The ModSCO Web Application was developed to simplify the use of the Modelica ROM. A web 

application was preferred over other alternatives for (1) accessibility on different devices, (2) 

integration with different systems, (3) flexibility and scalability, (4) and data protection. Figure 4.15 

shows the structure of the ModSCO web application. 
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Figure 4.15 - ModSCO GUI Structure 

The flowchart shown in Figure 4.15 begin with the ModSCO Graphic User Interface (GUI) 

developed with the Bubble.io platform [99]. This platform was chosen because compared to its 

competitors, it allows the creation of web interfaces and the development of API connectors in a 

simplified way. 

Once the ROM parameters described in Table 4.1 have been entered in the GUI, an HTTP file 

containing the parameter values is sent to the ModSCO API contained in the ModSCO Server. In 

case the parameters were used in a previous simulation stored in the database, the results of the 

previous simulation are sent by e-mail to the user. If the list of parameters differs from those stored 

in the database, the parameters are used in the Python script described in Section 4.4.2 and the 

simulation is performed. Once the simulation is complete, the resulting BPEs are stored in the 

API database and the resulting files are sent by e-mail to the user along with the òCalibration and 

Saving estimation tool.ó 

é.) 
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4.4.3.1 The ModSCO GUI 

The ModSCO GUI was developed using the bubble.io platform [99] and consists of two main 

pages: 

(1) the landing page, which allows are to register and access the tool by email and password, and 

(2) the second page, which is the main ModSCO GUI page. On the second page, a new model 

with a reference project name and an associated test name can be created. The test name is 

important because it can define the calibrated model, or the model used to calculate the savings. 

Each of the created models can be opened through the same interface to change or delete 

parameters (Figure 4.16).   

Furthermore, the second page allows are  to download all the MS excel tools discussed (Section 

4.3), load in the interface the text files generated by the MS-Excel tools and finally enter the other 

manual parameters shown in Table 4.1.  

 

Figure 4.16 - ModSCO GUI v1.0 - Part 1 
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When all the parameters on this page have been set, a button (e.g., Run simulation on  Figure 4.17) 

is used to obtain the simulation results. Other buttons are enabled to allow the use of model 

parameters as a template for a new test or project (e.g. use dataset as template) and to save the 

parameters entered if the project has only been partially completed (e.g. Save). 

 

 

Figure 4.17 - ModSCO GUI v1.0 - Part 2 

Once the ModSCO simulation is completed, the resulting three .csv files 

ElectricityConsumption.csv (measured in kWh), FossilConsumption.csv (measured in kWh), and 

HeatPumpConsumption.csv (measured in kWh) are emailed. Alongside these files, the MS Excel 

tool "Calibration and Saving Estimation," detailed in Section Section 4.3.4. , is also included. This 

tool facilitates calibration processes and estimates energy savings based on the simulation results, 

ensuring comprehensive analysis and reporting. 
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4.4.3.1 The ModSCO API  

The ModSCO API (Figure 4.18) is the link between the Python script explained in Section 4.4.2 

and the Bubble.io GUI described in Section 4.4.3.1 . The API was developed within the Sphere 

Project [103] with the support of IDP [104] by using Python 3.9 [105] and Django Rest Framework 

3.12.4 [106]. 

 The ModSCO API handles user requests from the bubble.io GUI using the HTTP protocol and 

provides them with a response via e-mail. The response is taken from the ModSCO server where 

the Python Script and the ROM .fmu file are stored.  

The ModSCO API is mainly composed of two separate applications: 

1. òauthenticationó  app that manages user authentication and registration; 

2. òsimulationó app that handles user requests related to the simulation (i.e. run a simulation, 

retrieve the simulation, delete the simulation, list all simulations). 

 

Figure 4.18 - ModSCO API 
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The first application (i.e. authentication in Figure 4.18) is composed by two òPOSTó endpoints 

(i.e. òauthentication/login/ó and òauthentication/register/ó). 

 

Figure 4.19 - ModSCO API - user application  

 The endpoint ò/authentication/registeró requests the user to provide a username òUser_idó (must 

be in e-mail format) and a password. The username and password are the same used in the Landing 

page of the ModSCO GUI (Section 4.4.3.1 ).  The e-mail utilised in the authentication will be also 

used to send ModSCO FMU simulation results. For each of the endpoints 

ò/authentication/registeró the API will create and save the user credentials in the òUsersõó 

database table. 

The "/ authentication / login /" endpoint also asks the user for a username and password but in 

this case the data inserted is not saved since it is used to login to the platform.  

The second application (i.e. the simulation in Figure 73) is made up of two òGETó endpoints, a 

òPOSTó endpoint and a òDELETEó endpoint. These endpoints are activated once the user 

authenticates in the API (i.e. "/ authentication / login /") and the name of the project (i.e. 

ProjectName) and the name of the test are provided (i.e. ProjectCode).The project name and test 

name are the ones used in the second page of the ModSCO GUI described in Section 4.4.3.1 

4.4.3.1  

 

Figure 4.20 - ModSCO API ð simulation  application 
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The POST endpoint (i.e. / simulation / input /) is used to get the entered parameters (i.e. inputID 

and inputDate) from the Bubble.io GUI and send the simulation results to the user. If the same 

parameters where utilised by the same user or by another user, the simulation is avoided and the 

result is sent by e-mail together with the " Calibration and Saving Estimation tool " explained in 

Section 4.3.4 (Figure 4.21). 

 

Figure 4.21 - ModSCO API - (/simulation/input/) POST endpoint 

The GET endpoint (i.e. /simulation/output/{id}/)  retrieves simulation output based on the input 

provided by the user. This is used in the ModSCO GUI to get simulation results from a simulation 

already performed.  

The DELETE endpoint (i.e. /simulation/delete_simulation/{id}) is used to delete simulations 

from the API database based on the òUser_idó ,òInputDateó , òInputIDó, ProjectNameó and 

òProjectCodeó. 

Finally, the second GET endpoint (i.e. / simulation / list /) returns a dictionary list containing the 

InputID, InputDate, ProjectName and ProjectCode parameters for each of the simulations 

performed by the users (the data is, therefore, in JSON format). This functionality is used internally 

by the API to make the GET endpoint "/ simulation / output / {id}" and the DELETE endpoint 

"/ simulation / delete_simulation / {id}" work. 
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4.5 ModSCO Test Cases  

The objectives of the pilot testings described in this chapter were to validate the accuracy of the 

Python script and  to examine the functionality of the ModSCO web application in reducing 

modeling costs and providing a forecast of energy savings after applying the ECMs using the 

IPMVP framework.  

4.5.1 Sant Cugat Primary School ð Script validation (GeoFit Project) 

The Python script detailed in Section 4.4.2 serves as the core component of the ModSCO web 

application, as it contains the FMU file of the ROM, runs the simulation, and retrieves the results 

of the analysis. 

To validate the Python script, and consequently assess the reliability of the ModSCO web 

application, a comprehensive comparison was conducted. This comparison focused on the annual 

and monthly energy consumption (referred to as BPE) generated by the script versus those 

produced by the Modelica ROM. This validation was carried out using the same pilot building 

described in Section 3.5.3, ensuring consistency and accuracy in the evaluation process. 

The research presented in this chapter represents an extension of the study detailed in Section 

3.5.3. Specifically, it builds upon the analysis conducted towards the conclusion of the H2020 

GEOFIT project [92], which is documented in Deliverable 5.5 of the same project.  

4.5.1.1 Pilot Description 

The San Cugat pilot is composed of a primary school, a sports pavilion and an administrative 

building constructed in 1975. A detailed description of the pilot is presented in the Section 3.5.3.1 . 

The analysis presented here refers also to the year 2022. Thus, Table 4.2 shows the monthly 

electrical energy bills and monthly gas readings used to develop and verify the M&V baseline 

created with the ROM and the script of the ModSCO application.  
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Table 4.2 - Monthly electricity and natural gas consumption of the San Cugat demonstration buildings. 
 

Electricity [kWh]  Gas [kWh] 

2017 2018 2022 2017 2018 2022 

Jan 12,766 11,659 11,405 60,237 62,680 42,938 

Feb 11,335 10,571 8,992 34,196 58,647 35,838 

Mar 11,041 9,997 10,192 22,732 29,459 36,177 

Apr 8,360 9,176 9,378 13,712 19,086 7,526 

May 10,146 9,507 10,341 6,386 4,069 0 

Jun 9,066 8,702 9,683 0 0 0 

Jul 6,644 5,833 7,024 0 0 0 

Aug 6,611 4,241 5,194 0 0 0 

Sep 9,548 7,733 9,421 0 0 0 

Oct 10,970 9,195 - 0 7,949 - 

Nov 10,800 9,954 - 23,297 22,179 - 

Dec 9,634 8,427 - 40,607 35,773 - 

 
 

  
   

Total 116,921 104,995 81,630 201,167 239,842 122,479 

4.5.1.2 Results and Conclusions   

The workflow discussed in Figure 4.1 with the exception of using the python script simulation in 

place of ModSCO simulation (i.e. Modsco simulation on the phase 2 of Figure 4.1) was tested in 

comparison with the 2017 calibrated Modelica ROM discussed in section 3.5.3. The same script 

was than utilised for the year 2022 for the creation of the updated BPE of the Sant Cugat building.  

In the following section the steps of the Figure 4.1  workflow applied at the Saint Cugat pilots are 

described together with a comparison with the 2017 ROM of the section 3.5.3.  

Parameterõs calculation (Phase 1) 

Table 4.3 lists the complete set of calculated parameters. These values were entered into the 

ModSCO Python Script to run the initial simulation.   
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Table 4.3 - San Cugat 2017, Python Script parameters 

Description Unit  Value 

Building Type - Not residential 

Building/room latitude - 41.4776 

Building/room volume m3 13547 

ROMPar file - - 

Weather data file .mos - SanCugat 17 

Ground Temperature °C 20 

Maximum heat gain per people W 32756 

Maximum electrical power per lighting W 42280 

Maximum electrical power per equipment W 6724 

StandBy electrical power per lighting/equipment. W 0 

Maximum cooling Power of the system W 70000 

Maximum heating Power of the system W 345000 

System equipment electrical power (pumps, fans) W 8000 

StandBy heating power W 5000 

StandBy cooling power W 0 

Heating Setpoint °C 20 

Cooling Setpoint °C 24 

Schedule People (Schedule generator file) - - 

Schedule Lighting ( Schedule generator file) - - 

Schedule Equipment (Schedule generator file) - - 

Schedule Heating System (Schedule generator file) - - 

Schedule Cooling System (Schedule generator file) - - 

Infiltration Rate  1 

CALIBRATION PHASE PARAMETER 

Lighting efficiency/utilisation - 1 

Equipment efficiency/utilisation - 1 

People system influence - Not used 

Heating system efficiency/utilisation - 1 

Cooling system efficiency/utilisation - 1 

To calculate the list of values in Table 4.3, the MS Excel tools described in Section 4.3 were 

populated with the data collected for the year 2017.  

ROM Simulation and Calibration (Phase 2) 

After estimating the model parameters shown in Table 4.3, the first simulation was performed 

using the ModSCO Python script. Using the òCalibration and Savings estimationó tool described 

in Section 4.3.4, the BPEs generated by the script were compared with the real consumption of 

natural gas and electricity for the year 2017. Table 4.4 shows the statistical values of the ROM un-

calibrated model in comparison with the same statistical index out of the simulation ran with the 
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python script.  The indiea of the Python script were calculated by òCalibration and Savings 

estimationó tool.  

Table 4.4 - IPMVP statistical indices of the un calibrated 2017 Python script in comparison with the 2017 ROM 
Model.   

The comparison of Table 4.4 shows a slight difference between the Python script and the Modelica 

ROM. This difference is due to the fact that the structure of Modelica ROM changed a bit and the 

Python script uses a different simulation engine. However, the difference in energy consumption 

is less than 1% for both gas and electricity. 

Because the model contained the script was not IPMVP-compliant, the uncertain parameters were 

iteratively changed until the statistical values were within the IPMVP limits, as was done in section 

3.5.3 for Modelica ROM. This process was done by following the calibration procedure described 

in the section 3.4.2. 

Table 4.5 shows the parameters considered uncertain and their values after the calibration process. 

Table 4.5 - Parameters of the Modelica ROM used in the 2017 Python script. 

Uncertain parameter Original Value Calibration Value  

AlphaEqu 1 1.1 

AlphaLig 1 0.5 

AlphaPeo 1 Not used  (i.e. 1) 

AlphaHeat 1 2.2 

AlphaCool 1 0.2 

L_Rate 1 3 

After the calibration the Python script showed similar results compared with the Modelica ROM. 

Table 4.6 shows the Python script statistical values after calibration using the parameters of  Table 

4.5 against the statistical values of the Modelica ROM presented in Section 3.5.3.   

Gas Electricity IPMVP 
limits 

ROM  Script 
 

ROM  Script 
 

96302  97254 Total Consumption 
[kWh]  

129223 128992 Total Consumption 
[kWh]  

 

86.87% 86.32% NMBE [%] -11.48% -11.53% NMBE [%] < ±5% 

83.07% 82.95% CV-RMSE [%] 18.55% 18.45% CV-RMSE [%] < 20% 

99% 99% R^2 87% 88% R^2 > 75% 
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Table 4.6 - IPMVP® statistical indices of the calibrated 2017 Python script in comparison with the 2017 ROM 
Model.   

These results demonstrate the capability of the python script in getting a similar high accuracy as 

the Modelica ROM developed in section 3.5.3.  

IPMVP® Baseline (Phase 3a)  

Since the model developed with the Python script was considered calibrated as explained in Section 

3.5.3 and shown in the flowchart of Figure 4.1, it can also be considered suitable for the creation 

of adjusted BPEs and for the estimation of energy savings. As explained in Section 3.4.3, there are 

two methods to calculate the savings by using the novel workflow of Figure 4.1 and the python 

script developed . 

Method 1 consists in comparing the adjusted BPE with the RPE (calculated from Natural Gas and 

Electricity bills or Meters).  

Method 2 consists of simulating both BPE and RPE using ModSCO and calculating the savings 

by comparing them between the two models. In this case, the Adjusted BPE coincides with the 

Calibrated BPE since the evaluation is usually done in the same year.  

Method 2 was investigated and applied in Section 3.5.3. In this document, Method 1 is utilised and 

the adjusted BPE is calculated in order to estimate the energy saving that will be generated by the 

geothermal heat pumps solution developed in the H2020 GeoFit project.  

To create the IPMVP Adjusted BPE using the Python script, in the first instance the ROMPar 

tool was populated with the data refering to the ECMs applied between February and August 2019 

shown in Table 3.14. Thus, a new ROMPar.txt file was created and updated in the script. 

Gas Electricity IPMVP 
limits 

ROM  Script 
 

ROM  Script 
 

-0.67% -0.82% NMBE 1.31% 1.2% NMBE < ±5% 

7.98% 8.03% CV-RMSE 7.08% 7.05% CV-RMSE < 20% 

99% 99% R^2 89% 89% R^2 > 75% 

±14.35%  ±14.40% 
 

Yearly Precision @90% ±12.66% 12.62% Yearly Precision @90% - 
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Furthermore, the weather file, internal gains schedules and system schedules were updated to be 

referred at the 2022 data. All remaining parameters were kept the same as in the calibrated 2017 

Python script. 

Figure 4.22 and Figure 4.23 shows the simulated energy consumption against the measured energy 

consumption with the associated monthly deviation for the year 2022. 

 

Figure 4.22 - Measured and Script simulated electrical consumption with monthly deviation for year 2022 

 

Figure 4.23 - Measured and Script simulated gas consumption with monthly deviation for year 2022 

Table 4.7 shows the results of the 2022 calibrated Python script within the calibration criteria. This 

comparison demonstrated the capability of Python script contained in the ModSCO web 

application to forecast electrical and gas energy consumption in buildings, in a scenario where 

some of the technical information was incomplete and uncertainties in model parameters were 

present. This test also validated the capability of the Python script contained in the ModSCO tool 

to predict the IPMVP baseline period energy (BPE) consumption.  

 






































