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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 inef@stive 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
efficiencyenergymanagement, 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 omplex and requires the use of novel building simulation to@ddress 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 assessargmpt of
performance using a novuéducedOrder 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 thesisbegins with a review of Energy Performance Contracting, followed by an
research of the methodology based on ROM, which was chosen to overcome the EPC
barriersThe 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 projeddssnumber of case studies are then discussed to demonstrate
the accuracy and benefits of using the ROM as a novel method for estimating energy
savngs in building retrofits. Next, a description of the ModSCO web application and thus
the frontend of ROM is presented along with a case $tindyly, the benefits derived

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

Reduced order modgiternationaPerformancéleasurement ankerificationProtocol

Energy savingBuilding retrofittingEnergy performance contracting
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Introduction




Introduction

1.1 Overview

TheClimate change is occurring globally andlhesdynade @ubstantiampact on the
environment and society, due to increased levels of greenhousBuddses are
responsible for approximat&§?o of EuropeanJnion (EU)greenhouse gas emissions

and40% of energy consumption

Buildings are therefore the single largest energy consumer in Europe. One of the potential
measures teduce the greenhouse emissions and reduce the building energy consumption
is Energy Performance Contracting (EE®C 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 CoEf@)y (

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
Meaures (ECMs). These measures can range from installingeféioengly 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 achievediegergsesa

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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Introduction

alignment of interests between the ESCo and the propertyldoawmever, there are still
somebarriersto the application of the EPC. This chapter discusséesittiersto the

application of the EPC in the EU and explains the structuretbé#ie

1.1.1 Global warming and world energy use

A reliable supply of energy at an affordable pricedessafetyandcomfort to people
that is essential for societal growth qudlity of life[1] However, generation and
consumption of energgmitgreenhousgasesasthe final gross energy consumption in

theEU largelyreleson fossilfuel and nuclear eney@ illustrated frigurel.l.
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Figurel.1 - Gross electricity production $gurcen 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 Figurel.2, illustrating the increasing levels of CO2 and,

consequently, temperatures.
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Figurel.2 - Global averagemperatureatmospheric CQand sunspot activity since 1850
Climate change includes not dhly increasing of themperatures but also dangerous
weather eventsuch us hurricanessingof seadeve) ice meltingand a range of other
impactsAll these changes arecurringas humans continue to add greenhouse gases to
the atmospher&@hereforejn order to reduce greenhouse gas lamelconsuméess

energyan acceleration in the clean enegegstiions required

1.1.2 Energy efficiency in existing buildings

Figure 3 illustratethat 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

WKH (8-V WRWDO H Q Ha%Jand IRW@MOOR SrifssiBn® b 4564. [4]
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To boost energy performance of buildings, the EU has established a legislative framework
that includes thEnergy Performance of Buildings Direc29#0/31/EU (EPBD)and

the Energy Efficiency Directig012/27/EU[5]. Thetwodirectives promote policies that

will help (i)achieve a highly enesgiicient and decarbonised building stock by, 250

create a stable environment for investment dedjsijersable consumers and businesses

to make more informed choices to save energy and.money

The osteffective investment in Energy Efficiency (EE3timatedb bebillions of euros
annuallyEnergy efficiency has been identified as the most effective solution to alleviate
energy poverty and to overcome some of the potential negaisgectivid].
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 theeweffof existing buildings, such
institutional and administrative factors, monetary prghiechsical information and
expertise, separation of expenses and benefitawarehesd-or this reason, only a

fraction of this costffective investment is used each year.

5
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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 DiféptvEC is a
fundamental and efficient tool to accelerate the redevelopment of public and private
buildingsAdditionally, as discussed by Goldf8ahy 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 @lrope

1.1.3 Energy Performance Contracting

EnergyPerformanceContracting (EPC) is one of the most important ways to realise
energysaving projects with thyzhrty financing and is therefore considered an essential
instrument of the energy transiti@PC is a mechanism farganising the energy

efficiency financingith the scope of reducibgilding energy consumption
1.1.3.1History

The concept of EP@iitially 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 OjlLGfigifter this

event four stages of the EnererformanceContracting can be definéa US and

Europe.
Phase 1 The Growingof EPC (19741985)

The fundamentals of the ER&X the timenitially termed performance contractvneyre
establisheth the late 1970s and early 1980s, wh@mnovide primarily energgving
services taesidentiatustomerghe US government and the state regulators agencies

required public utilities. Energy service companies were formed togrenggieservices,
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project financing and construction traceability system to contracted utilalesr,

energyauditingsystenjl11]
Phase 2 The Affirmation of the EPC (198893)

In the mid1980s, resources for power generation technology, such as nuclear power
plants, were becoming significantly more expensive and difficult to locaterdasathjs

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
preparabn and integration of energy efficiency measheeprocurement olarge

amounts of energy efficiency resources. To procure this vast amount of energy efficiency
resources, a new generation of energy service companies émesgebmpaniegere
specialized in offering comprehensive solutions to large industrial and institutional clients,
delivering turnkey projects tailored to their unique energy mee&dsecond phase
coincided also with the creation od the Measurement and Veri{id&Wn[12] since

these companies required the creation of M&V protocols that accurately measure the
energy and demand savings achieved by these turnkey Atbfeete 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 recommetal®tember States to

promote EPC and the use of TPF.
Phase 3EPCSuccess and Consolidatip88522005)

In thelate 1990s and early 20@se was epid growttof the EPC thanks tté arrival
of the International Performance Measurement and Verification Protocol (IPMYP)

growth is documented in a series of industry reports by Lawrence Berkeley National
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Laboratoryf13]and NAESC({14]sponsored and funded by US DOJ@& During this
period a series of new financial instrumentsyca. as lowost municipal leases with
ESCO savings guaranjee®ated by commercial lenders lowered the cost of financing
projects. Alsghe cost of the M&V wasgnificantly reduced by usihg guideoutlined

in the IPMVP.

In the sam@eriod the European Council and Parliament adofdbacketivg16]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
programme$l17] several studies and pilot projects were carried out to promote ESCO

and TPF activities, mainly in public works.

In 1996, two standard ES@gpe contracts were published to support EPC (i.e. for
buildings and for industry). In 2002, the European Commission'd.{@hgdétrogramme
[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 direcisddogible
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 at&al\aineasarkable

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 £ The EPC and the ESCO (208Bresent)

8
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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 pandemifl9}

The ESCQgrowth is driven bgeveralactors, including:

- high and volatile energgices

- a renewed emphasis on energy efficiency and renewabje 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-st&egerogrameto

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% throu¢®02030
1.1.3.2The Fundamental Concept of EPC

The Energy Efficiency Directivi®] GHILQH WKH (3& DV ~ D FRQWUDF
between the beneficiary and the provider of an energy efficiency improvement
measuregusually an Energy Service CompB®CO), verified and monitored during

the whole term of the contract, where investments (work, supply or service) in that
9
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measure are paid for in relation to a contractually agreed level of energy efficiency

LPSURYHPHQW RU RWKHU DJUHHG HQHUJ\ SHUIRUPDQFH

There are two main actors in the execution of EPC contradtsnd#feiarfthe Energy

ConservatioiMeasureECMs) and theprovidef these energy efficiency measures.

Thebeneficiaign be the owner or the tenant of the infrastructerghe one who pays

the energy costs. Theovides usually a specific company called an energy service
company (ESCO): Its role, in addition to implementing the energy saving measures, is to
anticipate or prénance the costs of the energy efficiency measures or to raise the capital.
The EPC approack based on the transfer of technical and performance risks from the
client (beneficiary) to the ESCO (provider) on the basis ofrpanice guarantees given

by theESCO A thirdparty 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
investmat 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 risladfité\ fourttpossible actor is the "intermediary” whose
objective is tprovide strategitechnical, 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 fromrealsictionsEPC 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 potestigmnts for EPC.

10
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TheESCOis characterised by ttolowing mairfeature$21]

1. The ESCO guarantee energy savings and/or delivery at lower cost through the
implementation of an energy efficiency project. A performance guaratatee can

various forms and will be discussed in the next sections
2. The energy savings achieved by the Ef&@ideghe remuneration.

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

implement or help organise the financing by providing a gawamgstee.

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 enegfjiciencyFigurel.4 illustrates the EPC concept.

Figurel.4 - EPC Concepf22]

The most commorbuildingbusiness models used by ES€&@sist of (i) guaranteed

savings and (ii) shared sav(ng€nergy Supply contracting
11
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In ashared saviogstract, the cost savings for a given period are shared according to a
preagreed percentagéhere 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 arstiotimerc

Under shared savings, the ESCO assumes both performance and credit risk (since the
client assumes somperformance risk, he will try to avoid assuming creditFaskhis

reason, it is more likely thasiared 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 cred{Erigkel.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 dR8skInfortunately, 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 higb-egity ratio.

Customer

Project Service Investor
Savings Guarantee 100% Funding

Figurel5- EPC Shared Saving Conc¢i]
The concept of shared savings is a good introductory model in developing markets, as
clients do not assume financial &k} For energy service companies (ESCOSs), this

12
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approach not only reduces the customer's risk but also offers a pathway to finance services,
thereby enhancing the ESCOQO's value propogtdpiriowever, this model tends to create
obstacles for small businesses. Small ESCOstteatake 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 limitelongnarket 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 toenter the market if such arrangements dom2ejt27]

Anyway a situation where savings exceed expectations should be considered in a joint
savinggontractln aguaranteed savordgact, the energy service provider assumes all the
risk of design, installation and savings performance, but not the credit risk of repayment
by the customelJnder theguaranteedavingscontract, theeSCOguarantees a certain

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

(Figurel.6).

Customer

Savings Guarantee Fixed Repayment Schedule

Investor

Figurel.6 - EPC guaranteed Saving Con¢2pi
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Consequently, guaranteed savings contracts are not applicable to ESCO financing
provided internally or through thiparty financing with ESCO loans. Projects are
financed by the clients, who may also receive financing from banks, from other financing
ageugies or from a TPF entifijhe 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.t Tepagigethe 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 afitigss4o 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 fixeshinimumprice[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 repaja3nt

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 investmeatilitigs

through an EPC.

Finally, inanenergy supply contthetogstomer/beneficiary entrustsEBCOwith the
supply of the energy souraeslwith 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

14
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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 servicentracts ESC), where the energy serpicevider isresponsible not

only for upgrading facilities but also for supplying energy (heat, power, coolEfgCetc.)
involves reducingtility costswhile 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 witteéirveellbanking

structure, the guaranteed savings model accounts for most of the market. The main
feaures of these two models and the comparison with energy supply contracting are shown

in Tablel.1.

Tablel.1 - Comparison of the EPC models according to the key information and associated

risks[28]29]30]31]
Types of Description Risks % of
EPC EU
contracting market
models - - T
Capital Savings Responsibility ESCO Customer
Share ESCO or ESCO and the ESCO Performance = Business arfdower 20%
i hird- li hall i .
savings ]Eu::giggrty Shlgrr: Stﬁe (ESCOs can b risk and Risk. (as they ai
through savings base overleveragéd Credit Risk. (If obliged to pay ¢
ESCO on the pre financing  is percentage of th
agreed provided by a actual savings owvt
percentage o trrsirki p:lrst)é, tfhael a period of time).
the savings. under this).
Guaranteed Client or The ESCO is Both ESCO Performance BusinesandCredit 50%
Savings third-party paid a fixed and the risk Risk
financing amount base( i
through clieh = on guaranteet client.
savings. If
actual saving
fall short, the
ESCO covers
the shortfall.
Energy ESCO ESCO ESCO Performance = --- 30%
Supply risk and
contracting financial ris
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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 [EJR&& proven

that EPC implementation yields numerous benefits. These include assured improvements,
cost savings, and enhanced perforn[@8§84]35] In the next sectigm description of

the barriers and drivers of the EPC contract are disausséer to introduce the scope

of the thesis and the idea behind the methodology that will be discuss€tiaptitre2
1.1.3.3Barriers

This section delves into the barriers associated with the EPC contract, while the
subsequent Sectitrl.3.4pecifically 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 methodoldggh will be discussed@mapter 2

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

ESCOs can be summarised as folldi§27]36]

- Lack of information and scepticism on the Gbmararsi@ason is the lack of a clear
definition of the requirements and needs of both the client aycttimanbefore the

project starts.

- Limited understanding of energy efficieraay@mgl ficl2Gcial institutions and lack of
commercially viable and sustainable project financing due to conservative lending
practces 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 bersiits tha

be achieved by renovating the buildings are not clear.
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- Limited savings poteatidle demonstf@deatketimes there is uncertainty in the
estimated energy savings. If the energy cokisvaiee project is not very beneficial for

a contractor due to the high transaction costs.

- Measurement and verificationtprenscotsperformance guarantees are not

understood and in some cseapplication df1&V is expensive.

Complex calculation nmtkasinB®Cs provide formulas and methods for calculating
savings that are difficult to understand for deeamsakers who do not have sufficient

technical knowledge

Uncertainty in the evaluation o€teaul®id 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 trisbm the client and is an obstacle togpeeadhf EPC.

- Lack of motivatienergy is only a small part of the total cost and therefore a low
priority (or if it is a large part, then aihduse energy manager is justified). Moreover,
energy efficiency projects compete for scarce capital with investments in the core
business awith 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 supparty EU countries for energy performance contracting,
especially in the residential sector, where local banks and private investors are reluctant

to participate.

- High technical and busingssaegitiand conservative behaviour of both financial
institutions and consumers. Eigkr energy efficiency projects are often nothesset,
so it can be difficult to obtain collateral. In addition, consumers may be settennshort

repayments.
17
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1.1.3.4The EPC in EU

As discussed i&ection 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 witixcellent development moderate

developmenpreliminarydevelopmerénd where the market does not €38t

N %

Map of ESCO/EPC development
B Welkc
Modet

oped/Fxcellent

Figurel.7 - EPC Market in E(36]

Italy, Germany, Austria, the Czech Republic and the United Kingdom were recently
considered the most active markets. Germany is one of the most establishedtmarkets
strong institutional and legal framework, while Estonia and Malta do not yet have an
ESCO/EPC marke{37] In the next section, the Irish and Spanish markets will be
discussed in more detail, as the pilot projects used in this thedis tlefse countries.
Initially, e Italianmarket is also discussed in detaibmpare the two marketslised

as pilot in the thesigtivone of the most developed in the EU.
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ltalian market

In Italy, the use of Energy Performance Contracts (EPCs) is regulated by Legislative
Decree 102/1437] This decree promotes the role of Energy Service Companies (ESCOs)
and the use of thirdarty 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 thérst definitionof the term "ESCQO". 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
companieg37] 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 34illion per year.

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

X The very high competence offfa8i¥s 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.

x ESCO responsibitiyough 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.

x Normative obligatiditee preparation of audits and energy audits which are
mandatory for energgtensivecompanies hded to efficiency measures being

implemented by ESCOs in many cases.
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X Administration of incenthee€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 investmenthia housingector.

The primary barriers to adopting Energy Performance Contracting (EPC) in Italy are
X The contractual complexaf EPCs.
X Permanent commitmewith the ESCO.

x Complex calculation method forER@mgwovide formulas and methods for
calculating savings that are difficult for decision makers who lack technical

knowledge to understand.
X Uncertainty about the type of EPC useplublic administration.
X Lack of historical monitoringndatéainty in evaluatingsults.

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 facilitiest. |&tsifition

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 Energgs3einactive

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 auditoegpranaotion of

energy efficienag production processes and in the use of heating and cooling.
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In Spain, 1,238 companies are registered as ESCOslabt fheeyears, total energy
SHUIRUPDQFH FRQWUDFWLQJ (3& VDOHV LQ 6SDLQ LQF
billion in 2018. In 2016, the market stagnated, but recovered in 2017 and 2018 with growth
rates of around 8% and 9%, respectively. In 201BPtBenarket was estimated to be

worth around EUR 1 billion annually.

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

includ¢36}]
X The Royal Decree 56/2016

X Spanish Energy Saving and Efficiency Agdieritiaamtal support measures for

energy efficiency include energy service companies as peteafiGhries.

The main barriers to the adoption of Energy Performance Contractin36EPC)
X Administrative and financial obstacles.

x Lack of knowledge an@uotistoward the EPC business model and its providers

(i.e., ESCOSs).

x Lack of standardised and enforced measurement and verif{6Agiv

protocols.

X Absence of a neutrajptrind institutioartifying the accountability of a particular

ESCO.

x 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% eaergys by021. 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%, reducamions 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 MaieBallymun and Finglas

sports and fitness centres. A new report from Dublin's energy Cqadshmaghlights

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 vergnegasmce

somebarriers prevent the diffusion of EPC projects.

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

includ¢38}]

x ,ULVK *RYHUQP HQW2021&vhidhRaINM ¥ 56% WWprRvemendib Q

energy efficiency in the public sector

X ,UHODQG:V /R Q StrategyHichbain3 B Yijyk/de RIQpublic buildings to

BERB ratingby 2030.

The main barriers to the adoption of Energy Performance Contracting (EB&hah

includg38]

x Financial and legal obsiackesclient financing is often not an option due to
budgetary constraintsS& financing is generally not considered feasible due to

balance sheet concerns.

X Risk Sharirgince ®o much risk is transferred to 8.
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X Lack of knowledge and commuaschigra is a general lack of common

understanding of performaAzasedontracts.

X Lack of scale as energy efficieneyngrojdmssmall. Longer EE projects that
integrate the application of many energy conservation measures (ECMs) could

reduce risk and accelerate the ernienggition.

x Lack of standardisadon quality assurance in project development and

documentation leads to burdensome due diligence for financiers.

The review of EPC barrietisscussed in sectidnl.3.3 and the focus oselectedeU

countriesof sectionl.1.3.4has 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 tlenergy forecasthus, the certainty of achieving energy savings

could allay EP€ scepticism, demonstrate the potential savings, increase motivation for
the EPC project, reduce risks, and thus enable govesuppait However, estimating

projected energy savings requires a complex calculation method, and the standard
applications used to quantify savings ldegsuremerdnd Verfication) are sometimes

difficult to apply.

Therefore,d be more competitive and reduce the barriers mentioned the ESCO should:
(i) predict the thermélehaviouof the future buildingh an accurate wafi) define valid

and simpleneasure® demonstratenergy conservatiamd(iii) correctly determethe

actual energy consumption of the buildowgnprovethe estimation of the energy savings

due to theeCMs installe{B9]

In an ERC the accuracy of the energy forecasieglydepends on the energy audit and

the consequent accuracy of performance simulatiolev&hefdetail of the energy audit
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analysiss correlated tthe 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 sdetailednodelsusuallyrequires @ extensive

dataknowledge of the building under contract, which ialwalys fullavailable.

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 diffiitsgty 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 bagriarsimpleand quickworkflow is

required to prediah anaccuratevay theenergy savingkie to building retrofit. Thysill
subsequently lead to a successful EPC prese#itng inmproved 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 dehes antalytsis

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 explortiigon of

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 througdat®CO 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-fasedly GUI archécture, 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 furthatioexpiod

innovation are warranted.

1.3 Publications

1.3.1 Journal publications

x AlessandroPiccinini, MagdalenBlajdukiewicaMarcus M. Kean@021)1$ QRYHO
Reduced Order Model technology framework to support the estimation of the energ
building retrofits. Energy and Buildings
https://doi.org/10.1016/j.enbuild.2021.110896

1.3.2 PeerReviewed Conference Publications

X Massimo Vaccarini, Alessandro Piccinini, Letizia D'Angelo, Alessandro
Carbonar{(2017) Integration of Control Policies for Comfort Improvement in a Large PL
% X L OI@ IP@»dgedings of the 34rd ISARCDnference p908915 DOI:
https://doi.org/10.22260/ISARC2017/0127
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Literature review and methodology

2.1 Overview

In the previous chapter, the EPC was presented as a solution to unlock invesiifténgin

retrofits and reduce global warning. However, several barriers were identified, such as
uncertainty abouygost renovatioenergy 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 sgwiof Energy Conservation Measures (ECMs) and
reduce uncertainty about energy performanceeftarationNevertheless, thepplication

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 @krtainty. Thishapter succinctly presents the research context, research

guestion, and proposed methodology.

Global Warming

Building Retrofit
Unlock investment

ModSCO

\

Figure2.1 - Thesis structure
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Figure2.lillustrates 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 lunlocking investment in building retrofits is essential, and one concrete solution is
the use of EPC contracts. To address the barriers associated wiG@hBpt€sAntroduces
ModSCO, a web application designed to streamline the adoption of EPC contracts. This
application is built on the IPMVP protocol, discussed in the next sec@ibapdér 2and

incorporates the Modelica Reduced Order Model (ROM) presedhegptar 3

2.2 Literature review

The primary aims of this chapter are to find a practical solutiofef®Qlpeoblem discussed
in Sectiorl.1 Therefore, an extensive literature review was carried out to find a simple and

easytool for estimating energy savings in the existing building

In the previous sectiohwas explainetthat the two fundamental parts for a successful EPC

are theenergy audit and thesociateBuildingEnergy Model (BEM).

In an EPC the BEMs are used for two main applications:
x Prediction of future salingsthe evaluation of the impact of poteriaergy
Conservation Meassteefore their installation.

x Prediction of actual sétviaglse process for quantifying savings deliverecEneagy
Conservation Meassre

The Prediction of future savingsused during thEPC audit(Figure2.2) phase while the

prediction of actual savingsised during the EPC contrablaseKigure2.2) to evaluate the

ESCO-V UH P X Q¥ padlittiBr(of the actual savmgneof 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].
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Baseline ; ,
energy cost fipirisclin Tudleies Operation &

maintenance costs

Reduced energy costs, thanks to
performance based solution

Figure2.2 - EPC standard phases

In order to reduce thesisks,the Measurement and Verification (M&e¥a fundamental

role in demonstrating that the energy savings will be sufficient to meet the projkct cost.
fact, as shown iRigure2.3, 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

investmat and unlocks the energy efficiency measure in the building.

Unlock €B in
EE Investments

Guarantee

Risk-Sharing

Credibility

Figure2.3 - 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 plarf-orthese reasone first part of the critichlerature reviewegards

the sandard protocols uséd for M&V. After this, the focus will in thellding energy
modelling BEM) approachestilisedfor the prediction of thiitureand actual savingsthe

M&V. Finally the literature review will focus on the BEM calibration methoduoioge

related issues.

To achieve théest resujtasystematic literature review proeess utilisedollowing the
Schulze metho@l0] The Schulze method for systematic literature reviews involves several

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

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

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

criteria and search strategy.

x Comprehensive Search: Conduct extensive searches across multiple databases

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

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

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

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

X 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

RI WKH UHYLHZ4N FRQFOXVLRQV
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2.2.1 Measurement& Verification

Measurement and Verification (M&V) protegalprocedure of measuring and analysing data
from operatingpuildings andeporting energy savings within a system or a whole facility. M&V
underpins and enhances a standsasied approach for the implementation of energy

conservation measures (ECMs).

It has been prowvethat the M&V is dundamental tool in guaranteed performance contracts
(i.e.EPC)since itminimizstransaction costs related to insufficient knowledge of technical,

manageriahehaviourahspectdn particulain an EPC thé1&V:

X

isthe ‘meteruof energy efficiency projects
X is a risk management tool for all parties involved in an EPC
X contributesto smoothing business transactions

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

savings.
M&V guidelines and regulations have been creat&tivide bydifferent institutions. The
main M&V guidelines are thénternational Performance Measurement and Verification
Protocol (IPMVP [42), AmericanSociety of Heating Refrigerating and Air Conditioning
Engineers (ASHRAE) Guideline[48] Federal Energy Management ProdFREMP [44)

and the Uniform Methods Project (UMP)

All the guidelines discussed define accurate and reliable methods to estimate the energy
savingsHoweverthe IPMVP remaininthe most used guidelisice it habeentranslated

into sixteerlanguageandspread all over the warld

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 osshiovat®

energysavings (or avoided energy consumption) during building astlibférencebetween
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the Adjusted Baseline Period Energy consumption (BPE) and the Reporting Period Energy

(RPE).

Savings = Adjusted Baseline Period EnergyReporting Period Energy (Eq1.1)

Where AdjustedBPE representgnergyconsumptiorof abuilding without the ECMs, and

RPErepresents energgnsumption of a building after the implementati&CMs

Figure2.4 - IPMVP Saving Concept

In measuring and verifying gavingsthe IPMVPprovides four options referenced frord A
D [45] Options A & Binvolve retrofit isolation, while C &dansidethe whole facilityAn

overview of these methods and practices is shavableR.1.

Table2.1- The IPMVP option$46]

OHDVXUHPHQW 9HULAF| How savings are Cost
calculated

Option A:

Focuses on physical assessment of equipment c| Engineering  calculatioy Dependent on number ¢
to ensure the installation is in accordance witl using spot or sheterm | measurement points.
VSHFLAFDWLRQV .H\ SHUIRUBP measurements, . .
ZDWWDJH RU FKLOOHU HIAFLH o Approximately 3% of project
shortterm measurements and operational factors computer simulations, ar construction cost.

lighting operating hours or coolinty) or historica| Nistorical data
data. Performance and operation factors are meg
and checked annually
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throughout the term of the contract at the devici
system level. Both performance and operation fg
are monitored.

OHDVXUHPHQW 9HULAF| How savings are Cost
calculated
Option B: Dependent on a number at
. . . . . . .| type of systems measured
Savings are determined after project completio] Engineering  calculatior : :
. . the term of analysis or meterir
shortterm or continuous measurements ta using metered data.

Typically, 310%
construction cost.

of project

Option C:

After project completion, savings degermined at thi
TIZKBRXOHGLQJ-- RU IDFLOLW\ (
historical utility meter (gas or electricity) ornseter
data.

Analysis of utility meter (g
submeter)

data using techniques frg

simple  comparison
multivariate  (hourly 0
monthly) regressio
analysis.

Dependent on a number ai
complexity of parameters
analysis.

Typically, 210%
construction cost.

of project

Option D:

Savings are determined through simulation of fg
components and/or the whdigcility.

Calibrated 3D energy
simulation or modelling
calibrated with hourly @
monthly utility billing dat
and/or enduse metering.

Dependent on a number ai
complexity of systems evaluat

Typically, 310%
construction cost

of project

Table2.2 defines the capabilities of the different options described in IEM¥EPMIning

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

project conditions, analysis, budget, and various {sgedic characteristiddevertheless,

Table2.2 shows that compared to the other alternativespgon D is the most complete

and generisolution

Table2.2 - Capabilities of the different IPMVP opti¢#3]

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 (Ee@)ding to IPMVP, this
procedure should be undertaketyfor three main reasons (i) when creating a baseline is not
possiblavith theother options (e.g. new constructiamgii) when the ECMs responsible for

the savings are not easy to measwenostly (iii) for projects that generate enough savings

to justify its useln fact, me of the main recommendations of the IPMVP guidelines is that
the M&V costshouldnot exceed 10%etrofit cost Additional cost limits are provided by

M&V guidelines, such as the M&V handb¢t] where the cost limits range from a
minimum of 1% of the annual measured savings for the IBMMRion A to a maximum

of 10% for the IPMV® Option D.

The higher costs of Optidd are due to the complexity in the developmentcafilarated
energy simulaticand the neexbf skills and expertidgdowever, this option also providies
higher accuracy and thig 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 tetandard calibrated energy simulation used for IPMVP®
Option D, the second focus of the literature review examines various modeling approaches
for estimating building energy consumptidme scope of tiseliterature revieswasto find
amodelling approach able to reduce the time, the costs and the expertise needed to develop
the energy models required for Optioarid define a novel IPM\firethodologyo 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 energymodelling approaches

Many software tools are suggested in the IPMM&®N D to analyse energy consumption
and determine building control and operation opportunities including eQY&ST
EnergyPlys0] and IESVE [50]} These tools are classified as a Whole Building Energy

Simulation Mods(WBESM) or white box models.

This PRGHOOLQJ DSSURDFK UHTXLUHV WKDW DOO WKH EXL
ventilation and air conditioning (HVAC) system, internal gains etc.) are manually detailed and
modelled foreach of the thermal zones. This results in a model with a large number of
parameters, many of which aseallyjuncertainOn the other handhis modelling approach

can provide the most comprehensive prediction of building energy performance, with a vast
range of detailed outputs from energy consumptioddoricomfort. These models are also
suitable for retrofit analysis as detailed pHyssesl equations can be used to model and
implement building componensystemsand subsystems prior to any retrofit. However, a

high computational timg1] complexity and cost of model implementation, and the
uncertainty of model paramef{&2jpose barriers for the application of WBESM in IPMVP®

and, in general, for energy performance prediction of existing buildings in-te&afeeep

processeb3]

All issues listed above also carry the increasing cost of white box models that usually
overcomes the cost limicommended by the IPMVPwo alternatives this purely physics
modelling approach (whitex) are; (i) a purely empirical approach (bmokand (ii) a
synthesis of white and bldmix modelling approaches into a 4p@y modelling approach

[54]

The blackbox approach is usually used for Options A, B and C. It isgridatamodelling
approach that uses basic (linear regression) or complex machine learning algorithms (e.g.
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ANN, ARX [55) to predict building energy consumptitinhas different advantages

compared to the whiteox approactsuchas thelower engineering co$tss domairof

knowledge; and greater adaptability because the mocighng#tself with new datgb6]

The accuracy of blablox models depends on the amount and the quialBy)X LOGLQJ-V GDWD
Since the bladkox approaches are purely dateen,the model variables are abstfac}

which results in a major difficulty to physically interpret model fesdlisrmoreike the

whitebox, the blackox approachack of interoperability. Thus, the modehigue for each

building andhence new models need to be generated for each building shadied

Therefore, the ability of black box models to predict building behaviouetymdit or

altering control strategies cannot be demonsjs&d

The last approach is provided by-tp@yalso calledduceebrder modelROM) simplified

modelsor hybrid models he greybox 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 alvantages of both methods. In particular thelgmeypproach is moocemputationally

efficient and simpler than the wibtex modeklnd te structures more interpretable than
blackbox mode[56] It is important tanotethat e complexity o model does not define

it asa greyr a white boxMoreovennodeldefinition is based @ghecalculation gbarameters

being used. When calculations are pbaskd on physical knowledge model is referred

to awhite box However, ibecomes grey box modeVhen at least one parametestimated

based on databtainedrom the monitoring of the buildimgrformancgs9]

The most commormgreybox modelapproach simplifies the physical description of the
building and creates a resistances and capacitances netiatkvRK) where the number

of capacitances in the RR€twork (not counting for the air mass) give the order of the model
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as explained [80] Usually each of the RC assemblies represent a component of the building
(e.g. external wall, external windows). Thus, thbaxeyodel has a clear physical meaning
and is more understandable than a {dakkmodel. The number of capacitar{€eg not

counting the air mass, give the order of the masds#How in Figure2.5.

Figure2.5- ROM orderg60]

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

The calibration ithe otherfundamentapoint of the IPMVP framework sinckom the
calibratioraccuracylerives the precision of the modileé consequent trust in the EPC and

theESCO-V UHPXQHUDWLRQ

An urcalibratedigpoorly calibrateBuilding Energy ModéBEM) can produce discrepancies
between the monitored and the simulbteltiingenergy consumption in a range between
30% and 909®1] For this reasqra BEMwith a higHevel of accurady essential to produce

reliable resultfter the application of ECMEhe 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.

Accordingo Tian[62]the uncertainty iInBEM 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 (eag. leakagethus, it cannot be simply reduced; (ii) an
epistemic uncertainty, which depends on the lack of knowledge regarding theelgiilding (
lighting power density, system characteristics) and can be reduced by collecting more building

data.

Several studies have been carried out, particularly focused ota@xvelpproach, to find a
standard method to reduce both the aleatory and the epistemic uncertainties in BEMs. A
formal method to calibrate whitex models against monthly measuredvaaggoresented

by Agami [63] where a parametric optimization analysis was used to determine a number of
calibrated models for a building. Another study was perfornfedftbyy[64] with an
evidencéased approach, where only verifiable building information was used in the
calibration. Both studies pointed out that Haigdlity data was fundamental to reduce the
uncertainty of model calibration and to avoid overfitwerfitting 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 congion preditons for the building under different
conditions. This occuwghen 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 insteadstead 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
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in the construction industry to improve data quality, uncertainties in model parameters, both

aleatory and epistemic, remain present during the development -bbxvinitedel56]

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

pronouncd further increasing the uncertainties.

Thus, avhite-box approach that utilises large number of pararf@fgnsay not always be
the best solution, sinceanyuncertainparameters need to be estimated based on similar
buildings or standard values. This increases the risk of creating overfitting in the calibration

proces$63] which could result in underestimated or overestimated savinge @ivisto

Since the greyox approach is composed by a reduced number of parameters Stoeguire
quality and quantiyf data for the calibratid®6] Thus areduced number of parameters
together with the relatively simple physics of the model teddsréaséhe overfitting
problem[65] Hence, as demonstrated3isetti [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 tHgrayproach, when applied within

the framework of the International Performance Measurement and Verification Protocol
(IPMVP), has significant potential as a method for improving the efficeeéieetiveness

of Energy Performance Contracts (EPBsyveveras presented ly [56]there aressome
barriersegarding these ofthe greybox approacim simulatingexisting buildingand thus

in the applicatiom theEPC These issues are:

(1) The Grey boP R G HsSWhptions and limitation are vaguéhe preceding section, the

effectiveness of estimating energy consumption using the grey box modeling approach for
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building energy modeling has beeplainedNeverthelesgshe assumption utilised for the
development of the model such us the model ordenciear The most compressive
FRPSDULVRQV RI JderacRicPVRES pitdvidted [68] with similar studies
performed by69] [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) Theestimation of the model parameters is not cleay.approachesreusuallyusedto
evaluateghe resistances armpacitances in the grey box modéhe first method is the
forwardapproachwhich ensuisthe best accurafy6]and consist in the direct calculation of
the parameters from physical formulae. The secdtimel iisversepproachthat usedata

driven algorithms to do cureéfitting theresistance and capacitance val2¢ls 3]

(3) Suitableand practicalpplications of grdyox models are unknown. Many studies used RC

models for load or energy estimat{@d§75] but other applications are unknown.

(4) Lack of a usdriendly software package based on grey box niadelgler adoption.

The use and development of gy dprox model and the calculation of parameters requires a lot
of special skills amckpertiseFew applications have been developed to facilitaidoibt@on

of the grey box approaclb6] However,all the develope@pplications lack antuitive

interface and clear workflow.

Complex

Unclear
model
assumption

enstimation
of the
parameters

friendly
SO eI
packge

suitable
application

Figure2.6 - Deficiencies in the gropx models
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Consideringhe barrierfistedin Figure2.6, this thesis poséise following researcjuestion:

‘How a tool based on Reducgapaidtodel techniques (ROM) can support the stakeholders in bei

able to predict the infgthetdeep renovationpeoTESAZ

2.4 ProposedSolution

To enhane theutilisationlPMVP® in building retrofit and increase the uptake of tARC
research thesis fulfils the discussed grey box modahdaygectives lmeveloping novel
web application.€. ModSCO) based @Reducedrder greypoxModel(ROM)Table2.1).
A web applicatiomwas choseamong other alternativemce itis widelyacessiblecross

differentdevicesnd works on any kind of hardware

The structure of thROM embedded in the ModSCO web applicétian extension of the
greybox model proposed b@iretti et al[67]which was developed and used as the baseline
energy modeh a building retrofitA third order modestructurenas been selectéat the
development of the grepx modelas recommended Reynderst al.[76] The ROM
proposed in this research, was created by taking advantage of the ability of{Mddelica

language into the Dymola Environniénf

Dymolais a commercial modelling and simulation environment based on tleuspen
Modelicamodelling language. The selection of this language was due to three main reasons
Firstly, it enables the modeling of complex dynamic energy systems througheoibgett
modeling and simulationSecondly, the language recognises linedmeemand hybrid
equations and finally, many open source and commercial simulation environments support
Modelica providingeveral numerical solvers, algorithms, and libraries sucHB3Sihe

Project 1 Librarf78] which was implemented in the model.
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A series of newdgeveloped parameter calculation tools that deal with correct estimation of
model inputs were developesing Microsoft Excel and embedded inMoelSCOweb
applicationThe toolsised theforward approacfpdefined by Li et §#6]since the formulae

used for the parameters calculatiom based on widalged method which is defined in

standards

Finally, ;ice the model considers the main physical dependencies among each variable, a
simplifiedknowledgébased calibration procedbesed on th&iretti [67]assumptios have
been developed to create the IPMVP baseline period energy consumption and estimate in an

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

Thus, the ModSCO web applicatimsed on the Modelica ROBbults irarepresentation

of an existing buildingrhe ModSCOapplicationsimplifesthe estimation of the energy
savings due to ECMs a typicaEPC scenario where the technical information about the
building may be missing and a high uncertainty of building data i$63teshist scenario

of high uncertainty in the building data is also the one where the IPMVP framework found
more application difficulties, since Option D (wihibe approach) requires all technical
information of the building to reduce the uncertainty andifgiting calibration procedure.

On the other HandDption C plackbox 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

Figure3.1illustrates 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 applicatibodIGO

web applicatiorepresents the containertttd ROM model, which serves as the core and engine

of the application.

ModSCO

(Chapter 4)

Reduced Order Model

(Chapter 3)

Develop Generate Embed the
the ROM ROM into
RC-Network formulae IPMVP

(Section 3.2) (Section 3.3) (Section 3.4)

Validate the ROM

(Section 3.5)

Simplify ROM Simplify ROM
Utilization parameters’ calculation

(Section 4.2) (Section 4.3)

Create the ModSCO GUI
(Section 4.4)

Validate ModSCO

(Section 4.5)

Figure3.1 - Thesis structure scherl@OM Chaptel

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

x Create a standar@ducedDrder gresbox Modelfor simulating the energgnsumption

of various types of buildinfSection 3.2)

X Generate formulas based on standards to calculate the ROM pafSautians3.3).
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x Embedthe ROM developedhto IPMVP framework by creating a workflow that simplify

the estimation of the energy savings in the EPC sq&wtion 3.4).

x Validate the approach by showing that the ROM can be used to accurately predict the
impact othe buildingenovation proces$his was done ltgstinghe ROM on different

S L ObRiMinggSection 3.5).

3.2 Modelica Reduced Order Model (ROM)

The structure of the developed ROMdased oran extensionersionof the greybox model

proposed by Giretf7]that derives from one of tki@rd ordemodels developed by Bacher and
Madser{68] The Giretti- Y67] model wasssumedinceit was successfully uséal a similar

purpose (i.€EPC tendering phgs&hus, to meet the accuracy required by the IPMVP®, several
changes were made to the model structure, components, and parameter estimation, starting from
*LUHWWL-V PRGHO 6SHFLILFDOO\ WKH 520 SUHVHQWHG LQ

in the following ways:

X The structure of the ROM was rebuilt by modifying and expanding {Het&k,
restructuring the network from a different perspective, and adding components to simulate

natural ventilation and air infiltration.

X 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.

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

added.

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

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

standard regulations.

$00 WKH FKDQJHV DSSOLHG VWDUWLQJ IURP *LUHWWL: -V P}

documented in the pilot testi&@ction3.5.

The ROMdeveloped in the thesiss created by taking advantage of the abilpaélica

(Fritzson & Engelson, 1998) language into the Dymola Environment (Dassault Systemes, 2020).
Dymolais a commercial modelling and simulation environment based on tlsuspen
Modelicamodelling languagl particular,lie ROM uses the thermal network analogi€bus,

the system complexitwas treatecs an electrical problem by means of a resistances and
capacitances (RC) netwdrkthermal 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: théehitifemal

resistance, the less heat flows through the material. Conversely, thermal capacitance represents &
material's ability to store hemtalogous to electrical capacitance: a higher thermal capacitance

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

To simplify the model descriptiand gives a generd¢aof the developed ROMFigure3.2
showghe ROM as aRC networkAccording to standard naming convention {8@]ithe ROM
can be consideredldR3C sincefourteenresistances artkdreepurecapacitances were used to

represent the buildimgmplexity

In particulartheRCnHWZRUN GLYLGHV WKH EXLOGLQJ:-V PDVV LQWR

internal partitions (), the external opaque envelopgGnd all floor slabs in contact with the
ground (Gf). The high number of resistances is due to the division of each resistance element into

an internal surface resistam®cg. Rwall_ig, external surfacesistancée.g. Rail_ey and a thermal
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resistance (e.gwhd). The mainthermal resistance.g. Ra)) wasdividedto apply the thermal

capacitance at the midpoint, resulting in an optimal representation of the wall structure.

-{-
Tout( ~

Figure3.2 - The RC Network of the RORBleveloped

Lrateand NV ate are two components used to simulate respectively the air infiltration and the

natural ventilationCar is theroom capacitanceand it is represented in Modelica with the
MixingVolume elenme %Qs andQscare the radiative and convective heat gain generated by the
solar. Qi andQicc are the radiative and convective part of the heat gain duente i

gains. Finally+c is the system heat gain

Figure3.3 showghe ROMin the Dymola Environmenthis picture represeritge translation in
Modelica language of tR€ network described Figure3.2. The Modelic®OM consists of

four maincomponents

x Building (contains the RC Network and generatesi€\a,%Qs and QJ),
x Internal gains (generates #@nd Qac),
X Heating and cooling system (generaies Q

x Weather dat§Containghe weather filand the ground temperature
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Figure3.3 - The Modelica ROM.

3.2.1 Building Component

The TEXLOGLQJ istRemR €léh@wof the ROMe structure of this component is an
HIWHQVLRQ RI WKH PRGHO SURSRVHG E\ %DFKHWFidg®G 0DGV
3.4) is created using tekement of thd&lodelicalibrary and théBPSA Project 1 Librafy8] It

is composed of 14 resistandbsee capacitances, a solamadiation component, a natural
ventilation component and an air infiltration component. The aforementioned elements are
connected to a Modelica MixingVolume eleifnentnternalVVolumejhat represents the entire
YROXPH RI WKH EXLOGLQJ 7KH TEXLOGLQJ FRPSRQHQW:- LV
(weaBusP QG WKXV UHFHLYHV LQSXWV VXFK DV WHPSHUDWXUH
GDWD FRPSRQHQW:- )LQDOO\ WKH OL[LQJ9ROXPH FRPSRQI
FRPSR@dQ@W Q) DQG WKH TKHDWLQJ DQG ERJRtrauQhthe/ \VWHP |

radiative and convective heat ports.
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system

defa..
St

Luonednaooiag

%QSI Sollm

i weabBus
0

SolConv
QSC Solar Irradiation

TDryBul
L rate "

-
e |

- NV rate o1 - weaBus

AirLeakage

Internalvalu. ..

Figure34 - ROM Building component.

The resistances and capacitances in this component are divided into four groupsmised to

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 biliidiisgcond group (Rwall_es, Rwall,
Cwall, Rwalll, 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

(Rdf_es, Rgf, Cgf, Rgfl, Rgf_ithésbuilding ground floor. These elements take the temperature

LQSXWYV IURP WKMH AR POHRUKHYWG D

While the various resistances and capacitartbebwoildingcomponentretaken directly from
the Modelica librarige solar irradiation component, the natural ventilation componéim and
air infiltration componemtredevelope@xpressljor the ROM developed in this reseaftiese

components were designed expressly to suit the structure and configuration of the reduced model.
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In particular,lie solairradiation(Figure3.5) 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 mode]79] The irradiation is then reduced, by using thetdb 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 1B@E&3This component, illustrated figure

3.4 and represented by the symbol in the left coriegufe3.5, generates the %QSI and QSC.

multiSumz2

{AWinSouth*Gtat...
{AWinSouth*Gtet...

weaBus

weaBus
)

Figure3.5 - Solar radiation component

The natural ventilation componéFigure3.6) isbased on a similar component developed for the

IBPSA Project 1 librafy8]

- - Outdoor_Temperature

ol T_Air_Senser relOccupation
N Yoecc ‘

Figure3.6 - Natural ventilation component
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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 l&les element, illustratedrigure3.4 and represented

by the symbol in the left cornerrofjure3.6 generates theaoutput.

Finally, to compute the air infiltration in the building an air leakage component is created based
on the ”~ 3essueDrop pcomponent of théBPSA Project 1 Librafy8] The componenttilises
as input the infiltration rate in kg/¢ Rressure Drop =150 P&his component, depicted in

Figure 18 and denoted by the symbol in the top left corkéguw€3.7, produces th&lV ae

output.
>
-
s
DOI’T_b1 weaBus weabBus1
NViae O

Infittration

Figure3.7 - Air infiltrationcomponent

3.2.2 Internal Gain Component

7KH fLQWHUQDO (FiQurel.§) inidéeBdr @ HvaMate the thermal heat ¢raims
peoplelighting,and equipment in tHauilding The elementtiliseghe occupancy schedulése
equipment scheduytée lightingschedulghe maximum internal heat gains from people, lighting
and equipmenand the standby heat gain from thigghting andequipmentto generate the

convective (Qc) andthe radiative part (§) of the heagain

Furthermore, a Modelica component estimating the electrical consumption of lighting and other
equipmentisincluded and used for calculation of the total energy consumpisocomponent
adjusted the energy consumption by utilisingtivesparameters representing the simultaneous

utilisation/efficiency of the lighting and equipment heat gains.
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e
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Figure3.8 - Internalgain component
3.2.3 Weather Data Component
7TKH TZHDWKHU GBJMeEBIriR 8 Sirpe ld&a/doentainer. The weather data and the

JURXQG WHPSHUDWXUH HQFORVHG LQ WKLY HOHPHQW DUH

DQG FRROLQJ VI\VWHP FRPSRQHQW -

U ]
4y

Figure3.9 - ROM Weather data component.
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3.2.4 Heating and Cooling Component

7KH TKHDWLQJ DQG FR R®BinQlemantad\asth hergfuBie hidaDgilin with

an internal control loop. This componisra generic heat source that could be used to represent
different types of systems. The comporedivided in two parts. The first pafigure3.10

represented the thermegulated heat gain controlled by two Proportional Integral Derivatives
(PIDs, acontrol loopmechanism employifgedback This structure enables the simultaneous
generation of heating and cooling heat g@ir$ \Within the building aloom.The second part
(Figure3.1]) is used to estimate the heating and cooling energy consumption of the system. To
estimate treeenergy consumptienthesecond part of thE RPSRQHQW XVH WKH "&RRO
“+HD WL QJB RZIHPPBHRQ Wltput of Figure3.10 Additionally, three parametars
included to maximise the efficiency of the calibration procedurecanditiethe real utilisation

and efficiency of the heating and cooling system.

Buikting_Temperature

) FeopleHeat
Heating_SetPoint HeatingP|

people_Hvac_Co... |
* P
» /_ switchHeating
[

N |
—»— ——
greaterThres. "
Heating_Shedule r - SHihHeat Heating_Thermal_Power
switchHeat
2 3
059 port_HC
' HC
Cooling_SetPoint PHInCool Gooling_Thermal_Power
productCool2
Cooling_Shedule Q’EE'E’T"’ET _Ga
switchCool o
’—» >
triggeredCool PeopleCool Equipment_Power
093 people_Hvac_Co... >
—rh

oW Equipment_Energy

People_Switch
Peo_Switch
k=HCEquP
k=AlphaCool productCoold Cooling Power
CoolingEnergy g_|
witchCooling.y ?_\_.E
People_Shedule
’—} }@ =4
productieatd
HeatingEnergy Heating_Power
switchHeating.y | {>
effHeat
k=AlphaHeat

Figure3.10- Heating and Cooling system Modelica compd@Rerit 1)
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Figure3.11- Heating and Cooling system Modelica compdRani 2)

3.3 ROM Parameters and thédormulae

The Modelica ROM and in particulairthe four componentsiescribegreviouslyneedinput
parameters in order to generateotnput (e.g.Qnc) and feed the RE8etwork In this Section

the formulae needed at eacthefModelica ROMparameteraredescribed

According to Li et a[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 variaws sources, including extensive data collection efforts e snrveys. This
comprehensive approach ensures that the parameters are accurately derived, thereby enhancing
the overall precision and reliability of the mdaddle3.1 presentshe full list of parameters

divided by théour componerg(i.e. B=building, W=weather data, I=internal,ggsheating and

cooling systengf the Modelica ROM.able3.1 shows that the®M is described by 50 physical
parameters anfive calibration parameters (Alpha). The Alpha paranzetargroduced to

simplify the calibration procedaefully explained in Sectid.2
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Table3.1 - Modelica ROM parameters

Description Unit Description Unit
Latitude  |Building/room latitude - Ryt es Ground floor external resistance  |K/W
Volume Building/room volume m3 Cyt Ground floor capacitance J/IK
AWinsoutn | Total windows surfaces at south m2 L_Rrate Infiltration rate kg/s
AWinvorth | Totalwindows surfaces at north m?2 WeaFile |Weather data file -
AWinwest |Total windows surfaces at west m2 GroundT |Ground temperature °C
AWingas:  |Total windows surfaces at east m2 MLoade, |Heat gain per people W
AWingoor  |Total roof windowsurfaces MLoadiy |Heat gain per lighting W
Gtotsouh ~ |G-total values windows south - MLoadq. |Heat gain per equipment W
Gtotnorth G-total values windows north - SBLoad |Internal gains Stas®ly consumption |W
Gtotwest G-total values windows west - Alphajg |Lighting efficiencytilisation -
GtotEast G-total values windows east - Alpha:qu  |Equipment efficiencyttilisation -
GtOtroof G-total values windows roof - PeoSch |Schedule People
Ratio_n Ratio of the internal partition - LigSch  |Schedule Lighting
Ratiowar  |Ratio of the external walls - EquSch |Schedule Equipment
Ratiowin  |Ratio of the external windows - MCoolP |Maximum system cooling Power (W
Ratio_g Ratio of the ground floor - MHeatP |Maximum system heating power  |W
Ruwall_is Walls internal surface resistance  |K/W HCEquP |system equipment power w
Ruall Walls resistance K/W SBHeat |StandBy consumption heating w
Ruwall_es Walls external surface resistance |K/W SBCool |StandBy consumption cooling W
Cuall Wallscapacitance JIK BuilType |Building type: residential or not -
Ruin_is Glazing internal surface resistance |K/W Alphae, |People system influence -
Ruwin Glazing resistance KIW Alphaieat |Heating system efficiencyilisation |-
Ruin_es Glazingexternal surface resistance |K/W Alphas.o  |Cooling system efficiencyilisation |-
Rm_is Partitions internal surface resistanc¢K/W Heatch |Schedule Heating System -
Rm Partitions resistance KIW Coolsch  |Schedule Cooling System -
Cm Partitions capacitance JIK Heatet |Heating Setpoint °C
Ryt is Ground floor internal resistance KIW Coolet  |Heating Setpoint °C
Ryt Ground floor resistance K/wW
A = Surface IS = Internal Surface Lig = Lighting
Win= Windows ES = ExternaBurface Equ = Equipment
Gtot = G total value L = Leakage P = Power
m = Medium (partition, internal slabs) T = Temperature SB = Stand By

gf = Ground floor

R = Resistance Load = Heat Gain

C = Capacitance Peo = Peop

Set = Setpoint B= Building component

I= Internal gain component S= Heating and Cooling
component
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HC = Heating and Cooling

Alpha = Unknow Calibration Paramete
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In the next sections each of the paramshtensn inTable3.1 areexplained according to tloair

Modelicacomponens.

3.3.1 Building Component Parameters

Thebuildingcomponent requires 31 parametéggre3.12showshecomponenparameters in
the Dymolaenvironment.These parameters are the 14 resistances and three capacitances
described in Section 3.2.1. All of these resistances and capacitances are calculated using formulas

derived from international standards.

Figure3.12- View of he'building component' parametirshe Dymolanvironment

In particular, the resistances of the building opaque envbipesnsider both external walls
and roofgRuyai esRvai , Rvais Rwai_} and the partitiorR, Rni, R i are calculated using formulae

that derive from thESO 694480}

4487

dpopmi L Algs - -89 7 (E0.1)
x4 ABT4
ADOAM‘IL A?@E % - 09 ? (512)
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P Estos
dpopnl /:';8—0‘30 - 19 ? (E9.3)
a574
4/E4A‘|L A\a@oéé(S ;- 09 ? (5:14)
Fo.Eoe°o
4/EL;U—0 --09 7 (5:15)
8-+

Where:
#= Area of the envelope element i [rA]

4= Resistance of the envelope element i [(AK)/W] = A3z 6DE?GJIAB® O ?KIJ@Q?REREPU

I- ?
Where k= layer of the envelope element

#y= Area of the partition elementj[m?]

44= Resistance of the partition elemenj [(m 2K)/W] A?@S 6DE?GJAO0O ?KI@Q?REREPY

Where y= layer of the partition element

The glazing resistandBsn_osRuin Ruin_3 are calculated using a simplified version afithé=EN

ISO 100771:200182}

2

dpacl e S - 09 2 (65
~a 4d87 .
ADA@%i L A?@B °5 .= Q9 7 (Eq6)
A% 7 4

doaaril Al % -89 ? (EQ7)
Where:
#p 4~ Total area of the windows element i [n#]

#a47= Area of the glass of the windows element i [#]

#, 4~ Area of the frame of the windows element i [rd]
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747 U-value of the glass of the windows element i [W/(rAK)]

7,47 U-value of the frame of the windows element i [W/(n%¥K)]

The ground flopslab resistanc@Ry «s Rys G Ry Ryr ) are calculated using a simplified version

of the UNIEN ISO 1337083}
Al —Fr = wY o092 (EQ8)

~a 4487
o a
A7 L Pigs s

-89 ? (FQ9)

5a 484 .
A5 a1 L A%@B o -09 ? (F9l0)

Where:
#= Area of theground floor element i [m?]

4= Resistance of theground floor elementi [(m2K)/ W] = A4 6DE?GJIAO O ?KJ@Q?REREPU
|- ?

Where

k= layer of the ground floor element

> & Confinantambient coefficient

Table3.2 - Confinant ambient coefficient

Confinantambient 5~

Slab ircontactwith the ground 0.45

ventilated ground floor slab 0.80

Other parameters required for the buildorgponent are the building latitude (Latitude), building

total volume [/} (Volume), window surface areasemch direction [ (AWinSouth,
AWinNorth, AWinWest, AWinEast, AWinRoof), g total véha is theotal amount of solar
entering through thgdazing and the solar shajlsfghe windows for each directigtgtSouth,

GtotNorth, GtotWest,GtotEast,GtotRoof).
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The g total value is calculated usinggBeEN 13364 [80] the formuas used depermh the
presence of curtain or blswand the position of these element (i.e. external, internal, half glass).
Theformularequires the following parameténs: solar factor of the glagsthat depends on

the kind of glass and can be deduced from technical datasheet) and thépostencoé
curtains or shutters. In case of curtains or sbuttere detail is required, such as the solar

WUDQVPLVVLRQ “H UHIOHFWLRQ *H DQG DEVRUSWLRQ j

Below the different formulagilisedin the calculation of thetgtal value are reported based on

the kind and the position of the curtain or shutter.

x No curtain or shutter

)gé@l— Gy (qul)

Where:

)caglL g total factor in the direction i

Gz solar factor of the glassin the direction i

x External curtain or shutter

N N ARG s As
)cagl |.C¢EL[TOE|.:SF C;T_O (E912)

Where:

Gz solar factor of the glass in the direction i

iy L average ®lar transmission of the curtain or shutter in the direction i
Uy L averagesolar absorption of the curtain or shutter in the direction i

Yol — E— 275
QJU )5 )6

Qo L average thermal transmission f the glasses in the direction i

)s L w

)sgLsr
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X Internal Curtain or shutter

)eagl GisFG&E L‘trff; (Eq13

Where:

Gz solar factor of the glass in the direction i

&y L average solar reflection of the curtain or shutter in the direction i
Uy L average solar absorption of the curtain or shutter in the direction i

Yol : S E S
T Qo )6’

Qg L average thermal transmission f the glasses in the direction i
)gLour

x Curtaircoverihglfof thglassurface.

Jeagl IGE G:(LE:SF Gyé ;%‘5 (EqL4
Where:
Gs solar factor of the glass in the direction i
&y L average solar reflection of the curtain or shutter in the direction i
Uy L average solar absorption of the curtain or shutter in the direction i
iy L average solar transmission of the curtain or shutter in the direction i

S _ S g

Jul :EUE)_7;.

Q@ L average thermal transmission f the glasses in the direction i

gL U

Finally,n the fudding componenthe following data have to be specifibé iatics betweera
building component surfa@iee. partitions, exterior walls, exterior windows, ground floor slab)
andthe total building surfaeeeas (Ratio_m, Ratio_wall, Ratio_win, Rataddhe infiltration

rate [kg/s] I(_rate.
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3.3.2 Internal Gain componentparameters

Theinternalgainis defined as thHeeat emitted within an internal space from any source that is to
be removed byratonditioning oventilation, and/or results in an increase in the temperature and

humidity within the space.

The 5 2 0 - hternabain component requirasxparameterand thre¢ime series.€. schedulgs

A view of tresegparameters in the Dymola environment is shqWwigure3.13.

Figure3.13- View of the internal gain component' parameters in the Dymola environment
These parametarselude thenaximum heat garfrom peopl¢W] (MLoadPeo) the maximum
heat gain from lighting [W] (MLoad.ig), the maximum heat gainfrom equipment
[W](MLoadEqy , the standby electrical povieem equipment and lightiqyV](SBLoad, the

occupancy schedulReSc)y equipment schedukeguSch and the lighting scheduligSch).
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Finally, two other parametécalibration parameteesk needed in the Internal Gaamponent:

i.e. equipment efficiency / utilisation and lighting efficienlydtion (AlphaEguAlphalig)

The maximum heat gaperpersonfW] (MLoadPeo0), is the maximum heaslbg humans due
to their metabolic activities, which is related jodisoractivity (i.e. sedentary, sleeping, dancing).

In the ROM themaximum heat garper people calculateds:

/. K=@2 LKAz #?PERERYM JILLAKLH AEQ.B)

Where:

#? P ER KR @HVatt generated by the activity level i in the building|Figure 3.14

J1L AK LHLmumber of people doing the activity level i

Figure3.14gives some standard values of activity level [W/Person]

Figure3.14- Activity level for various activiti€s]

The maximunheat gaimperlighting [W](MLoadLig) is the maximurheat gain released by the
electrical energy used by théhalllampsnstalledn the buildingWhen the light is switched on
a fraction of the electrical power of the langmitedin the space as heat powdre heat gain

is emitted by means of conductimomvectionpr radiatioras explained‘lﬁgure&lE

Generally speaking,datermining the internal heat gain due to artificial ligtnfpllowing
should beknown:(i)total electrical input powdfri)fraction of heat emitted which enters the
spacdiii)radiant, convective and conductive ratio of the heat emitted by thedigtényg
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Figure3.15- Radiant, convective/conductive ratio in lamps

This informationis included andcconsidered in the ROMut, to simplify the parameters
calculation andhake the procedustreamlinedthevalusrelated to theadiantconvectiveand
conductive ratio have beferedin the modelwhilethe fraction of the heat emitted is accounted

by AlphaLigcalibration parameters

Thus, the maximuimeat gain pdightingin the ROM icalculateds
/. K=@ .MCAREH=1yT J'H=1L0O(EGLE)
Where:

Zf '« Watt generated by the lamp i in the building

«1Z f «' g Lnumber of lamps of the kind i

7KH EHVW DFFXUDF\ LQ WKH HVWLPDWLRQ RI WKLV SDUDPI

data. However, in case of missing information or uncertainty the standard values such us the ones

proposed ifFigure3.16could 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-alghdive

calibration parameters, its comprehensive application and operational detadd elebection

3.4.2
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Figure3.16- 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

theequipmenin the building. In the ROM it is calculated as:
/.K:@'MIQ,EE}@AMQELIAUJlAMQEIlUA(Eq.17)

Where:
A M Q E L I&Watt generated by the miscellaneous i in the building

J1H =1L¢L number of miscellaneous of the kind i

The equipment heat gains povegu{pmeny 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
comma 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%née, 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 interndleatgains discussed (Ml.oadPeo,MLoad.ig, MLoadEqy areconnected

to an annuakchedulgFigure3.8(of Sectiof.2.3 thatadjustthe maximumoadvalue with an

half hourly stefl800 seconds]heseschedulesreuploaded in the Modelica modeh text

format(Figure3.17/shovs an example of thecheduleext file needed at thdodelicaROM. In

the text file gFigure3.17the secondow describg thekind of matrix (i.e double), the name (i.e.

tabl) and the dimension (i.e. 17521 rows x 2 columns). From the tlurdveods the value
used by the internal gains parameterd(i@ad”eo,MLoad.ig, MLoadEqu are reportedIn
particularthe second colummepreserstithe value used by the internal gains parameter for the

time reported in the first column.
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Figure3.17- Example of Modelicachedul@eeded at the ROM

Finallythe fLQWHU QD O J4qus th& fcdo@let@aal powdrom equipmentand
lightingparametefW](SBLoagl Thisparameter represeiatsonstant consumptiayenerated by

theequipment anthelightingin the building

3.3.3 Heating and Cooling Componentparameters

Theheating andooling component requiré8parameters\ view of the component parameters

in the Dymola Environment shiownin(Figure3.18

Figure318- 9LHZ Rl WKH TKHDWLQJ DQG FRROLQJ FRPSRQHQW:- SDUDPH
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These parameters afigstly,the maximum cooling powpN] (MCoolP), denoting the total
cooling capacity installed in the build|g., the cumulative cooling power of all chillers
Secondly, the maximum heating p¢W&(MHeatP), signifying the total generated heating power
within the buildin@.g., the aggregate heating power output of all ooddstionally, the
components needs ghmaximum power of the system equipri@i{HCEQuB represents the
electrical power consumption of HVAC equipment, including crucial components such as AHU
fans and circulation pumgsurthermore the elements contain as a parametestdneby
consumption oheatingW] (SBHeatand the standby consumption of coolivg] 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 andling componentequiresscheduleghat evaluate

when the system is turned on or off and thus when the goa®€oolPandMHea#P) defined
previouslyare usedTheschedules needed at the componenthareoling system schedules

(CoolSchiand the heating system sche@dkatSch)Both schedules have be uploaded in

ModeliceROM in the format showed|kigure3.17

7KH TKHDWL Q dobm@renlsotdanQshe average roominter setpoint € Heat
Set), the average ro@ummersetpoint] GK (CoolSet). These two values are utiligethe

thermoregulated heat gain controlledined in Sectio&Z.To switchon or of theheating and

cooling componenwhen the internal temperatoeacheshe setpoint temperature.

Furthermore, another paramasancluded in the component to represent the capability of the
usersto control the internal thermostmd the rooms heated and codBdie/False]in the

residential buildinggBuilTypg. These parameters proportionally connect the building
consumption with the occupancy schedules. The influence of the parameter is regulated by the

alpha people coefficief®lphaPeo)The BuilTypeand the AlphaPeo parameters are particularly

69



TheModelica Reduced Ordgreybox Mode

important in the residential buildsigcein some cases (e.g., multi splits systeeumber of

rooms conditioned depends on the number of people currently presehtiiluiig.

Finally, the last two parameters arédéaging component efficiency/utilisation (AlphaHaad),
the cooling componergfficiency/utilisation (AlphaCoolYhe threealpha (i.e. AlphaPeo
AlphaHeatand AlphaCool)parametersf the heating anaooling componenare used in the

calibratiorproceduréo account for the systesfficiencyand diversity of use awill beexplained

in detaiin theCalibratiorSectiof8.4.2

3.3.4 Weather Componenfigure parameters

Figure3.19show thetwo parameters required for thlsck,i.e.,the ground temperature [°C]

(GroundT) and the weather fil&/&aFile fileName ifFigure3.19 in the Dymola environment

Figure3.19- View of the § Z H D pdrddrAdters in the Dymola environment

The first parameter is theather filen Modelica format (i.e., .mos). Thisdde be generated
from an. epw(EnergyPlus, 2020) and converted into a usiog the following scrijn the

command prompt of windows
cd Buildings/Resources/weatherdata

java-jar ../bin/ConvertWeatherData.jar inputFile.epw
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In the scriptthe first ow specikesthe path of the weather file and the secowdts name

Personalised weather files could be also created by usileynibiets platforniB4] This tool
allows one tedit the weather data contained in the .epw file. Once the personalised .epw file is

created, it can be converted using the script degmeévazlisly

3.4 Modelica ROM utili sation

Figure3.20 shows a workflowrepresenting thetilisation of the Modelica ROM. The schema

consist®f three phases:

X Phase R Estimation oModelicaBROM parameters, which recsiveildingspecifiadata

as input.
X Phase 2 Smulation anaalibratiorof the Modelica ROM.

X Phase 3ROM utilisation.

Figure3.20- ROM technology framewark
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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,he parameters calculated are insertélteiModelica ROM andn annual

simulation with an hourly step is run using the Dymola software. Ftbougsnds abutputs
generated by tiModelicsBROM, onlythe Electrical energy consumption [KWh] and the fossil fuel
energy consumption [kWlithe serieareinvestigatedor the IPMVP scopd-rom thesetwo-

time seriesthe monthly consumptisrarecalculated and then compared withréda electric

energy and fossil fuel consumpiofthe buildingi(e.energy bills or metdatg.

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€.g fossil fuels and electricity). If the valresnot 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 statistaral wighiaghe

correspondingmits.

Once the model is considered calibrated it can béoug@dystematic 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 Pllowingsubsection,a complete description of thHEMVP statistical valueand their
limits, theROM calibration workflovef Phase 2ndthe process to estimatige energysavings

of Phase aredescribed.

3.4.1 Calibration statistical values

The main scope of the Modelica ROM developed in this research is to gm@dderate
forecasting of the electric energyfasdil fueconsumption of a buildirig develop the IPMVP

monthlyBaseline Period Energy consumptions (BPEs) and the relative Adjusted BPE
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According to EV(85] without an uncertainty evaluatioeng@rgy modeannot be considered
as a basis fatecisioamaking Determining the uncertainty associated with estimategrgfy
savings (kWh) requires statistical interveritlars, the Modelica ROM needs tochébrated
andnumericaévaluation indiceshiould be used to evaluate the compliance bdtwesmulated

(monthly BPEsandactuaimeasured energy détéonthlyenergy bills or meters)

The 520 -wo main outpwto be calibrated are the simulatedtacal energy consumption
[kWh] and theimulatedossil fuel energy consumption [{Wanerated from the simulation of
the Modelica ROM in the Dymola Environmértie four main coefficiens utilised in this
research tevaluate the uncertaindy the simulated electrical energy afussil fuel energy

consumptioroutpus are

x Coefficient of Determination JR
X Normalizedviean Bias Error (NMBE)
x Coefficient of Variation of the RedteanSquare Error (CV[RMSE])

X monthly deviation

3.4.1.1Coefficient of Determination (R)

The coefficient of determination is a measure of the extent tomduelied data describes
variations in the utility data (kwh) from its mean value, on dracal@100%]85] In the

research the following formula was utilised to calculaté the R

6
46 L L ‘ é@%_‘c}t(‘%?ﬂ%_ Q@ﬂ% g5 ‘ M
§:6@% @ 72:AY @, ;:6@% Cu7:A% QO

(Eq18

Where:

X &= simulated energy consumption of the month i
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X ; =actual energy consumption of the month i
X n=number of data points (number of months taken in exam)

Normallythegreatethe value oR?the tetteris the accuracy of the Madébwever,the R? test
should only be used as an initial check and models should not bearegextepted solely on

this basi$85]

A low value of Rcan indicate(i) Lack of inclusion of one or more independent variables (only
add them if they have theoretical meéta avoid biasand (ii) mappropriate model functional
form. It is important to note the major flaw Rf which is its dependency on the slope of the
model. Higher slopésnd toshow a higher value Rfeven though the variance of y is the same.
For thisreasonin this researcbther metricgre usedh conjunctiorwith R? are used for the

estimation of the accuracy of the ROM
3.4.1.2Normalised Mean Bias Error (NMBE)

The NMBE is a measure of the deviation betsieemlatecenergy use and actual metered data
(kwWh), when considering all paired datapoints across the adopted baseline pergmbdlt is a

indicatorof overall bias in the estimpt8]

The NMBE isevaluatedy initially calculating the difference (residual) between actual and
simulateanergy use (kWh) for a given time pdriedamonth. This is repeated for all months
over the designated baseline pefibd value calculated is then divided by the number of months
considered minus one. Finally, the squaresrdiided by thenean of actual monthly energy

consumptiortkWh) over the same peripti3}

PV c@aan.0 .
0/$' L—;w Usri: ; (EQ19)

Where:

x $= mean of actual monthly energy consumption
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The majofflaw related to this metigits independence regardingttine and therefore positive

and negative bias cancel out each,athepther words, if a model consistently overestimates at

some points (positive bias) and underestimates at others (negative bias), these errors can offset
each other when averag€tis statistical valuean provide a positive or a negative value. A
positivevalueof MBE indicates thaimulatediata under predicts the basel@i@and a negative

value of MBE indates that theimulateddata over predicts the baseline data. The closer this

value is to zero the better.
3.4.1.3Coefficient of Variation of theRootMeanSquare Error (CV[RMSE])

The CV (RMSE) essentially gauges how much spread existadtudahmeeteretsimulated
data(kwh). Similar to the NMBE, the residual for each month is calculated. Thessjagerdiden
with the sum divided by the number of datapoints presented. The squarthr@oesult is then
taken and divided by the measured data mean to calculate the C4BRMSE)

! . 5 AY @20 -~ e
% €4/5 y L—@§(‘88—75 Usri: ; (EqZQ
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 caiilpraitess.

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 mode
appear more accurate, even though it uses less graaulenetafore, 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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3.4.1.4Monthly deviation

The Monthly Deviation(MD) is thedifference betweethe actualmeteredand the simulated

monthlyconsumptiordivided by the actual monthly consumpitigpercentage

/& LLQ)Q OUsri:" ; (F921)

Where:

2= simulated energy consumption of the month i
; =actual energy consumption of the month i
n = number of data points (number of months taken in exam).

&= simulated energy consumption

This value is important to determine if some of the months have unusual values reconducted in

modellingerrorsor in the building data.
3.4.1.5Acceptance limitsand considerations

The ROM developed in this research can be consider as-auitimlg calibrated simulation
thus thelPMVP acceptable limifer the Option Dcan be utilised. In particular for e no
universal standard for acceptasdescribed b value of 7 or greater is generatbynsidered
as an indicator of significant correlation between the modelled and wataeteds (EVO,

2012).Instead, acceptable limits of £ 5% for NMBE, 20% for the CV(RMSE)and 10% of

MD aresuggestely thelPMVP (Table3.3).

Table3.3 - IPMVP statisticalaluesacceptable 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 sectiordescribeshe workflowused in Phase 2|Efgure3.20for calibrating the Modelica

ROM andthus tosimplifyand accelerate the creation of the BPEs needed to estimate the energy

savings due to ECM&s discussed in Sectidd 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 bynaallnumber of parameteraljow to describe a standard calibration
procedureto be describe{b67] In the following sectigrthe standard calibration procedure
developedior theROM of this research is describ&de procedures organized in three phases

(i.e. Data analysis, Alpha parameters calibration and building parameters calibration).
3.4.2.1Data analysis

The ROM is described BQ physical parameters and 5 calibration parameters[Qaiphg)he

data analysithe parameterare classified based on the reliability factor and therefore on the
quality of the data. The parameters with lower reliable information are considered uncertain and
thusadjustediuring the calibration process, the remaining parameters are considdried fixed.

most common reliability of tROM parameterare defined ‘ﬁable3.4.

Table3.4 - Parameter reliability

Reliability Parameter name
Low L_Rate

Medium/Low Heating and cooling system powB8BHeatSBCoaglMCoolP, MHeath

Internal Gairelectrical power (MLoadl.ldLoadEqQ

Medium GroundT, MLoadPeo, SBLoad, HCEquP

ScheduledHgatSet, CoolS&eoSch .txtigSch .txtEquSch .txHeatSch .txCoolSch .tjt
Medium/High Windows surfaced\inSouth AWinNorth, AWinWestAWinEast AWinRoof)

G totalvalues (GtotSouth GtotNorth, GtotWest GtotEast GtotRoof)

Ratics (Ratio_mRatio_wallRatio_winRatio_gf

RC NetworkparameterfRjwall_ISRwal] Rwall_ESCwall Rwin_IS Rwin,Rwin_ESRm_IS,
Rm Cm, Rgf_IS Rgf

Weather file
High BuilType Latitude, Volume
Calibration AlphalLig, AlphaEqu, AlphaPeo, AlphaHeat, AlphaCool

Parameters
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In particular, the building type (BuilType), the latitude (Lat#nddéhevolume (Volumehave

usuallya high reliability and thus are sbanged ithe calibration procesthe 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 (MLogdRee StandBy electrical power per
lighting/equipment (SBLoad), the System equipment electrical power (H@tsgground
temperature (GroundTand the five ROM schedule (PeoSch.txt, LigSch.txt, EquSch.txt,
HeatSch.txt, CoolSch.txt) alassifiecasa medium reliability since these values are typically
provided by datashe&tchnical documents and are not affected by substantial variation due to

external factors (e.g. external temperature, building utilisation).

The maximum electrical power per lighting (MLogdlhg maximum electrical power per
equipment (MLoadEguthe maximum heating power (MHgatRe maximum cooling power
(MCoolB, the standby heating pow8&BHe#) and the standby cooling power (SBCool) are
classifiecas medium/low reliability. Thus, these parameterssaralythe first to be corrected

during the calibration phase bec#usg araisually affected by a certain level of uncertainty.

To simplify the adjustmerdf the medium/low reliability parametetise five calibration
parameters were introduced in the model. These parameters alloversdpisihe building
parameters without changing the original values estimated. In pénrgcAlpha equipment and
lighting (AlphaLig, AlphaEqu) are used in the calibration to consider the unadrtaiaty
MLoadLig and MLoadEqualuesisedtoconsidethe diversity factor and to consideraherage
efficiencyof the related systeifhe AlphaHeating and Cooling (AlphaHeat, AlphaCool) are used

to represent the averagéciency of the system instalieel COP)andthe 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 buil@ivgsystem could be controlled in each of

the roomsé€g., fan coilssystem or multi split conditioning sygtdmthis 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 leakagate ignitiallyapproximatetb 1and theradjustedn the calibration procesisice

usuallynot easily measured.

7KH 1GDWD D QD Qwti th¥ fistsibivdtion WWhEROM. After this simulatiothe
resulting Baseline Period Energy consumptions (BPEs) are compared with the actual

consumptions (electrical or/and fossil fu€lje comparison is accomplishecchgcking the

IPMVP statistical valsexplainedn Sectio[8.4.1(i.e.NMBE, CV(RMSE), Rand MD.

If the statistical indexes are not within their limits, the parameters classified with lower reliability

GXULQJ WKH YGDWD DQDO\VLV: SKDVH DUH DGMXVWHG LWH
3.4.2.2Alpha parameters calibration

The phase two of the calibration procedure starts witladjnstmentof the parameters
considered more uncertain. the previous sectioa description ofthe alpha calibration
parameters antheir correlatiorwith the buildingparameters considered with medium/low
reliabilityhave been explainethus,the Alpha parametersan be considered tffiest to be
adjusted sinc@)they aretrictly related to the final consumption of the buildingixoadrrelated

to the building parameters affected with the higher uncertaintynledvemreliability).

Unlike the building parameteviBere the value e&stimated starting from the building data, the

Alpha parametecamot be estimated but can obhfadjusted in thealibratiorphaseausingan
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iterative procesd.he iterative process is heeded since each of the calibration paransaders

different unknow factos such us theystenefficiency andiversityfactor.

Thediversity factoof the ROM developed in this reseaschmore accentuated compared to a
white box model since tREOM consides a single volume to represent the whole building. This
simplification brings the following limitationjsa ¢ingle indoor air temperature approximates the
average indoor air temperature of all the rogriseunconditionedzones areconsidereth the
dynamicsimulationand (iii) single schedulesnnot beutilised for each of the heat gamshe
rooms Thus, especially large buildings and residential buildithgsadjustment of the alpha

parameters is always needed.

In contrast with the white box approaghere hundreds of parametensstbe controlledthe
limitation discussed for the ROMd its low number of parametali®ows developent ofa
general empirical procedufie procedure permitse calibratiorof the fiveAlpha parameters

and matcimgthem with the real consumptiavoiding possibleverfittingissues

The first alphaparameters to bedjustedn the calibration process are the ones related to the
lighting {.e. AlphaLig) and equipment (FdphaEqy. Since théghting and the equipment power
are only related to tlhesociateschedulethey areot influenced by external facferg. external

temperaturepcilitating thealibration process.

The AlphaLig and the AlphaEqu are adjudtethg the migseasons (i.e. late spring or early
autumn) when then consumption due to the heatidgooling is lower or nulln general, a
lower value of AlphaEqis expectedsincethe diversity factoof the equipmenis smaller
(contemporarwtilisatiorn. It is important to note that every adjustmenthefAlphalLig and
AlphaEquparametermust bejustifiedand related to theeal utilisation of the buildinl the
finaladjustedialue resuhgfrom the calibrationannot bgustified, arerror in theestimatiorof

the Alpharelated building parametars.(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 adjustdatle midseasonthe subsequent parameters
needed othe samdreatmerd are the AlphaCool and AlphaHelte AlphaHeat adjust the
consumption during the winter seawdnle the AlphaCool during treimmer seasomhese
parameters are changed iteratively untddtual consumption dithe 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 rdightitin of the building.

The lastcalibrationparameteneeded of adjustmeistthe AlphaPeclhe AlphaPe@arameter
increasethe correlation between the number of people in the building (occupancy schedule) and
the system consumptioks explained in the previous section,uséiwhen the building type
parameters (BuilType) is set on residemtthivhen the previous four Alpha parameters did not
calibrate the ROM.¢.,the IPMVP statistical index are not within their linitisg. the previous

Alpha parameter)is parameteneeds to be iteratively adjusted until the actual consumption fit
the simulated consumption according with the IPMVP statistical indexes. The adjutenent
AlphaPeo hat® bealwayselated to a reabnditionin the building sucéis thepresence of some

rooms that are heated or cooled only if people is presea €.9.a multi split conditioning

system).
3.4.2.3Building parameters calibration

After the adjustment of the alpha parameifetise statistical indegare not within their limits,
thebuildinguncertaity parameterseed tde changeéccording to their level of reliabil®ne

of the parameterssuallyaffected byhe higherrate of uncertainty itke airleakage(L_ratélhe

low reliability is due to the difficultythe measuremenf this parameteihus, it is usually
approximated to 1 and thadjusted during the calibration procelss adjustment of the L_rate
involves modying consumption levels in winter and summer, with minimal effect during the mid
season.The second parameter usually affected by uncertititgy ground temperature

(GroundT).The ground temperature could derive feonmn-site survey aran be taken directly
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from online databaseln the second casis uncertainty could bringh averestimation or
underestimation of the average building internal temperature with a related proportional
overestimation or underestimation of the consumpkioerefore, the temperature associated
with this parameterould be adjustdoly afew degreeslif after the following threealibration

stepghe IPMVP statistical indexes are not within their Jamtsrror occurring in the operation
schedules or in the building data can be present. In the first case since thisasbatiyleuty
knowledgédased, a new stage of interview and observation can be carried out to retrieve some
fauls in thegenerategrofiles. Inthe secona@ase, théuilding data must be manually checked

and eventualldjustedand the simulation and calibration processtadetdrepeate@therwise,

if the modelcomplieswith the IPMVP statistical value limits, the baseline period energy
consumption generated tye ROMcan be considered calibrated and the list of parameters can
be utilised in theeportingperiod for the generation of the Adjusted BPEda@rttiecalculabn

of the energy savings (or avoided energy consumption).

3.4.3 IPMVP Saving Estimation

This section explairtBe third phasef the schemaf |Figure3.2Q This phaseoncernghe

utilisationof the ROMas a baseline for tH&MVP or thedirectapplication of retrofit scenarios.
According tahe HficiencyValuationOrganizatiofEVO)[42] energyor waterdemand savings
cannot be directly measured, because sadipgssent the absence of energywater
consumptiofdemand Instead, savings are determined by comparing measured
consumptiohdemand before and afteeimplementation of a progréetrofit, making suitable
adjustments for changes in conditions. The comparlgsiore: and §fter- energy
consumptiohdemand should be made on a consistent basis, using the following general M&V

equation:

frToe Lo fetZcet FUCF of %> F O F—co%h 17T HBGZ)GC FE—e—-
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3.4.3.1IPMVP Baseline period Energy Consumption

The creatiorof Baselind’eriod Energyith the ROMis accomplished by usitige following

formula

Savings = (Adjusted Baseline Period Energy from the Calibrated Model [without ECV
Actual Reporting Period Energy [e.g. energy bills])

* Calibration Error in the Corresponding Calibration Readings(Eq.2)

To create thef $ G M Ras#lirteé Geriod Energy from the Calibrated Mbéetalibrated ROM

must be updated with the data reffggrto the reporting period. This data included all the
independent variablgschas the weather file, occupancy schedules, equipment schedules, HVAC
setpoints, and HVAC heating/cooling GOIFF (calledroutine adjustmertty the IPMVP.
Furthermorepther ROM parametersouldbe changedf the static factoraremodified in the
reporting periodThesestaticdactors mayncludeparameters such us a variatiothefpeople

heat gai(MLoadPeo),sgnificant equipment @blems (MLoadEqQ (called no-routine

adjwstment by the IPMVBPFigure3.2lishows the concept of IPMVP Savings referred to a ROM.

Figure3.21- 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 anéagure3.21 are calculated by taking the difference

between the monthly consumption values of the Re@uded Model (ROM) Adjusted Baseline
Period Energy (BPEs) and the Reporting Period Energy (RPESs), which are derived from energy
bills and meter readings, asioedl in Equation 23. This method allows for an accurate assessment

of the energy savings achieved through the implementation of ECMs.

Finally, WKH Y&DOLEUDWLRQ (UURU LQ WKH &RUdd &SRO GLQJ &

from the calibration results as:

/KJIPH > O K HXNPVR E Q-EKTI- (Eq.24)

From themontlyabsolutgrecisiorthe monthly and yearglative and absolyteecision can be

calculated using the following formulae:

/KIBHMAH=RERAE O EWEREEFLO0=0 (g on)

T A=NHYOKHIQNPA? EOEKOKHDNPA?ED BZKJ  (EQ26)

. A=NNBOH=PERAE 0 2RYBO=Aa824000=0aa  (pqo7)

Where:

§ha. 10 &

s= sample standard deviation = oY

t=t -distribution coefficient (Table 3.5} equal to 1.80 if 12 months at 90% of confidence level)

n = number of data points (.e.number of months taken in exam)
2= simulated energy consumption of the month i
; =actual energy consumption of the month i

$= mean of actual monthly energy consumption
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Degrees of

Table3.5 - T-distribution coefficierjd2]

Confidence Level

Freedom (DF) 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 1.89 141 0.71
8 231 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 1.70 131 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
» 1.96 1.64 1.28 0.67

Note: Calculate degrees ™~ " "1 171 . [ —e<ce %4 L o F s """ f ece’ Bgtimating the-

et fe; 7 <k F1 (for a regression model), where n = Sample Size and k = Number of Explanatory

Variables.
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3.4.3.2Application of retrofit scenarios

The second applicatiohtheModeliceROM s the generation of energy savings due to different
retrofitting scenarios. In this case, both Reporting Period Energy and Baseline Period Energy are

calculated using tivodelica ROM

Savings = (Adjusted Baseline Period Energy from the Calibrated Model [ without
ECM]

Reporting Period Energy from the Calibrated Model [without ECM])

I+

Calibration Error in the Corresponding Calibration Readings(Eq.28)

7KH "%DVHOLQH 3HULRG (QHUJ\ IURP WKH &DOLEddtiofWHG ORC

(Sectio8.4.3.3 ZKLOH WKH "5HSRUWLQJ 3HULRG (QHUJ\ IURP WK|

by applying Energy Conservation Measures (ECM) to the RQMs case,the ROM was tested

only for the application of envelope retrofits, e.g. additional external vedibing86} and

HVAC simple controls, e.g. changing temperature set it$-igure 3.22 shows the

application of retrofitting scenarios using a ROM.

Figure3.22 2 Savings (or avoided energy consumption) calculated by using the ROM for the creation of the baseline
energy period and the reporting energy pg4apl.
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3.5 Modelica ROM Test Cases

This sectiofiocussesn the different building test cagsed to validate the Modelica R@Mth

the scope omprove the body of knowledge and the functionality.

3.5.1 Alice Perry Engineering Building (Hit2Gap Project)

TheAlice Perry Engineerilyildingwasthe first tesbf theModelica ROM. ThROM usedvas
similarto that proposedy Giretti et aJ67]in terms of botiparameteestimation and formulae

and model structureBhe test was performed for the HIT2GAB Broject88]with the scope

to evaluate the accuracy of the Modelica ROM and its capability of simulating AHU control

scenarios.
3.5.1.1Pilot Description

The ROM has beemnalysedising three rooms of the Alice Perry Engineéuiiding of the
University of Galwags case studies. The first room was the Post Grad Areas 2053 and 3053
located on the second and third ffo@spectivend served by AHU 103, the second room was

the Lecture Theatre(37 placed on the ground floor and conditioned by the AHU, 20&A

finally the thirdvasthe Computer Labs 2016 and 2017 situated on the second floor served by the
AHU 105. A survey has beeonducted for all the three rooms to collect construction data,
mechanical data atiee thermadnd electric energy consumption of Altlsheyears 2015 and

2016.

Geometry and materials

The CivilEngineerindgpepartmentf theUniversity of Galwayrovided the plans of the building

from which itwas possible to evaluate the building dimengios room distributicnand

purpose and the main structurgsgure3.23shows an example of the study undertaken for the
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Lecture Theatre @7 where the building constructions where divided in ord=idolate

manually the resistances and capacitances needed at the ROM.

Figure3.23- Lecture Theatre @7 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 maintgi& record of Galway weather. The following
measurements are recorded {atirilite intervals)in the weather file: Diyulb temperature;

Relative humidity, Barometric pressure, Windspeed, Wind direction, Rainfall (hourly), Global solar

irradianceandDiffuse solairradiance. Theeather data listed was utilised for creating the .com

weather file as discussed in Sq&td13

Occupancy

The Reduce®rder 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 procedureedutfinSectiof8.3.2 This

approach ensured that the internal gains were accurately represented, refleddiifgy tisageal

patterns of the space.

Heating System

The heating system characteristics were ddduratie mehanicaplansprovidedby theCivil
Engineerindepartmenof the University of Galwayr KH VFKHGXOH QHHGHG DW W
FRROLQJ FRPSRQHQW -ushy tidh @ylkirHDataFl@yar@de e Ko@on tool
allonedthedatalogs to be vieweahdthe filesto be exporteth a CSMormat These filesvere

XWLOLVHG WR FUHDWH WKH fKHDWLQJ DQG FRROLQJ FRPSF

Energy Consumption

The monthly therma¢nergy consumption of tlleeAHUSs werecalculated according ISO
13790:2008 since nweasures weeailable in the AHU The estimated thermal consumption

was then used to calculate the monthly electrical consumption of the three AHUSs.
3.5.1.2Results

Data for the three case studies selected was aralgdbd parameters calculatéen

following the schemaiﬁfgureB.ZOthe Modelica ROM was calibrated. In this version of the ROM

the calibration was more complex comparddhtat explained in Sectif$4.2since no alpha

parameters were preseiven with the complex calibration processalf three roomstudied

the results satisfied tASHRAE Guideline 1dalibration criteripd3]
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In particular, the Post Grad Area provided a NMBE = 0.39% aneRMS¥ = 9.80%Figure

3.24shows the comparison betwélemactual metereand simulatednergyconsumptierwith

therelative monthly deviation for tRest Grad Aremn the year 2016

The Lecture Theatresulted in aNMBE = 0.09% and a GRMSE = 8.81°1Eigure3.25 shows

the comparison between real and simulatetlgyconsumptionand the relative monthly

deviation for théecture Theatrfor the year 2016.

Finally the Computer Labsulted iNMBE = 0.32% and a GRMSE = 7.08%.he comparison

betweeractual measureshd simulatednergyconsumptiorwith the relative monthly deviation

for the Computer Lafor the year 2016 is shov*ﬁigureS.ZG

Figure3.24- Actual metered \ROM simulateanergyconsumptiorwith the relative monthly deviation for the
Post Grad Arem the year 2016.

Figure3.25- Actual metered vs RO8imulateatnergyconsumptiorwith the relative monthly deviation for the
Lecture theatre in the year 2016.
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Figure3.26- Actual metered vs RO8imulateatnergyconsumptiorwith the relative monthly deviation for the
Computer Lab in the year 2016.

The Computer Lab was then further validated with the ifodl @917-yeardata 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%he same room was also used to test the impact of a control scenario based
on temperature setpoint. For 80the setpoint temperature of the Computer Lab was fixed to

22 °C. A control scenario by using 20°C fomtinger season and 24°C for the summer season

has been tested. This implementation resaltgearly electric energy saving of 2100kWh.

3.5.1.3Conclusion

N

In this first testan early version of the Modelica ROM describ8ddtiof3.42was 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 effectivemessproduced accurate results, with
calibration coefficients falling within the acceptable range specified by ASHRAE Gu[d8line 14

for annual energy consumption predictions.

The mairconsof the ROMversionusedn thistestwere:

X The calibration method that was compasedifferentsteps in which differenutput

of the simulation werexaminedThis made the calibration procedure complex to
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understand for a standardeusompared to the method described in S

Calibratiorprocesps

X The impossibilitpf estimatinghe energy consumptimom two different sources. &h

presence of two sourdgsyerycommonin the buildingenovation whenesuallyhe fossil

fuel €.g.gas boilers) is used for heating aneldetricitye.g.chilles) for the cooling

x The calibration results were sufficiently accurate, but the IPMVP monthly deviation criteria

indexexceeded the 15% limit. This issue was most noticeable duringseresmdvhen

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 thede periods

correctly simulate the system shutdown.

As pros, the ROM used was quacketup, fast to run, asdfficientlyaccurate RONb support

theimpact evaluation of environmental and energy retrofit scenarios using a limited information

and uncertain dateDue 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 nadifiextendedersion

of themodelused in the previoyslot (Sectio

8.5.]

. In this Modelica ROM Versiotine only

difference compared to tfieal version of the ROMescribed in Secti@dwas in thefleating

and Cooling componentn fact, he f+HDWLQJ DQG &R alirthliskampl&Swa® HQ W -

ableto estimateéhe energy consumption frgnstoneenergysourcei(e.fossil fuel or electricity)

Thepilot building utilised wasie of the many dwellings that compries the Irish Pilot in the H2020

Respond projecf90] The scope of thRESPONDproject was talelivera demand response

solution from building residential level to dideia!
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In this testingthe ROM was usedor the first timeto support Measurement and Verification
(M&V) by utilisinghe ROM as amplifiedcatulation methodo 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, theviRBbbmpared with a
whole facility linear regression (Option C IPMVP®) and white box model developed-with IES

VE (Option D IPMVP®)
3.5.2.1Pilot Description

This study researched a-gtaey residential dwelling located ondlaad of Inis Moflargest
of the Aran IslandsiCo. Galway off the west coast of Irelafithe dwelling was constructed in

1998, with additional upgrades in 2008 and 2015. The building is north facing with a total floor

area of 111 6.

Figure3.27- BIM model of the pilot building

Building Characterisation

The layout is showniigure3.27jand the room types include bedrooms, a kitchen, glazed offices,

circulationspacetoilets and living roomSince 2012, the island of Inis Mér 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 5.5&Wto aitheat pump, a variety of storage heédethe domestic
hot wateranda 2kW photovoltaic (PV) panektalled on the rooBuilding data was collected
through physical measurements, an interactive process of interviews and direct communication

with thehomeowner.

Building Fabric

The building consists of two types of external walls. Thésfargtn x 2m timber frame, with
100mm ofglasswool insulation. The second, includes the addition of 50mm fibre glass board

insulation.

A weighted average of both walls was carried out to calculate th&)axaduaW/mK). The
GZHOOLQJ KDV D ’ZD uwptinhRHeimalpiriormanid artllddmprises of additional
fibre glass board insulation on top of the existingstaafture All windows and roof lights are
timber framedand double glazed with 10% of the window openingad#oe eastwest sides

of the building and 40% fag the north-south sides. The ground floor iscacrete lab 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 Magnd from September to Decemlitee house is fully occupied with 3 people in

the morning, at least 1 person in the afternoon and fully occupied again in the evening.
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Heating Systems

Air conditioning is noexistent within the dwelling, with the exception of extractor hoods used
during cookingTemperature control within the dwelling fess®lely on heating rather than
cooling, mostly between the months of September through to May, inclusive. The dwelling is
equipped with a 5k\lirsourcedDaikin heat pump which is currently only used for DHW
purposesElectrical ®rage heaters are located in the kitchen, bedrooms and livingTteoms.
storage heateasel.3kW, 1.95kW and 2.6kMVsizedepending on room dimensions. Heating is

not in use in the glazed offices, circulapater toilets.

Energy Consumption Analysis

Through a detailed investigation it was that there are five common power consuming products in
this dwelling. Theshashingnachine has a power usage of 500W and is used for onebkbur
morning. The éhwasher 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 ($4G@d/)n

direct correlation to the weather and more frequently in summer months as it rains quite often.

The lighting in each roomne energy efficienED bulbs A list of the main building characteristic

is described in thieable3.6

Table3.6 - Summary description table of pilot building

Location Latitud&3.13349

Longituded.696486

Dimensions Floor area: 1313m

Volume: 313/
Main Exterior walls 2008value =0.20 W/r¥K]: thin plaster(15mm), air cavity (15mm), wool glass inst
construction | (100mm), board insulation (50mm), hardwood (120mm);

layers Exterior walls 1990-value =0.27 W/rK]: thin plaster(15mm), air cavity(15mm), wool

insulation(100mm), Hardwood(120mm);

Window$J-value=3.3 W/rK]: Double glazed/timber frame;

RoofU-value=0.12 W/rK]: Tougher felt metal (L0mm), board insulation (100mm), Tougher fe
(10mm), board insulation (150mm), thin plaster(15mm).
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Weather data

The Aranislands average temperature ranges from 14°C in summer to 6°C in winter. The Island

is exposed to the elements and the prevailing winds ar8M/est/est

To retrieve the latest energy data for the simulatiodMdERBA 2applicatiorjf92]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,phaeticular
electricity usage and charges were studigelafier2017 and 2016 to generate a typical profile of

electricity use and to also understand any anomalous months.

3.5.2.1Results

The workflowdescribed in Secti@4has 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 hae been calibrated, a comparison side by side has been done to demonstrate the
capability of the ROM in simulating retrofitting scendriws detailed model (Option Bas
developed using the IB& 2017 softwaf®3] The models 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 manukbredion proces®ption Cwasdeveloped using a linear
regression model based on monthly energy bills (12 months as recommended by IPMVP®),

occupancy schedules &iehting Degree DaydDD). Using the formulas explained in Section

3.

[@%]

the datacollectedvere used to estimate tinedelparameters. The parameters were input

into theModelica ROMIn[Table3.7| the list of resistances and capacsaadeulated has been

provided.
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Table3.7 - Aran Island ROM resistances and capacitances

Value Unit Value Unit
Ruwall_is 5.09E04 [K/W |Rn is 1.07E03 |K/W

Rual 8.29E03 |K/W |Rm 5.44E03 |K/W
Ruales |1.56E04 |K/W |Cn 4.19E+07 [J/K
Cual 2.32E+07|I/K |Rgris  |9.94E04 [K/W
Rwnis  |2.83E03 [K/IW |Ry 1.55E02 |K/W

Ruin 6.60E03 |[K/W |Rges |3.06E04 [K/W

Ruin 6.60E03 |K/W |Cy 3.60E+07|J/K
Rwin_es 8.72E04 |K/W

Since the values of the previous table are calculated with the real specifications of the building

construction, theyere notonsidered in the calibration progEsguncertainty The values that

are used in the calibration prosessethose with a higlevel uncertainfyable3.8|outlines the

model building parametesnsidered uncertawith the final calibration values

Table3.8 - Values of uncertain parameter calculated by ROMFit

Uncertain  [Description Value
parameter

AlphaH Heating efficiency/utilisation (0.1

AlphaC Cooling- efficiency/utilisation

L_rate Air infiltration rate [kg/s] 2

AlphaEq Equipment efficiency/utilisatiof0.1

AlphaLig  |Lighting- efficiency/utilisation 0.5

Baseline period energy demonstration

Once the three modelgeredeveloped and calibrated with 2017 data, a comparison in terms of

accuracin creatinghe IPMVP® baseline period have been carried out. As it can bg Bakle|in

3.9| the ROM proveto be the most accurate statistically. With this, the d@@ldnstratedlso

to be the least time consuming to calibrate in comparison to-W& IE&interpart. Thisvas
mainlydue to thdimitednumber of parameters involvedha calibration compared to thkite
box IESVE 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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Table39- 8aDOLEUDWHG PRGHOV20(IMBXAVLVWLFDO YDOXHV XVL
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

Fronm

Table3.10, it is evident that both the ROM and the-l ESmodelsatisfiedhe criteria set out as

keepthe monthly deviation within the 15% recommended by IPMMB®ever,the ROM

provel to be the most accurate as its monthly deviation &layithin 10% of measured data.

Table3102 &DOLEUDWHG PRGHOV: PORQUAEK O\ GHYLDWLRQ XVLQ

Reference Monthly deviation

period ROM IES-VE | LIN -REG
120ec-9gan | -3.1% | 13.0% | -4.9%
9san- 270 | -3.8% | -10.8% | 2.3%
2rer- 13war | -5.2% | 0.9% | -0.2%

13Mar' 7Apr 85% '78% '120%
Tapr-2may | 06% | -01% | -21.5%
2way- 1950 | 0.5% 6.6% | 7.1%

19mun-12u | 0.9% 4.1% 1.3%
125u-11awg | -5.5% -4.4% -20.2%

11pg-19sep | -3.4% | 1.0% -4.0%
19cep- 1100 | 5.0% 4.9% 14.4%
11oc 10nov | 9.8% -0.8% | 20.4%
10nov- 19pec | -2.5% | 3.3% -0.2%

The ROM was then further validated by utilising it with the pre@@d6geardata. This data
included weather file, occupancy schedules, setpoints, and he&dirg.Ne results obtained

are similarly positive and satisfy all calibration criteria with a NMBE = 0.6R¥SE\= 9.39%.

and R=0.976.In addition to thigFigure3.28outlines the monthly deviation using the 2016 data

and shows that all months lie within the acquired 15% range.
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Figure3.28- 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 IPMV4AZ) 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. Duritlge 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 insulagion o

roof with the addition of a 150 mm rigid foan|T&ble3.11 outlines the kalues (W/fK)

before and after the ECMs.

Table3.11- U-value before and after the ECMs

As it is U-value [W/m2K] | 1998 Uvalue [W/m2K]

3.3 5.8
B | 0.20 0.27
0.12 0.29
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Firstly, both the reduced order and-MESmodelweresimulated under 1998 conditions. Then,

the renovation packagesreapplied one by one to each model. Thus, an estimation of the AC is

calculate@iTable3.12 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 IH&enodel.
mean value of |JACROMACIES| 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.

Table3.12 - ROM and IESVE ECMs energy savings comparison

ROM IES-VE |AC rom
Total | ACrom | Total | ACes | - ACks|
WA | o) | ok | oy |
1998 15060 | - 15496
A 14196 | 5.74 14770 | 4.69 1.05
B 14552 | 3.37 15191 | 1.97 1.40
C 13527 | 11.24 14363 | 7.32 3.92

A+B 13680 | 9.16 14413 | 6.99 | 2.17

A+C 12667 | 15.89 | 13291 | 14.23 | 1.66
B+C 13259 | 11.96 | 13777 | 11.10 | 0.86

Asitis | 12568 | 16.54 | 12527 | 19.16 | 2.62

3.5.2.2Conclusion

In this second test of the ModelR®M, a novel methodology to suppdvteasurement and

Verification (M&V)was developed.

This version of the Modelica modelebetter resudtin terms of accuracy and simplicity of

calibration procedure compered to the ROM used in $8&i@Thistestconcludd that the

ROM wasthe most accurate between the three models when being utilized ash&déltie
energy consumptiomhe ROM resulted withyearlyNMBE = -0.14%, a CARMSE = 6.05%

and a R=0.98 compared to the energy 2017 monthly energybitlsermorea comparison in
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terms of annual saving generated by ECMs between the ROM and IES model was completed and

shovedthe possibility to use the ROM in estimating the savings achieved through ECMs

Thanks to this test casiee great capability of the RQ@Ws demonstrates a novel framework

for IPMVP purposes.

3.5.3 Sant Cugat Primary School (GeoFit Project)

In this third test case, the ModeR&@M wasdemonstrated on an educational building located in

Sant Cugat, Spain as part of the H2020 GEOFIT p[8ddn this buildingthe final version of

the Modelica ROM described in Se¢Bdwas utilised. Compared to the previous Aran Island

testhng WKH PDLQ GLIIHUHQFH ZHUH LQ WKHInftisHdaathedJ DQG
componentllowedhe estimabn ofthe energy consumption from two different enswgyces

(i.e fossil fuel and electricity). This new component permitted to create with the same Modelica
ROM the Baseline Period energy consumption of th€&gant building for both electricity and

natural gas.
3.5.3.1Building description

The SantCugabuildingincluded a primary school building, a sports pavilion and an administrative

building, all constructed in 19Fg(re3.29.

Figure3.29- 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 cr@cbunication with the building owners.

Building fabric

Based on the BIM data, the primary school had a total floor plan area of @@dibated
EHWZHHQ WZR IORRUYV P KLJK 7KH DGPLQLWMWHEDWLYH E
average floor to ceiling height of 3.5 m, and the sport pavilion had a floor plan areanfid50 m

an average floor to ceiling height of 5.9 m.

The Building Information Model (BIMprovided specifications favalls, floors, roofs and
openings, including surface area, materials-aaldié$. The Walues not specified in the BIM

were calculatestarting from the wadlpecificationThere were five different types of external

walls and two types of internal partitions in the demonstration byilcdibigs.(3.

Table3.13- External walls and partitions specification.

Area | U-Value
M2] | [(Wi(m2-K)]
Hollow bricks partition12cm | 115.05 | 4.5

Hollow bricks partition 10cm | 1925.27 5.40

Walls and Partitions

Concrete wall15cm 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 wail30cm 2589.41 0.83

The floor slabs, including the ground floor slab, were made of coneates(bf 2.66 W/AK).

The roof was ateel structure cladded with clay tiles (total surface area 0f)2200 m

The windows were double glazed with a PVC frame and equipped with manually operable shutters.
The total surface area of the windows was 6180/ of the window openings faced ndrth

south direction and the remaining 20% facedveasdirection.
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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 bepempie/.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 4.3@yn3%umpeople between 4.30pm

and 6pm. The internal gains from lighting, plug loads and people were calculatetbusinig the

described in Sectrﬂml

Due to the Covid 9 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 (pigbpiieg and equipment).

Heating Systems

The demonstration buildings were equipped with threeomolensing natural gas boilers
(thermal capacity of 1125 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 witl3fény 8ual 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 schedwese estimated through direct communication with owners (for

the years 2012019) and deduced from the Ecoscada cloud Building Energy Management System

(BEMS) for 2020 From the beginning of the Covi@ 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 thresatetion composite system
(ETICS). These retrofitting works started in February 2019 and finished in July 20¢8luBse U

of external walls prand postetrofit are shown jfable3.14

Table3.14- U-Values for walls prand postetrofit

U-Value [W/(m2-K)]
Walls Area [m2]

Pre Post
Retrofittedconcrete wall 15cm 40.67 6.5 0.29
School retrofitted brick walBOcm | 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-Gdsed BEMS several meter readings

have been collected, such as building electricity consumption, gaptaonetithe boilers, and

indoor and outdoor air temperatir€he measured BEMS data was utilised to create the 2020

weather file, ROM schedules and analysidity bills.

Weather data

The Sant Cugat average ambient air temperature ranges bet2@#D @0summer, t0-16°C
in winter. The MERRA 2 applicatif84]was utilised to extract the 2042019 weather data,
including ambient air temperature, relative humidity, barometric pressure and solar irradiation

needed for ROM development.
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The 2020 weather data was extracted from the ECOSBEDIS andfrom the MERRA 2

application. The Elements platfd@0]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 202 Ecoscada BEMS data was uﬁexbleB.lS 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.

Table3.15showghatthe electricity consumption in 2019 was 30000 kWh lower than the previous

year (2018), due to the installatiofightt emitting diode (LED) bulbs and photovoltaic (PV)

panels in December 2018.

Table3.15- Monthly electricity and natural gas consumption afetim@nstration 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 1,834 n/a n/a n/a n/a
Jul | 6,644 | 5,833 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,844 210,713
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3.5.3.23 D U D P HtaltHatishuPhase 1)

Following the research methodolegplained in Sectifih4 the formulas described in Section

3.3wereused to calculate parameters required as input to the Modeli¢aa®{@BIl@. These

parameters were based on 2017 data collected from Sant Cugat demonstration buildings.

Table3.16- ROM parameters for the Sant Cugat demonsthased on 2017 data

Value |Description Unit Value |Description Unit
Latitude 41.4776 [Building/room latitude - Rm 1.17E04 |Partitions resistance KIW
\Volume 13547  |Building/room volume m3 Cnm 2.52E+09Partitions capacitance J/K

AWinSouth [255.75 [Totalwindows surfaces at south |m?2 Ryt is 6.57E05 (Ground floor internal resistance |K/W

AWinNorth [237.51 [Total windows surfaces at north |m?2 Ryt 2.83E04 (Ground floor resistance K/W

AWinWest [60.9 [Total windows surfaces at west m?2 Ryt es 2.02E05 (Groundfloor external resistance |K/W

AWinEast [54.81  [Total windows surfaces at east m2 Cof 1.51E+09Ground floor capacitance J/IK

IAWinRoof |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 |- MLoadhe,[32756 [Heat gain per people \Y
GtotWEast [0.75 G-total values windows east |- HMLoaciig 42280 [Heat gain per lighting W
GtotWRoof |0 G-total values windows roof - MLoadqu (6724 Heat gain per equipment \
Ratio_m 0.381  [Ratio of the internal partition - SBLoad |0 Internal gains StandBy consumpWwW
Ratio_wall [0.424  |Ratio of theexternal walls - Alphaig [1 (1 to 3)|Lighting efficiencytilisation -

Ratio_win [0.046 Ratio of the external windows

Alphaqu |1 (1 to 3)|[Equipment efficiencytilisation |

Ratio_gf 0.149  |Ratio of the ground floor - MCoolP (70000 [Maximum systemooling Power W
Rwall_is 2.31E05 |Walls internal surface resistanceK/W |MHeatP (345000 [Maximum system heating powerW
Rwall 4.9E04 |Walls resistance K/W  [HCEquP {8000 system equipment power W
Rwall_es [7.10E06 |Walls external surface resistancékK/W |[SBHeat {5000 StandBy consumption heating W
Cwall 7.99E+08§Walls capacitance J/K  |SBCool [0 StandBy consumption cooling W
Rwin_is 2.13E04 (Glazing internal surface resistanK/W |BuilType [False  [Building Type2 Residential or not-
Rwin 6.33E04 (Glazing resistance KI/W  |Alphaeo |1 (1 to 5)|People system influence -
Rwin_es 6.56E05 (Glazing external surface resistarK/W  |Alphaieat [1 (1 to 5)[Heating system efficiencyilisatior-
Rm_is 2.56E05 [Partitions internal surface resistgK/W  |Alphasea 1 (1 to 5)(Cooling system efficienepilisatiorn-

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 (partitiorinternal slabs) T = Temperature SB = Stand By

gf = Ground floor M = Maximum HC = Heating and Cooling

R = Resistance Load = Heat Gain Alpha = Unknow Calibration Paramet

C = Capacitance Peo = People
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The five underlined parametersTable3.19 i.e. LRATE, Alphalig, AlphaEqu, AlphaHeat,

AlphaCool, weraecessarpr the taltibration. Following tf@/7]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 daséte@urveys, and technical data

sheets, ensuring high to medium reliability. Specifically, the leakage rate (L_R/ASEH)imwas

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. LastlgtiAtpha He

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 paramﬁ?me.lﬁ was calibrated using the 2017 Sant

Cugat data. The 2017 data includsdschedules for occupancy, equipment, cooling, heating
and set points. The calibration consisted of an iterative process of ¢hafiggngarameters

considereduncertain in the buiIdinE able3.17 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 irﬁmmFBA.il Table3.171shows the

final values of five uncertain parameter in the calibrated 2017 ROM.

Table3.17 - Parameters used in the calibrated 2017.ROM

Parameter |Description Value

Alphayeat Heating efficiency/utilisation [2.2

Alphacool Cooling- efficiency/utilisation 0.2

L_rate Air infiltration rate [kg/s] 3

Alphaeqy Equipment efficiency/utilisation1.1

Alphag Lighting- efficiency/utilisation [0.5

The calibrated 2017 ROM satisfied all IPMVP® calibretitamia(Table 3.1, with yearly

precision of 4.14% and 3.65% for gas and electricity consumption respectively
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Table3.18- IPMVP® statistical indices of the calibrated 201IM.RO

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| 14.35% +12.66%
@90% (+1152 kWh) | (1213 kWh)

Figure3.3Choutlines the simulated energy consumption against the measured energy consumption

with the associated monthly deviation. Thezao data shown for gas consumption between

June and October 201Figure3.3(b) 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.

Figure3.30- Measured and simulated electrical (a) and gas (b) consumption with monthly deviation for year 2017
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3.5.3.3ROM 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 [Table3.1§andTable3.17%), while the weather file, internal gains schedules and system

schedules were updated with the 2018 data.

Table3.19shows 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 unceinaintidsl parameters

were present.

Table3.19- 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

Rz 0.98 0.83

Figure3.31a shows the simulated energy consumption against the measured energy consumption

with the associated monthly deviation for the yeafl20u8:3.31a 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 R2dierddodel (ROM)
compared to the real usage of the building. Since the ROM might not have accurately reflected the
reduced usage of these systems during theeclibdikely resulted in higher estimated energy
consumption than what occurr@dhere 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 |Figure3.31b 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 theddweabkiged

gas consumption in May 2018 (as calculatecéoation 20)

Figure3.31- Measure@nd 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 usedRSI'9¥RP® Baseline Period Energy

(BPE) and, thus, to estimate energy savings using the IPMVP® formula|3Sedtidine

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. Al

remaining parameters were kept the same as in the calibrated 20[HJR(@BI32a 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 repoetiog [85] In other words, it is
EXLOGLQJ:V HQHUJ\ FRQVXPSWLRQ DV LI WKH (&0V ZHUH QF
to calculate the actual energy sauiakjsg into account the boundary condgi@g. weather

file, different occupancy, etc.) of the year considegenie3.32a 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

Figure3.32 - ROM Adjusted (adectrical and (b) gas BPE in comparison with the electrical and gas RPE for year
20109.
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The savings in year 2@ 2020 peaked in the summer pe¢Rmlife3.32R), probably due to a

higher (than in other seasons) electrical energy production from P\Hiqmei3.32a shows a

reduction of the adjusted BPE consumption in the year 2020 compared to the y2ae 2019.

the Covidl9 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 comstiroptithe December 2018 PV

panels and LED bulbs installation, considering all boundary con@itissvith a 90% level of
confidence, it was concluded that the ECMs in Sant Cugat demonstration buildings generated the

electrical energy savings of 35/8&h = 4,198 kWh (11.7%) over the last 12 months of the

analysis (from July 2019 to June 2{FQure 3.32 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 demonstratior
buildings underwent the installatiéexternal 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 resistadée320shows new envelope

thermal resistances and capacitance calculatddithe formulas explained in Se&i8ril.

Table3.20- Resistances and capacitance of the retrofitted external wall

Baseline ValuesValue Unit
Rwall_is [2.31E05 2.31E05 K/W
Rwall 4.9E04 1.18E03 K/W
Rwall_es |7.10E06 7.10E06 K/W
Cwall 7.99E+08 1.18E+09 JIK
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Figure3.33 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.

Figure3.33- Comparison of the monthly measured and ROM simulated gas consumption
ROM Daily and Hourly Heating Demand

The ROM modified with the new insulatapplied,ZDV LQYHVWLJDWHG WR XQGHL
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 consumptiams then compared with the simulated daily gas consyfrigtine3(34).

Figure3.34- Comparison of the daily measured (boiler gas meter) and ROM simulated gas consumption
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In the fourmonth period (January 2020 to end of April 2020), the ROM achieved the accuracy
limits of daily NMBE of 1.8% and ERMSE 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 intemekamal 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-RWMISE 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. Thenfieshed 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%.

Figure3.35shows 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 aip#ieel durin

weekend; however, in reality the boiler was working.

Figure3.35- Comparison of the measured and ROM simulated daily gas consumption for three weeks in January
2020.
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Figure3.3gshows 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.

Figure3.36- 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 diiaer tdays. 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).

,Q RUGHU WR YDOLGDWH WKH FDOLEUDWLRQ SURFHGXUH D
predict indoor temperatures, the measured and simulated indoor air temperatures between January

and April 2020 were analysed.

Figure3.37lshows measured (Ecoscada) and ROM simulateaMgadlge indoor air temperature,

with an absolute daily temperature difference indicated. The dotted grey line representing the
difference between the two temperature values (measured and simulatezl) bhalswofl.5

degree Celsius absolute difference.
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Figure3.37- Comparison of measured and ROM simulatedadaitage indoor air temperature, waiitbolute
temperature difference, for 2020.

Thus, thecomparison of measured and ROM simulated indoor air tempe‘rl%igums?,@?

showed that the calibrated model accurately predicteavdeglge indoor air temperatures; thus,

it could be used for the creation of the IPMVP® baseline enasgymption
3.5.3.4 Conclusion

In this test case, the last version of the Mod®lid4a was demonstrated on operating educational
buildings located in Sant Cugat, Spain. Measured data0@2W)13upported the development,
validation and calibration of a ROM which represented demonstration buildings before and after

the installation of EMs, such as energy efficient lighting, PV panels and envelope retrofits.

The ROM demonstrated excellgatential of applying this novel technology framework to
multiple and complex buildings to estimate monthly energy savings due tonBE&Mbe

IPMVP framework

This testendered th®OM ready for the final phageh@pter fconsistingf the automation of

the procedure and in the creation of a web applicationdvetbedViodelica model.

116



Chapter 4

ModSCOweb application




ModSCOweb applicatign

4.1 Introduction

ModSCOstandgor ModetSupported Contrahat isan innovative web application based on the

ModelicaReduced Order grépx Model(ROM) developed irsectiofi3.4 The ModSCOweb

application was createdatddress the EPC barrier explained |Chapter Ihnd thus as a bridge

between the Modelica RCaplied at the IPMVENd the Global Warnin&igure2.1). 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 disseminatiEighe

Like the Modelica RONheModSCOQapplicatiorsimplifesthe estimation of energy savings due

to ECMsby proposing an innovatiapproactbased on the IPMVP framewofkherefore the

innovativeweb application can be used by energy companiESCGEs to accurately and

standarethe energy savinggenerated by building retrofits.

TheModSCO web app generatesIBVP Baseline Period Energy (BPE) consumptions. The

BPE generated by ModSCO can be used for twoapalioations:

X systematically quantify the monthly energy savings achieved ttnect@ghdardbased

ECM (Method 1)

x directly estimatéhe monthly energy savings throughahalysiof different building

retrofit scenarios (Method 2)

The first method is typically used in the operational phase while the secont ossttiad the

design phase and thus also in the EPC audit phase.

As shown ifFigure3.l{ thgChapter 4s divided int® sectionsSection 4.1 is the introduction,

Sectiond.ddescribsthe flowchart fousingthe ModSCO web application, Se¢dicdshows the

MS Excel based tool developed to simplifgaiveilatiorof parameters, Sectidrddescribsthe

steps for the developmenttbk ModSCO Web Application starting from the Modelica ROM

developed in Chaptenfd finallySectio

related resultsave been applied
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4.2 ModSCO Flowchart

The framework for the usdition of theModSCOweb applicatior{Figure4.1) consists of three

phases(i) thecalculatiorof the mrameters(ii) the smulation and calibratiadf ModSCOand

(iii) the uilisationof ModSCO

Figure4.1 2The ModSCO Web Application flowchart.
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Phase 1 dfigured.l entails calculating the 28 parameters listabled.1, crucial for operating
the ModSCO web application. Additiondlahled.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 Secl'(ﬁm.:! ROM Calibratior), the ModSCOcalibration process focuses

on the parameters with theghest degree of uncertaintgllowingGiretti et al[67]hypothesis

Table4.1 - 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/equipmg W Real Medium
MCoolP Maximum cooling power of the mechanical sy;] W Real Medium/High
MHeatP Maximum heating power of the mechanical sy W Real Medium/High
HCEquP System equipmeaelectrical power (pumps, fany 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 efficiencydtilisation - Real -

AlphaEqu Equipment efficiencytilisation - Real -

AlphaPeo People system influence (for residential buildj - Real -

AlphaHeat | Heatingsystem efficiencutilisation - Real -

AlphaCool | Cooling system efficienepilisation - Real -
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Table 4.1| divides the parametergoinwo groups, the first group (buildipgrameters) are

estimated starting from the building data and then corrected during the calibration phase by the

second group of parameters (calibration paranstdutly described in Sect®a.2

The calcwationof thesegparameters is basedthaformulas and methods definaa SectiofB.3

which are implemented in thremls based oS Excel: ROMPawyhich is theschedule

generator and internal gain calculator downloadable in the web application.

During Phase {Table4.1), theModSCO usepopulateshe MS Excel tools usitige building

data The tools generate thederlinedext filesTable4.1|(i.e.,the ROM Schedules.tgindthe

ROMPartxt). The ModSCO GUI allows theadingof the generateext files and, once theser

hasmanuallycompletedhe remaining inputs€.,manual parameters of Phas#|Eigure4.1

the application is readyrt;n the ModSCO simulation.

Phase 2 of the workflow show|Figured.1{concernghe ModSCO simulation wkeoutput is

the calibrated IPMVP Baseline Period Energy consumptions (BPESs) for the building under
analysis. The ModSCO applicationproduces the BPEs in .csyormat (i.e.,
ElectricityConsumption.csv [kKWHRpssilConsumption.csv [kWHheatPumpConsumption.csv
[kWh). These BPmEre compared with the actual consumption of the buitdicaibrate the

model.

Thestructureof ModSCO ROM and its low number of parameters hglpeducing the degree

of freedom of the calibration phase, thus reducing the possibility-bftiaggoroblemg65]

For thisreasonas explained in Sect|8.2 a knowledgbased calibration procedure was

adopted to select the group of model parametetaffected by the uncertaintjecalibration
phase focuses on iteratggimisation ofthe values of the selected groupnuiertairparameters
in order to increase the accuracy of the BPEs. During Phase 2, the user runs a sirealetion for

iteration and the resulting BPEs are compared with the actual measured energy cs(esgmption
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energy bills). This comparisosimplifiedby usinga dedicated MS Excel Tod&glibration and

saving estimation togldownloadable from the application. The MS Excel Tool calculates the

calibration error and accuracy using the indiseassed isection3.4.1and their IPMVP

acceptable limit$he BPEs generated by ModS&®@considered accepted and calibrated if all

valuedall within therange of théPMVP acceptance criteria.

In this casgwo methods can be ugé&tibred.1). The first consist ithesystematic quantification

of energy savings (avoided energy consumption) achieved througth&&&tend consssif

the direct estimation of energy savings through the investigation of different envelope retrofit
scenariosln both methodologsthe calibrated ModSCO modelsed tgenerate the Adjusted
BPEs, allowing the calculation of the energy savings due to the adoption afr BERdVis

forecasting of possible energy savings

To create the Adjusted BRI calibratelodSCO parametsethas to be updated with the
datareferringto the reporting period. This data includes all independent vesiatblas the
weather file, occupancy schedules, equipment schedules, HVAC seanpoit§¥AC
heating/cooling ONOFF. Furthermorethe other ROM inputs could be adjusted if the static
factors were modifiererthe reporting period. These may include pebjglat gains (occupancy
type, density), significant equipment problemstinidevels, etc. Finally, tieercalculates the
energy savings using M8 Excel Tool BRlibration and saving estimation {o®he tool allows
automaticcomparison othe adjusted BPEs with the Reporting Period Energy consumption

(RPESs) and the savéaye calculated using the fornddacribed in Sectﬁ%

4.3 ModSCOMS Excel Based Tools

TheModSCO web application utiB$eur Microsoft Excel Based teol' hreeof themare used

in Phase 1Figured.1) during thecalculatiorof the parameters (iIROMPar, schedule generator

and internal gain calculataiile the farth is used during the calibration and saving estimation
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phase (Phase 2 and Phas#|Bigure4.1l). All the MS Excel toslre availableia the web

application with a direct download butteigure4.2).

Figure4.2 - ModSCO MS Excel Based tool direct link

4.3.1 ROMPar

ROMParis a MicrosofExcel(MS)based tootreated to simplify the estimation and reduce the
number ofparametersequired byModelica ROMThe ROMPar toohutomatically calculates

most of thebuilding componenparametergsuch as resistances and capacitamsieg) the

formulas described in Sectif?3 Thanks toROMPar the 55 originalparameters required by

Modelica ROM were reduced to dZ&etool generatthe ROMPar.txtfile by following eight

simplified stepsn the first stepghe user defines the projaeme|{Figure4.3).

Figure4.3 - 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 complétethe secondtep adatabase of materials is activated

for the useto define theconstruction properties of theilding(Figure4.4). The database can

be integrated by the user with new matdnaldefining themain thermal propertis (i.e.,

Conductivity [W/mK] Density [kg/ni] andSpecific Heatl[kgK]).

Figure4.4 - ROMPar Material Database

Fromthethird to the seventh stepse ROMPar toadllows the definition othegeometric and
thermal characteristics of the buildimgmponerg (i.e. external wallsinternal floors and

partitiors, roof and windowssuchas thicknessyaterialandarea.

Figured.5|shows an example définition of ‘external wallwhere afterentering theequired

input, the tool automatically creattee stratificatiomliagranof the materialandcalculatethe
U-ValugW/m?3K] and thehermal leatcapacityfkJ/K] of the construction element. These values
are utilised to estimate tModSCOparameters and in particuthe ModSCO ite. ROM)

resistances and capacitance
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Figure4.5 - ROMPar External Facades and Envelope Spreadsheet

The laststepis to calcula the g-total value for each directiﬁ'gure4.6. This part of the

calcuhtionisbased on the BS EN 13363ormulaalescribed in Sect‘ﬁns.:.

Figured.6 - G-total factor calculation

Finally, once all theightstepson the first pagare complete{Figure4.3), two buttons are

enabled. The first generates and debugslkhdategharameterandthe second generatée

ROMPar.txfile. The.txt file can be thenploadedo the ModSCO web interface.
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4.3.2 Schedules Generator

ModSCOrequires a total dive schedulesthree of which are requiredfor internal gains

(PeoSch .txtigSch.txtEquSch .txtn|Table4.1), while theremainingwo for the heating and

cooling systeliHeatSch .

txCoolSch .txin Table4.1). To simplify thecreation oftheseschedules

inthisresearcb 06 ([FHO WRRO FD O OH Gvaséevéddpeal 4l ihmuddd @ khe D W R U

ModSCO GUIJFigure4d.7

showsthe" 6 FKHG X OH Vintétf@cd UDW R U p

Figured.7 - SchedukeGeneratointerface

Creathgeach of the five schedules nedggtde model conssbftwo stepsThe first step allows

to definethe building occupancy for teholeyear{Figure4.g).
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The secondtep allows hourly adjustments oftleekly profiles generatgahefirst stegFigure

ﬂ. As with the previous tool, the output is a text file containing schedules formatted in the

Modelica format. These files can be genefiatedthe first page of the togFigure4.7) by

clickingon generate and export .txt.

Figured.9 - Schedules generator step 2

4.3.3 Internal Gain Calculator

The "Internal Gain Calculator" is the last parameter calculation tool used irpthestnéthe
workflow. Compared to the previous to@sy.'ROMPar" and "Schedule Generator") the
"internal gain calculator" simply helps to estimate the interngbayaimeterseeded by the

ModSCO application in case of lack of data.

Therefore, the tool does not generate anfyilisXiut it calculatethe values dheinternal gains

due to peopldighting,and equipmerit.e.,MLoadPeo, MLoadLig, MLoag&ghe building

The formulagQ G YD O XHV L P S Oriteidi@itald@latof) BVUKH E DablE &2 BfQ

the ASHRAE 55: 20195] Thedata needed by the MS Excel to@gsomatehe threanternal
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gains parametease thetype,the useandsurface of théuilding(Figure4.10. Optionally, the

number of occupants candxgeredn the tool to make the calculation more accurate.

Figure4.10- Internal Gain Calculator

4.3.4 Calibration and Saving Estimationtool

7KH "&DOLEUDWLRQ DQG 6DYLQJ (VWLPDWLRQu LV D 06 ([FH

of the ModSCO model during PhasdRigured.1jand the estimation of energy savings of Phase

3 of|Figured.1

TKH &DOLEUDWLRQ D QG tifei¥etadahd tamaripini¢iseriss@@mided in

the BPEs .csv files generated by the ModSCO application.
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During the calibration phagdke user utilisekefirst spreadsheetcalled DOLEUD WthiRQ WRRC

tab the user loads the BPEs generated by the ModSCO applicatt@naatly enters the actual

monthly consumptiofi.e.fossil fuels and electriciof)the building during the baseline period

The BPEs are transformed by tiba into a monthly consumption and compared with the actual

monthly energy consumption of the building. From the compatheotool calculates the

statistical indices discussed in Se8ti(

)and checks them with the relative IPMVP limits with

a green check mTRigﬁure4.11 .

Figured.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 calibratéee user can utilise the Calibrated ModSCO parasibegenerate

the Adjusted BPE and calculate the energy savings due to ECMs.
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Theenergy savingsilculation with the ModSCO toopexformedusingW KH "6DYLQJ (VWLPI

WRROpNu VSUHD&NBHEHW RILRBEH QG 6FMUI@.1]2(VWLPDWLRQU WR

Figure4.12- Savingestimatiortool.

Similar to the previous spreadsh&®tkKIdvingeVW LP D W LR Q thW Rder loald O R Z V
Adjusted BPEs and compdnemwith the RPEs of the buildinige(,the actual consumption of

the building after the implementation of the ECMsm the comparison, theol calculates the

energy savings (or avoided energy consumption) with @dativecyat a confidence level of

90%. 7 KH&EDOLEUDWLRQ DQG 6DYLQJ (VWLPDWN®RISGOGUI DYDLOL

resultpageand itis sent by-enail togéher with the ModSCO BPEs.csv

4.4 ModSCOWeb Application

The developmendf the ModSCO web application consistedeveral stepsThe core of the
ModSCO web application ipython scripf96]based on a long opsource stack (PyFN87]

and dependencieasghichis storedn a server. The python script rufaactional Mockip Unit
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(FMU) [98] The FMU filecontains the Reduced Order goex Model (ROMYeveloped in

Sectiors.2

A webbased graphical user interface {(®lak created using the bubble.io platf®8jto make

the python script accessible dahds to simplify the use dhe ROM The GUI uses an
Application Programming Interface (API) to send and receive information from the Python script
stored on the servérhe following sectiorautlinethe various steps required to create the web

application.

4.4.1 FMU File creation

Thefirst step necessary for the creation of the web application was to compile the Modelica ROM
in an open source and accessibléhfitecan be usaxlitside the Dymola environmelhar this

reasonthe Modelic& OM .mo file was transformed into a FMU file.

A FMU file is a particular file format thabntains a simulation model that adheres to the
Functional Mockip Interface (FMI) standard. The FMI is an open standard for exchanging
dynamic simulation models between different tools in a standardized ¥o@hdhe FMI

standard specifies an open format for exporting and importing simulation Thodgtsgives

the possibility to select the most suitable tool for each type of analysis while maintaining the same

model.

The opensourceool Jmodelica.orgl2.[101]Jwas chosen among other software for gergratin
the ModSCO FMU file. This tool was selected becélisé generates open source models
compliant with the FMR.0standard; (2) provides a Pythuser interactiopackage (PyFMI),
including compiling, loading models, changing parameters, regnauldtioptimizatigy (3)

integrates several Modelica librjti@2]

Using Jmodelica.org 2.14e Modelicd]ROM model was compilédr both co-simulation and

modetexchangdn the cesimulatiorFMU file (Figure4.13 the numerical solverirecorporated
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andprovidedby Jmodelicd.e. Theexporting tog|l while heimport tool willbe used tget the

inputs and then read the outpuissthe modekxchang&MU file

Figured.14

the numerical

solver isalsoprovided by the importing toahaking the simulation time longer.

Figure4.13- CosimulatiorfModelon, 2021)

Figure4.14- Model ExchangéModelon, 2021)

4.4.2 Python Script

A script was developed using yehon3.7 programming langua@i1]to run the FMU file

created in the previous section. The standalone PyFMI p@#aae its dependencies (i.e.

Assimulo, FMI LibrargndCythor) were chosen among other Python packages to run FMU.

PyFMl is an opersource Python packéageloading and interactimgth FMI-complianimodels.

It is designed to provide a highel, eastp-useinterface for working with FMUByFMI

supports both FMI 1.0 and FMI 2.0 and the two different model types, model exchange and co

simulatior{100]

The first part of the scriphports the modules needed to run the FMU file and view the results.

The second pacreatsthe folder where the resultssi[BPEs .cs\grestored.
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Then the fmu file is loaded into the script and the ROM parahseéterequested to make

value editable

Next, the parameters are claimed into the FMU and a newcaallmassigned to each thie

parameters

Finally, once all 55 parameter valaresassigned, thenodel.sebmmand imports the new
parameter list into the FMU file and a simulation is perfofimescriptrunsasimulations with
an hourly ste8760 seconds), for a whole y8a636000 seconds) using the CVode $6Kjer

insidePyFML
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Thescriptresult fils are three .csv files:

X dectricity consumption.csv [kKWh]
x fossil consumption.csv [KWh]

X heat pump consumption.csv [K\Wh]

These .csv files represent the Baseline Period Energy consumptions of the building.

The first two arased in the case of different sources for heating lpeiler working with natural
ga$ and cooling (g a chiller consumirgjectricitywhile thethird is useth case of a heat pump
installed in the building where the same satfireaergyis used for heating and cooling. (

electricity).
4.4.2.1 Python Scriptand FMU file validation

The validation of th@ython 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 ughmAran Island Residential houescribed in Secti@b.2

and the Sant Cugat Primary School described in @mhe comparison resulted with an
absolute difference in terms of monérigrgyconsumptionower than thef 01% both for the

gas and electricishowing that the accuracy of the python script is to be considered totally
comparable with the Modelica ROBéctiord.5.1presents the validation of the Python script

accomplishetly comparing the Modelica ROM result and the Script results in the Saint Cugat

pilot presented in the sec16r5.3

4.4.3 ModSCOApplication, 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 differemsystems, (3) flexibility and scalability, (4) and data prqtegtioev.15

shows thestructure of tht1odSCO web application.
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Figure4.15- ModSCO GUI Structure

The flowchart shown |Rigure4.19 beginwith the ModSCGGraphicUser Interface(GUI)

developed with thBubble.io platfornj99] This platformwas chosen because compared to its
competitorsit allows the creation of web interfaces and the development of API connectors in a

simplified way.

Once the ROM parameters describgtainle4.1 have been entered in the GUI, an HTTP file

containing the parameter valigesent 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 Wgadl to the user. If the list of parameters differs from shorsesl

in the database, the parameters are used in the Python script deSeittediit.2and the

simulation is performed. Once the simulation is complete, the resulting BPEs are stored in the
API database and the reisigffiles are serity emailto the user along withtHe DOLEUDWLRQ L

Saving estimatidool. 1
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4.4.3.1The ModSCO GUI

The ModSCO GUI was developed using the bubble.io plg@6tend consists of two main

pages:

(1) the landing page, which allaneto 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 namereatedd he test name is
important because it can define the calibratet®l,or the model used to calculate the savings.

Each of the created models can be opened through the same interface to change or delete

parameterfi-igure4.1q).

Furthermore, the second page allargsto download all the MS excel tools discussed (Section

4.3, load in thenterface the text files generated by th& k&8l tools and finalgnterthe other

manual parameters sntm" Tabled.1

Figure4.16- ModSCO GUI vi.0Part 1
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When all the parametersthis page have been set, a buttgn Run simulatioon|Figure4.17

is used to obtain the simulation results. Other buttons are enabled to allow the use of model
parameters astemplatefor a new test or projectd. use dataset &smplatg andto save the

parametersenteredf the project has only been partially completgdbgve).

Figure4.17- ModSCOGUI 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 ge&tTm's 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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4.4.3.1The ModSCO API

The Mo COAPI (Figured.1§ is thelink between the Python script explained in Seétbh

and the Bubble.io GUI described in Seftidn3.1 The APlwasdevelopedvithin the Sphere

Projec{103}with the support of IDP104]byusingPython 3.9105]andDjango Rest Framework

3.12.4106]

The Mo COAPI handlesiserrequests from the bubble.io GUI using the HTTP protocol and
provides them with a responge email The response is taken frime ModSCO serverhere

the Python Scripand the ROM .fmu file astored.
The ModSCO API is mainly composétvo separate applications:

1. "D XWKH Q Wppthddrivdhage3 user authenticationragdstration

2. ~ Mhulationpappthathandlesiser requests related to the simulationui& simulatign
retrievethe simulationdeletethe simulationlist all simulations

Figure4.18- ModSCO API

138



ModSCOweb applicatign

Thefirst application (i.@uthentication |Figure4.18 is composed by twd@OSTpendpoins

(ie. DXWKHQWLFDWLRQ ORJLQ pn DQG 'DXWKHQWLFDWLRQ UH

Figure4.19- ModSCO AP} user application

The HQGSRLQW ~ D XW K HegWwdthduge L t&gpovitielal userdairitV|H UBlsG p

be ine-mail format) andasswordlhe username and password are the same used in the Landing

page of the ModSCO GUI (Secp#d.3.). The email utilised in the authentication wilaks®

used to sendModSCO FMU simulation results For each of the endpoing
DXWKHQWLFDW IARIQVIUHUHDWHUDPQG VDYH WKH XVHU FUHG

database table.

The "/ authentication / login /" endpoiralso askthe user for a username and passtuatrth

this case the data insertedotsavedsince it is use loginto the platform.

The second applicatiomre( WKH VLPXODWLRQ LQ )LJXUH LV PDGH XS
"32674 HQGSRLQW DQG Dt THese épdpdiQiscaderdctiyated once the user
authenticates in the ARle("/ authentication / login /") and the name of the projedt.(

ProjectName) and the name of the test are providdttgjectCodeyhe project name and test

name are the os@sed in the secondgeaof the ModSCO GUI described in Segétoh3.]

4.4.3.1

Figure4.20- ModSCO API2simulation application
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The POST endpoint €./ simulation / input /) is used to get tleateregparameter§.e. inputiD

and inputDate) from the Bubble.io GUI and send the simulation results to the user. If the same

parameterg/here utilised by tleame user or by another user, the simulation is avoided and the

result is sent byraail together with theCalibration and Saving Estimation toekplained in

Sectio

14.3.4”Figure4.21 :

Figure4.21- ModSCO AP (/simulation/input/) POST endpoint

TheGET endpointi(e./simulation/output/{id}/) retrievasimulation output based on the input

provided by the user. This is used in the ModSCQad3jgl simulation results from a simulation

already performed.

The DELETE endpoint i.e./simulation/delete_simulation/{id})s used to delete simulagon

IURP WKH $3,

GDWDEDVH EDY S XWRIVOAKW 3GMHVUHBAVE UD P H P [

"BURMHFW&RGHUU

Finally, the secor@ET endpointi(e./ simulation / list /) returns a dictionary list containing the

InputlD, InputDate, ProjectName and ProjectCode parameters for each of the simulations

performed by the usdthe data is, therefore, in JSON format). This functionality is used internally

by the API to makihe GET endpoint "/ simulation / output / {id}" and the DELETE endpoint

"/ simulation / delete_simulation / {id}\Wwork.
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45 ModSCO Test Case

The objectiveof the pilottestinggdescribedn this chapter were to validate the accuracy of the
Python script andto 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 Schoof Script validation (GeoFit Project)

The Python script detailed in Seqdoh2serves as the core component of the ModSCO web

applicationas 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 ttheersaspthose
produced by the Modelica ROM. This validation was carried out using the same pilot building

described in Secti@b.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.
4.5.1.1Pilot Description

The San Cugat pilot is composed of a primary school, a sports pavilion and an administrative

building constructed in 197detailed description of the pilot is presented in the $&&idri

The analysis presented here seftsoto the year 2022. Thiisable4.2| showsthe monthly

electrical energy bills and monthly gas readings used to dadel@pifythe M&V baseline

createdvith the ROM andhe script of théodSCO application
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Table4.2 - Monthly electricity and natural gas consumption of the San Cugat demonstration buildings.

Electricity [kWh] Gas [kWh]
2017 2018 2022 2017 2018 2022
Jan 12766 11,659 11,405 60237 62680 42938
Feb 11335 10571 8992 34196 58647 35838
Mar 11041 9,997 10192 22732 29459 36177
Apr 8,360 9176 9,378 13712 19086 7526
May 10146 9507 10341 6,386 4,069 0
Jun 9,066 8,702 9,683 0 0 0
Jul 6,644 5833 7,024 0 0 0
Aug 6,611 4241 5,194 0 0 0
Sep 9,548 7,733 9421 0 0 0
Oct 10970 9,195 - 0 7,949
Nov 10800 9,954 - 23297 22179
Dec 9,634 8427 - 40607 35773
Total 116921 104995 81630 201167 239842 122479

4.5.1.2Results and Conclusions

The workflow discussedhigure4.1lwith the exception of using the python script simulation in

place of ModSCO simulation (i.e. Modsowlatioron the phase 2 |¢ligure4.1) wastested in

comparison with the 2017 calibrated Modelica R@Msbed in secti@)b.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 Bigured.1| workflow applied at the Saint Cugat pilots are

described together with a comparison with the 2017 ROMsafctine(i3.5.3

SDUDPHWHU (Nh&S®BDFXODWLRQ

Table4.3

lists the complete set of calculated parameters. These values were entered into the

ModSCO Python Script run the initial simulation.
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Table4.3 - San Cugat 201ython Scripparameters

Description

Building Type

Building/room latitude

Building/room volume

Unit [Value
- Not residential
- 41.4776
m3 13547

ROMPar file

Weather data file .mos

- SanCugat 17

Ground Temperature

°C 20

Maximum heat gain per people

32756

Maximum electrical power per lighting

42280

Maximum electrical power per equipment

6724

StandByelectrical power per lighting/equipmer

0

Maximum cooling Power of the system

70000

Maximum heating Power of the system

345000

System equipment electrical power (pumps, f

8000

StandBy heating power

5000

StandByooling power

I I R =

0

Heating Setpoint

o

20

Cooling Setpoint

o

24

Schedule People (Schedule generator file

Schedule Lighting ( Schedule generator filg

Schedule Equipment (Schedule generator fi

Schedule Heating SystSuhedule generator fil¢

Schedule Cooling System (Schedule generatg

Infiltration Rate

CALIBRATION PHASE PARAM

ETER

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 valuesTmble4.3] the MS Excel

populated with the data collectedthe year 2017

ROM Simulation and Calibrati@fthase 2)

After estimating thenodelparameters shown|TrabIe4.3

tosldescribed in Sectigh3 were

the first simulation was performed

using theMlodSCO Python scripBVLQJ WKH "&DOLEUDWLRQ DQG 6DYLQJV

in Sectio

.3.4

| the BPEs generated e scriptvere compared with the real consumption of

natural gas and electricity for the yea#.[2@bled.4|shows

the statistical valogéthe ROMun-

calibrated model in comparison with the same statistical index out of the siraniaiibrihe
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python script. The indeaof the Python script were calculated

HVWLPWGOWLRQW

"&DOLEUDWLRQ DQG

Table4.4 - IPMVP statistical indices of the calibrated 201ython script in comparison with the 2017 ROM

Model.
Gas Electricity IPMVP
ROM Script ROM Script it
96302 97254 Total Consumption 129223 | 128992 Total Consumption
[kWh] [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%

The comparison

ROM. This difference is due to the fact that the structure of ModelicalR@dta@ bt and the

(dfabled.4

shows a slight difference between the Python script and the Modelica

Python script uses a different simulation engine. However, the difference in energy consumption

is less than 1% for both gas and electricity.

Because the mod=intained the scriptas not IPMVR.ompliant, the uncertain parameters were

iteratively changed until the statistical values were within the IPMV&diwsatspne insection

3.5.?or Modelica ROMThis process was donef@owing the calibration procedure described

in thesection3.4.2

D

Tabled.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 Pytheaript.

Uncertain parameter  |Original Value Calibration Value
AlphaEqu 1 11
AlphalLig 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 th@ythonscript showed similar results compared with tiiellMda ROM.

Table4.6

144

shows thé&ythonscriptstatistical values after calibration using the paramelerisie

4.5|against the statistical valakthe Modelica ROM presentedsection3.5.3
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Table4.6 - IPMVP® statistical indices of the calibrated P9ftyon script in comparison with the 2017 ROM

Model.
Gas Electricity IPMVP
. . limits
ROM Script ROM Script
-0.67% -0.826 NMBE 1.31% 1.2%6 NMBE <+5%
7.98% 8.030 CV-RMSE 7.08% 7.0% CV-RMSE <20%
9% 9% R"2 8% 8% R"2 > 75%
+14.35% | +14.40% | Yearly Precision @909 +£12.66%| 12.626 | Yearly Precision @909 -

These results demonstrate the capability of the python script in getting lrghadauracgas

the Modelica ROM developedsection3.5.3

IPMVP® BaselinéPhase 3a)

Since the moddeveloped with the Python scuifis considered calibrated as explairgedtion

3.5.3and show in the flowchart gFigure4.1} it can also be considered suitable for the creation

of adjusted BPEs and for the estimation of energy savings. As explained|Bh4&@there are

two methods to calculate the savimgsising the novel workflosf|Figured.1jand 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.

Method2 was investigated and appliggbotion3.5.3 In this documenMethod 1 is utilised and

the adjusted BPE is calculated in order to estimate the energyatwitlihe generated by the

geothermal heat pumps solution developed in the H2020 Grexpé&dt

To create the IPMVP Adjusted BPE usingRython script, irthe first instance the ROMPar

tool was populated with the data iafgio the ECMsapplied between February and August 2019

shown in|Table3.14 Thus, a new ROMPar.txt file was created and updated in the script.
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Furthermorethe weather filenternal gains schedules and system schesuéeapdated toe
referredat the 2022 datdéll remainingparameters were kept the same as in the calibrated 2017

Python script

Figured.22andFigure4.23showsthesimulated energy consumption againshd@sured energy

consumption with the associated monthly deviation for th2Og2ar

Figure4.22 - Measured and Script simulated electrical consumption with monthly deviation for year 2022

Figure4.23- Measured and Script simulated gas consumption with monthly deviation for year 2022

Tabled.7|showsthe results of th2022calibratedPython scriptithinthe calibratiowriteria. This

comparisondemonstrated the capability Bfthon script contained in the ModSCO web
applicatiorto 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
presentThis test alswalidated theapability of the Python script contained in the ModSCO tool

to predict thePMVP baseline period energy (BPE) consumption.
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Table 4.7 - IPMVP® statistical indices of the calibrated 202Python script (i.e. BPE)

Gas Electricity IPMVP limits
Script Script
79348 Total Consumption | 124837 Total Consumption
[kWh] [kwh]
3.05% NMBE [%] -2.10% NMBE [%] < +5%
8.38% CV-RMSE [%] 11.52% CV-RMSE [%] < 20%
99% R"2 0.99 % R"2 > 75%

The Adjusted BPE created with the python script for the yeawR022 used to forecast the
electricity and gas consumption of the building. This procesltowitlalculaibn of the actual
energyavings taking into account the boundangitiors (e.g.weather file, different occupancy,

etc.) of the year considemtte the geothermal heat pump will be installed

4.5.2 Aras de Ban Building (SEAI and HEA Project)

The Aras de Bran buildingjlot case was utilised to tdst Alpha version of thlodSCO web
applicatioh The buildings inthe heart of th&niversity of Galwa@alway Campumndserves

as the cen¢ for mathematics within thmiversity

Figure4.24- Arialview of Aras de Bran building wittimiversity ofGalway campus
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4.5.2.1Pilot Description

Building fabric

The buildingconsists oén independent constructionamfncrete wittarge windowsn the east

andwestfacadesThere are 887%mf office space, 801%wf teaching spaces, 71%afaboratory
space, and 19°nof generalvarehouse These spaces are connectethrgacentral corridors,
along with stairways at the north and south @rdthe roof there is alsdailer room, which

houseghereldedspace heatirappliances

There arenorth andsouth elevationg/hichare cavity block witexeerior cladding, using stone
tileswith u aalueof 2.29 W/ntK. Theroof wasrebuiltin 2014 with an overallsalue of 0.27
W/m2K. Most of the glazing systems were r@sovatedn 2014 with double glazing, while the

facade of thenain entrance remains in its original state.

Despite these recent improvementsthadecognitionof good overall condition, theras de
Brun buildingexhibitspoor performagein terms of energy consumption (MWh). As of 2019
data, it had an annual electrical consumption of 338 MWh additgona®4 MWh for heating

purposegnatural gasyupplied by a pair of gas condensing boilers.

Occupancy schedules and internal gain

Occupancy schedules were estimated by direct communication with buildings owners and by using
standard profiles fromshrae 55:20105] The buildings occupied mainly between Mondag

Friday.

Heating and cooling Systems

The heating system is provided by @uinta Pro Remeha gas condensing boileusited on

the wall located in theechnicaroom. According to theassociated specificati@ach of the
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boilers provides a heatipgwerof 107kW with an operatg temperature of 80/60C. These
boilers were installed in 2009. There are zones sesex@favatercirculation pumps. The first

of 1.4 kW sensthe ground/first floorcircuit,the second of 0.2 KW serves the second floor. The
heating is provided by radiatdfer each unit both the panel type (type 21, typet@p and

coveredarea were recorded.

Buildings retrofits

Theoverallvisionof the projects that Aras de Bran will achieve a Nearly Zero Energy Building
(NZEB). It isexpectedhat the overall retrofit project idhd to an improvement aif least 50%
of thetotal energy performance (kWH/yrea) and consequently a 30% decrefige carbon

production (kg C/ga), thussatisfyinghe respective 2030 targets (SEAI, 2017).

Therefore it will achieve at least a B2 NBaomestic Building Energy Rating and aratad
Display Energy Certificate (operational level BER). The retrofit woskartaitid the following

measures will be undertaken:

1) The building fabric will be further upgradid (i) an insulation between the external sne
faced cladding and the buildéniglock walls (ii) triple glazing with preferential inert gases

and inner pane coatings in the external facade.

7KH EXLOGLQJ:V iktegiawdwtiRaXvdterio ZilheaDpurip and the Domestic
Hot Water systemw/kichuse electric resistive heating) will be upgradakketadvantage

of the heat pump technologies installed.

3) All existing lighting configurations (T5s, T8s, CFLs) will be upgraded twittED

occupancynd daylight systems.

4) The originadesign of th@atural cross flow system (not properly used and accessible) will

berestored correctly
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5) A competephotovoltaic system will be installed on the roof. Tie&f#H ni of available

roof space. The plant room contdif® mi of freespace to house a battery baglsystem.

Weather data

The IRUSE Weather statifBd]was utilised to extract the 2042020 weather data, including
ambient air temperature, relative humidity, barometric pressure and solar irradiation needed for

theROM development.

Utility bills analysis

A comprehensiveeview ofthe energy bills for electricity and gas consumption for the

demonstration buildings was carriedaftled.8)showshe monthly electrity bills and monthly

gas readings used to develop the M&V baseline.

Table4.8 - Monthly electricity and natural gas consumption of the demonstration buildings
Electricity [kWh] Natural Gas [kWh]

2018 | 2019 | 2020 | 2018 2019 2020
Jan | 29040 | 28154 | 30669 | 23484 | 16602 | 15433

Feb | 26833 | 26384 | 25309 | 21268 13629 13963

Mar | 25454 | 28555 | 26172 | 20845 14509 17716

Apr | 25762 | 28530 | 24849 | 11213 10278 1,236

May | 29222 | 28950 | 23665 | 3318 2371 77

Jun | 31911 | 27614 | 16624 | O 0 0
Jul | 31945 | 31,890 | 21804 | O 0 0
Aug | 33344 | 28288 | 25862 | O 0 0
Sep | 27968 | 25747 | 26719 | 1,759 0 0

Oct | 28984 | 29189 | 22166 | 7,850 6,246 347

Nov | 26319 | 29515 | Nd 15934 12226 nd

Dec | 27,701 | 24978 | nd 12282 18050 nd

Tot | 344483 | 337794 | 243839 | 117957 | 93916 51,902
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4 .5.2.2Resultsand conclusions

The workflow discussml’ Figured.1ljwas used in conjunction with a detailed BEM, typically used

in the IPMVP® option D, to demonstrate the accuracy and time savings of the ModSCO tool in
creating th&PE within the IPMVP frameworklhe detailed model (Option D) was developed

using the IES/E 2021 software.

The model is based on the information described in $édi@rland collected during the

investigation phase. Thern@mplatesof each room type were created to match the actual
buildingstructure. The Ashrae 90.2 2@4fiplate$107]included in IES/E 2021 were used to
cover uncertain information (e.g. the power of building equipment). The simulations were

performed using apacH®¥ AC and each iteration was recorded in a manual calibration process.

The ModSCO tool was utiliseddascribedh the flowcharbf Sectiofd.Zand explainestep by

step in the following sulsections

Parameter calculation (Phase 1)

Table4.9|lists thecompletesetof calculategparametersThese values weeateredinto the

ModSCO GUIto run the initial simulationTo calculate the list of values in Table 4.9, the MS
Excel tool described in Section 4.3 was populated with the data collected by the Aras de Brin

demonstrator. The next subsection describes the process of compiling the tools.

Table4.9 - Aras de Brarb 2 0 - parametes

Description Unit | Value
Building Type - Not residential
Building/room latitude - 53.280417
Building/room volume m3 | 9282.26
ROMPar file

Weather data file .mos - Galway 2019
Ground Temperature °C 15

Maximum heat gain per people W 18751
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The first MS Excel tool utilised during Phase 1 was ROMP4uiltiieg data was entered into

ROMPar following the steps describe8entiof4.3.1 The tool generated a text file (ROMPar

file of

ModSCOweb applicatign
Description Unit | Value
Maximum electrical power per lighting W 14374
Maximum electrical power per equipment W 18907
StandBy electrical power per lighting/equipmen W 5991
Maximum cooling Power of the system W -10000
Maximum heating Power of the system W 220000
System equipment electrical power (pumps, fa| W 9090
StandBy heating power W 10000
StandBy cooling power W 0
Heating Setpoint °C 20
Heating Setpoint °C 24
Schedule People (Schedule generator file) - -
Schedule Lighting ( Schedydgaerator file) - -
Schedule Equipment (Schedule generator file)| - -
Schedule Heating Systéuhedule generator filg - -
Schedule Cooling Systé®chedule generator filg - -
Infiltration Rate 2
CALIBRATION PHASE PARAMETER
AlphaEqu - 1
AlphaLig - 1
AlphaPeo - Not used
AlphaHeat - 1
AlphaCool - 1

hour and a half. This file represents the entire geometry and thermal characteristic of the building.
The same development in thedS modeltook 18 hours. The process consistexeating the

3D geomeic modelof the building and assigning the construdgaomplateso each of the

building elements.
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Schedule Generator

The schedules were created based on the interview with the building manager as no sensors were
installed in the building. The building manager provided general information on the facility's

equipment, lighting, people and timing. The creation of skkbselulesn the ModSCO

applicationwa& RQH XVLQJ WKH "6 FKHGXOH JH QB3 ThéNROJSCOVR RO G|

process wasuch faster than the IES model where different profiles were required for each room
and type of systerrurthermoreastherewas a lack ahformationin the IES Modeleach of

these profilesvasinitially based on theemplategrovided by Ashrae 90.1 which were then
adapted based on further intervielss process of adapting schedules increased tMEIES

modellingime

Therefore, the generation of the profile using the ModSCO "scheduling generator” took only one
hour while the IESYE model took 5 hourgurthermoreasmost of the parameters of the IES

VE model were estimatele risk of overfittingvasincreased.
ManuaParameters

The other parameters describelm‘eittnle4.9 were retrieved from technical documents, intesview

with the building manager and inspectidaghere was ndetailed information in the building,

theinternal gainsf theModSCO were retrieved using the Internal Gain Calculator Sa?on

whichwerethen adjusted in the calibration proosssg the alpha parameters

The internal gains of the IB& model were initially estimated on the basis of the whlues
Ashrae 90.1 201007]and then adjusted in the calibration process based on intervisitess and

inspections.

As regards the HVAC system, the ModSCO daeretrieved directly from the technical data
sheets and from the building survey. Instead, in thHE8odel the HVAC system was

modeled in detail using ApacheHVAC. The parameters needed by the ApacheHVAC were initially
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populatedautomatically using tHES-VE autosizingmethodand then corrected with the
availablenformation. The process took only 1 hour in the case of ModSCO and 10 hours in the

IES-VE model

Smilarly,to the schedules, since in the-NESmodel most of the information was not available
and therefore estimated on the basis of standard adisnegi§ioned values, there is a high risk
of overfitting. This risk is reduced in the ModSCO model where fearefmEs need to be

controlled.

ROM Simulation and Calibration (Phase 2)

After estimating the ModSCO parameters shqwalile4.9| the first simulation was performed

using the ModSCO GUI. Using ti@alibration and Savings estimattool described in Section

4.3.4the BPEs generated by ModSCO were compared with the real consumption of natural gas

and electricity for the year 2(18ble4.1Qshows the statistical valuEdD O F X OCallbidtienE\ ~

and Savings estimationW R RIOPRPWMits.

Table4.10- IPMVP statistical indices of the 2019 ModS@®@alibrated Model

Electricity Gas

58.63% | NMBE 20.10% | NMBE

56.44% | CV-RMSE 36.47% | CV-RMSE

0.211 R"2 0.891 RA2

220.84% Aver?ge Monthly Precisiq 80.91% | Average Monthly Precision @90!
63.75% \(?)egaorlfPrecision @90% 23.36% | Yearly Precision @90%

Since the model was not IPMVP compliant, following the calibration procedure described in

Sectio[8.4.2the parameters calculated during Phase 1 were claasétedthe reliability factor

and thereforen the quality of the data.

Tabled.11jshows the parameters considered uncertain (low and medium reliability) and their values

after the calibration process.
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The "$OSKDpu FDOLEU w&EcéhQdesed Urigdtthinadissorided irSectior

Table4.11- Parameters us@uthe calibrated 2019 ModSCO

Uncertain parameter  |Original Value Calibration Value
AlphaEqu 1 2.3

AlphaLig 1 2.9

AlphaPeo 1 Not used (i.e. 1)
AlphaHeat 1 0.95

AlphaCool 1 1

L_Rate 1 2

GroundT 15 12

HeatSch .txt Type 1 Type 2

3.4.2.2

The other parameters considered uncertain and adjusted in the calibration process were: (i) the

"groundtemperature” estimated from an online database, (ii) "the infiltration rate" as not measured

and finally théiii) " Heating Schedule " because during the simulation (both in ModSCO and in

the IESVE Model) a higher consumption value occurrddnuaryAn interviewwas then held

with the building managanda problemwas foundn the schedule providéde. theheating

systemsverecloseduntil January ¥3for to the Christmas holidaysfter the calibratedthe

ModSCO model met all IPMVP calibration criteria with an annual accuracy of 8.06% and 2.93 %

for gas and electricity consumptieapective|ywith aconfidence levebf 90% Likewise, the

IES-VE Model met all calibration criteria. But while the ModSCO calibration took only 6 hours

and 28 simulations, the & model took 40 hound a higher amount simulations.

Table4.12shows the ModSCO statistical valuestattenlibration using the parameteffaiile

4.11lagainst thetatistical values the|ES-VE calibrated model.

Tabled4.12- IPMVP® statistical indices of the calibrated 2019 ModSCO Model

Electricity Natural Gas IPMVP

ModSCO | IES- ModSCO | IES- limits
VE VE

0.25% 1.18 NMBE 2.70% -0.66 NMBE <+5%

6.06% 7.49 CV-RMSE 15.05% 13.30 | CV-RMSE < 20%

0.965 0.93 R"2 0.978 0.983 R72 > 75%

2.93% - Yearly Precision @909 8.06% Yearly Precision @909 -
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Figure4.ZjiIIustrate$he simulated energy consumption against the measured energy consumption

thly deviation. Theageno dataon gas consumption between June and October 2019

Figure4.25) because, as explaine@aatiopd.5.2.1the heating system watsut down The

results show thdhe calibrated ROM waalsoable to meethe IPMVP® monthly deviation

criteria(i.ewithin the 15% rangéor both electricity and gas.

a

Figured.25- Measured and simulated gas (a) and electrical (b) consumption with monthly deviation for year 2019.

IPMVP® Baseline (Phase B)

Since the mode&lasconsidered calibrated as explained in the preseictiens,t was deemed

suitable for generating adjusted Baseline Period Energies (BPEs) and for estimating energy savings.
In this pilot study, Method 1 was not applicable due to its requirement for the physical installation

of Energy Conservation Measures (EGM#)in the building. Consequently, Method 2 was
explored and implemented to calculate the anticipated energy savings resulting from two
envisioned envelope scenarios for the building: thermlaltiors in the wall cavity and the

implementation of a triple glazing system.
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This methodological approach ensures a systematic evaluation of potential energy savings without

necessitating physical modifications to the building, thereby leveraging computational simulations

for predictive analysis.

To create the RPE with ModSCO, the ROMPar was used to generate the updated text file with

the improved thermal insulation in the wall cavity and the triple glazing system. The text file was

loaded into the ModSCO GUI along with the parameter list ofitiratesl ModSCO model (i.e.

Tabled4.9

andTable4.11

was used to compare the BPE and the RPEoaradculate the savings generated by ModSCO.

$FFRUGL Q CaNbretiow ahtl Saving Estimation fooW KH FRPELQDWCMQ RI WK

and a simulation wasn 7 KG&libration and Saving Estimation fool

generateeh annuatjas energgavingsf 31,718.6kWh+ 7,383.11 kWh (23%jth aconfidence

level 0f90%|Table4.13

outlines the U valug€®/m?K) before and after the retrofielement

surface (M and the savings generated by ModSCO. The retefitglivided intovall retrofits

(A) and glass retrofits (B)

Table4.13- ECMs applied in the building with surfaceallie before and after its application and saving

generated.
Surface i Retrofitted | Gas Savings
Retrofit | Building construction 'R‘ASI/:ZL;]V ale U-'value :
[m2] [W/m2K] [kwh]
A Wall 1 271 1.54 0.32 2650
Wall 2 373 2.29 0.65
B Windows 1 997.8 1.8 0.8 29354
Windows 2 97.8 5.6 0.8
A+B - 31,718
Table4.13shows that the energy savings generated by the new glazing system are much higher

compared to thevall insulation. This is due to the large amountzihgia the buildinngigure

and retrofit A and B applied toget
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Figure4.26 - simulatednonthly comparison betwelkaselinduilding and(a)wall insulatiometrofit (b) new
glazing systenetrofit and(c) wall insulation and new glazystem retrofiwith associatechonthly savingsfor
year 209.
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Conclusions andecommendations

5.1 Introduction

In this chapter, the main conclusions of this thesis are presented. The results are analyzed in the
context of the methodology and case studies. Finally, the chapter offers recommendations for

future research, building on the findings of this study.

5.2 Conclusion

This research has propo$dddSCQ a novel web applicatitmased on a Reduced Order grey

box Model (ROM) aimed at enhancing Measurement and Verification (M&V) practices and thus
reproduce baseline projections for retrofitting projBuesScope of the ModS@@sto reduce

the EnergyPerformanceContracting(EPC)barriers an@ccelerate investment in esiééctive

energy conservatiomeasurefor existing buildings

The Chapter 1concludes thathe EPC can accelerate investment in-ekbsttive energy
conservatiormeasurefor existing buildingg husthe EPC can reduce the energy consumption
and C3emission of theonstructiorsectorHowever, there are many risks and barriers that slow

downEPCadoption.

In Chapter 2he literatur@vasreview carried out as part of this research demonstrated that M&V
andparticulaly the IPMVP" have the potential to reduce some of the EPC barriers. However,
the application of the M&V protocol in retrofitting existing buildings is often complex due to
limited and uncertain information about buildiRgs.this reason, a novel tooé(ModSCO)

based on a Modelica Reduced Order grey box Model (ROM) was developedealttitesis.

To address the challenges sifwi IPMVP in building retrofit, and to enhance the uptake of
EPC,in Chapte8 anovel ROM technology framework 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 scenarasated
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The ROMwasdevelopedisedhe Modelica programming language in the Dymola environment.
The ROMenabld the calculation ofheenergy savings due to ECMs based on a limited number

of input parameters. This results in a grey box model representation of an existing building, which
is resource efficient, i.e. requiregileesanccompuingpower than white box modead allows

to studydifferent retrofit scenarios.

The high grade of generalitf the ROM created(i.e. different building typologies can be
represented with the same developed structure) and its simplified physics (i.e. described by a

limitednumber of parametershabled standard calibration procedure.

The accuracy of the novelOM technology framework wai®venin differentpilot buildings
demonstratinghe potential of applygnthisnew ROM technology framework to multiple and

complex buildingandestimaing monthly energy savings due to ECMs. Moremvére Saint

Cugat Primary Scho@8€ctiof8.5.3) the daily and hourly study showed the possibiltjubdire

extension ofhe framework to daily analysis and the potential ofthielR®M to design HVAC
systemausing peak energill these test cases demonstrakedvariousadvantagesf the

Modelica ROMn theIPMVP andhe capability of the ROM help spread EPC.

However, as discussedSection2.3 and reported by Li et db6] there are many hurdles

prevening wider adoption oModelica ROM Li et al. reports a list of tools based on-lgpgy
models and concludes that one of the main limitations of these tools is the lackridrdiyser

software package ati@ unclear and suitable application of the bmeymodels.

The ModSCO web application develope@hapter sas the capability to fulfil bott these

gaps, thanks to aserfriendly interface, a simplified model parametatsulationtools a
simplifiedand calibration procedure and for the capability of estimating the energy saving due to
ECM under the IPMVP protocollhe advantages of the ModSCO web application were
demonstrated in Sectith theAras de Brurmuildingwhere a comparison withdatailed

IES-VE model was done in terms of IPMVP BPE accuracy and time of development
161



Conclusions andecommendations

5.3 Future works

This research has propo$&adSCQanovel web application based on a ROBystematadly
guantify the energy savings due to ECMs under tWM&RPframework. The research

demonstrated the advantage of using the ModSCO web application in the quantification of the

energy savings in old buildinghere the informatiors uncertain and missingFigure5.1

describeghe three incremental maturity stages for the commercialiaatoexploitatiorof

ModSCOweb application.

Figure5.1 - Maturity stages for the commercialization and exploitation of ModSCO web application

The three stages of are:

X The NOW stage wa$ocused on growing thdodSCOGROM Body Of Knowledge
(BOK) by interactingsaaprototype toobr a proof of conceptithin the environment of
thedifferent EU H2020 projectgniversity of GalwaBuilding and Estate projects and
industrialpartnerprojects This stage can Werther investigatedo implement new
ModSCO functionalities.
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The Second stage AS PROJECT DELIVERS involve the validation of thepha
version oModSCOweb application developed in the Chapter 3 of this thesis. The web
app will be released in fheblic domainvith the scope of receivifegdbacland improve

the BOK and the functionality of ModSCO

The final stage will focus on the commercial delivery of ModSCO services. This could be
executed directly by the University of Galway using commoHeveirdmarket
instruments or by collaborating with "delivery partners" who have strategic client

portfolios that can integrate ModSCO services into their ongoing contracts

Future implementation of the ModSCO web application may include the falkpeictg:

X

X

Testing the tools within pilptojects.

Continuing using the ROM/ModSCO tool as academic tool instrumental for future energy

engineers;
Embed MS Excel based tool into vapplication
Creating an automatic calibration engispeed up the calibratiphase

Includes the ability to automatically extract data from a BIM file ir{iRa@Mlly covered
by the Sphere EU project)

University of Galway strategy is to release the IPMVP / ROM / ModSCO enhanced
methodologies IPs to the puldiemain. The intention is to create a community of user

to keep growing the Body of Knowledge, testing and further developing the tools.

Where a potentia@bmmercialisatioopportunity exists, the Technology Transfer Office
will pursue the most fam@ble IP protection through licensing or shared revenues models

with strategic delivery partners
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