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ABSTRACT

Energy services play a growing role in the contobknergy consumption and the improvement of
energy efficiency in non-residential buildings. NMo$ the energy use analyses involved in the energy
efficiency service process require on-field measmgts and energy use analysis. Today, while
detailed on-field measurements and energy courdiag generally expensive and time-consuming,
energy simulations are increasingly cheaper dileg@ontinuous improvement of computer speed.

This work consists in the development of a simatatiased approach dedicated to whole-building
energy use analysis for use in the frame of anggnefficiency service process. Focus is given & th
development of a new simplified dynamic hourly binb energy simulation tool adapted to energy
use analysis of existing buildings, its calibratiojpm means of available energy use data and to the
integration of the calibration process into the iggeService Process. The proposed evidence-based
calibration methodology is deeply related to ondfinspection and data collection issues and is
developed to fit with the audit/inspection procesker calibration, the model can be used to suppor
the other steps of the Energy Services Proceshk,as1ECOs selection and evaluation and continuous
performance verification.

The new systematic calibration methodology givemrity to the physical identification of the
model's parameters (i.e. to the direct measurernard)relies on the notion of hierarchy among the
source of information (as a function of their rblidy) used to identify the value of the paramster

The improved Morris’ sensitivity analysis methodused for “factor fixing” (i.e. distinction between
non-influential model's parameters) and “parametscgeening” (i.e. classification of influential
parameters by order of importance) in order tombrithe data collection work and guide the
parameters adjustment process. At the end of tlieration process, the Latin Hypercube Monte
Carlo sampling is used to quantify the uncertaintythe final outputs of the calibrated model.

The developed simulation tool and the associatétdraaon method are applied to a synthetic case
(“Virtual Calibration Test Bed”) and to real cagedy building located in Brussels, Belgium.

Both applications (real and synthetic cases) alloghlighting the complexity and the limits of
calibration as it is used today. Calibration rersam highly underdetermined problem and a
compromise has to be found between data colleetimhmodeling efforts and model’s requirements
in order to proceed to efficient energy use analyat the end of these applications, it is belietreat
partially manual methods remain more efficient aimel best quality assurance when proceeding to
calibration of a building energy simulation model.

The use of an evidence-based method ensures sgtitkineality and avoids bad representation and
hazardous adjustment of the parameters. Moreavisr,shown that the intensive use of a sensitivity
analysis method is of a great help to orient datdection and parameters adjustment processes.
Defining confidence/uncertainty ranges for eachapeater, in addition to a “best-guess” value, also
allowed quantifying the uncertainty on the finatmuts of the model and helped the user in evalgatin
the quality of the calibrated model.
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Chapter 1: General Introduction

CHAPTER1: GENERALINTRODUCTION

1. THE ENERGY EFFICIENCY PROCESSAND THE USE OF WHOLE-
BUILDING ENERGYSIMULATION

1.1. CONTEXT

Environmental concerns and the recent increasaesfig costs open the door to innovative techniques
to reduce energy consumptions. Buildings repreabatit 40% of the European energy consumption
(Perez-Lombard, 2008). Non-residential (tertianyijdings are part of the main energy consumers and
approximately represent 9% of the primary energysamption in Europe (Directorate-General for
Energy and Transport, 2007). The improvement off thieergy performance is a major challenge of
the 21" century. To this end the European Commission ajgurdhe European Directive on Energy
Performance of Buildings (EPBD, 2002) on 16 Decen2®?2.

The main objective of the Directive is to promobe timprovement of the energy performance of
buildings within the EU through cost-effective me@s. There arbour main aspects to the EPBD,
taking place at all stages of the building life leydrom design to renovation through operation and
maintenance:

- Establishment of a calculation methodology: Member States must implement a
methodology for the calculation of the energy perfance of buildings, taking account of all
factors that influence energy use;

- Minimum energy performance requirements. there must be regulations that set minimum
energy performance requirements for new buildingsfar large existing buildings when they
are refurbished;

- Energy performance certificate: there must be an energy performance certificadelem
available whenever buildings are constructed, soignted out;

- Ingpections of bailersand air-conditioning: there must be regulations to require inspections
of boilers and heating systems (or an alternatixstesn of providing advice as discussed
below), and inspection of air conditioning systems.

Among the different “energy users” in a buildingating and air conditioning systems are culpable of
about 25 to 30 % of total energy and consumptian@ et al., 2007) and represent an important field
for energy savings. In this field, a crucial prablés related to the renovation of the installatians
the coming years, an important part of the stockezting and air conditioning systems will become
obsolete and be renovated. Out of the 2200 Mmarofanditioned tertiary building area in use in
Europe (Figure 1), 800 Mmz2 date more than 15 yaadswill need urgent renovation in a near future
(Adnot et al., 2007). In this part of the buildistpck, potential energy savings are estimated l@twe
30% (Directorate-General for Energy and Transj2f7) and 50% (Adnot et al., 2003).

Optimization of the operation of mechanical andligg systems is also a crucial issue. Roth et al.
(2005) estimate that faults in operation of suckteys can account for between 2% and 11% of the
total energy consumption of commercial buildings.

In 2011, a global benchmarking project (call th&eliv’ project; Knight, 2011) was launched in
Europe in order to allow direct and accurate assessof the energy performance of HVAC systems
equipping non-residential buildings in Europe. Todected data will help in accurately quantifying
the energy saving potential in Europe.
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Figure 1: European Conditioned Area (source: EECCAC)

In addition to building energy inspection and resiown, energy management is developing due to the
incentive created by the implementation of the EPB8B taxation frameworks on energy performance
and the development of energy services.

Energy services play a growing role in the contbenergy consumption and the improvement of

energy efficiency in both public and private sestdn 2006, the European Commission approved the
Directive 2006/32/EC promoting the development ofmarket for energy services in the member

states in order to improve the energy efficiencyhia building sector and support the energy demand
management

EN15900 describes Energy Efficiency Services (E&S) process based on collected energy use data,
designed to achieve an energy efficiency improveraed including a series of steps such as:

1) Energy audit or inspection (as imposed by the ERBD)

2) Measurement and verification of implemented En@ffigiency improvement action(s)

3) Periodic verification of the energy performancetioé building and continuous operation
optimization.

Energy efficiency improvement actions can includgintenance, building and/or system partial/total
renovation, continuous system operation diagnosml aptimization (commissioning) and
implementation of an energy management systenrésenibed by EN16001).

Most of the energy use analyses involved in thegnefficiency service process require on-field
measurements and energy use analysis. Today, whikEled on-field measurements and energy
counting stay generally expensive and time-consgmemergy simulations are increasingly cheaper
due to the continuous improvement of computer speed

Since the 1960s, building energy simulation wasaramd more investigated to help in improving
energy performance of buildings and HVAC&R systeindially, building energy simulation (BES)

models were mainly used for design purposes (LebrnehLiebecq, 1988). More recently, the area of
application of BES models was extended to furthpesi(-construction) stages of the building life
cycle, such as building operation optimization,htdcal and economical evaluation of Energy
Conservation Opportunities (ECOs), commissionind &mctional performance testing (Visier and
Jandon, 2004), fault detection and diagnosis (Jagpa6), building energy management (Lebrun and
Wang, 1993), building performance monitoring (Bgrnalio and Lebrun, 2008) and energy audit
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(Auditac, 2007; Harmonac, 2008, Krarti, 2000, Bgntalio et al., 2010). At the same time, graphical
user interfaces were developed to facilitate ussioh complex tools (Spitler, 2006).

The main tasks concerned by energy services offersdetailed below. At each level, a specific
attention is paid to the possible use of wholeding energy simulation models.

1.2. ENERGYAUDIT AND INSPECTION

As mentioned above, the EPBD directive establismesdatory inspections of air-conditioning
systems to promote improvements in the HVAC inatalhs of existing buildings:

Article 9- Inspection of air-conditioning systems

With regard to reducing energy consumption andtiimgi carbon dioxide emissions,

Member States shall lay down the necessary meaguessablish a regular inspection of
air conditioning systems of an effective rated autf more than 12 kW. This inspection
shall include an assessment of the air-conditiorgffigiency and the sizing compared to
the cooling requirements of the building. Appropgiaadvice shall be provided to the
users on possible improvement or replacement ofatheonditioning system and on

alternative solutions.

The inspection (or audit) of HYAC systems is nolycen mandatory action as prescribed by the EPBD
Article 9 but also a major step of the renovationcess. Audit is required to identify the most
efficient and cost-effective Energy Conservation p@punities (ECOs). Energy conservation
opportunities can consist in more efficient useobmpartial or global replacement of the existing
installation.

After the publication of the EPBD Directive, it agrs that only a very small number of pre-audit
(inspection) and audit methods for air conditionsygstems were available, up to date and well
adapted to the European building stock. Furtherrtbere was very little practical experience of the
type of inspections required by the EPBD.

In 2005, Intelligent Energy Europe Programme (IH&)nched the AUDITAC project (“Field
Benchmarking and Market Development for Audit Maethidn Air Conditioning”), focused on air
conditioning systems. Its aim is to provide pragdtisupport to all those who are in a position to
improve the energy-efficiency of the European A/@rket.

The main objectives of the project were:

- To accelerate the adoption of AC inspection asritestt in the EPB Directive;

- To generate a sufficient number and variety ofdfidemonstrations and benchmarks of
inspection and audits;

- To promote best practice examples and procedurgscim audits and consequent retrofits;

- To put in place a real outcome into high qualitgiga) namely investment-grade audits and
actual works on the existing A/C facilities in tBaropean Union.

In 2007, IEE launched the HARMONAC project to tastl complement the inspection methodologies
and inspection tools developed in the frame ofA®ITAC project.

1.2.1. Previousworksand Existing Audit Procedures

In the frame of the IEA-ECBCS Annex 11 project, Bew et al. (1987) proposed a basic definition of
the audit process and develop a first package a$ tand procedures to help the auditor. Four audit
stages have been identified:
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1. Building rating for energy audit: identification @dhe most “interesting” buildings of the
building stock;

2. Disaggregation of energy consumption: analysis easored energy consumption to identify
the main energy consumers;

3. ECOs identification and evaluation: identificatiohthe most efficient energy conservation
opportunities;

4. Post implementation performance analysis.

The basic ideas of the audit process were alreadgloped in the frame of the Annex 11. The aim of
the first step was to identify the buildings whichve a good potential for energy conservation. The
analysis and the disaggregation of very global mneak energy consumptions to understand the
behaviour of the studied building was already cdeisd as an important step of the audit process and
is still a critical issue. However, only basic grsié methods (such as thermal signatures...) hege b
studied in the frame of this research project. @od energy simulation models are only briefly
addressed and the issue of the application of sitonl tools to existing buildings is not mentionéd.

list of ECOs, including envelope and system improgats, has also been prepared. Of course, some
of the identified ECOs are still valid (building\extope, ductwork and pipework improvement...) but
an actualized list is required (cooling system,tin.).

ASHRAE (2004) also provides audit procedures. Ty«ine forms are provided to help auditors in
reporting basic information in a uniform and effict way. Once again, four levels of analysis are
outlined, starting from preliminary historic energge and costs analysis (level 0) and going to
detailed analysis of capital-intensive modificaiofocusing on potential costly ECOs (level 3)
through walk through analysis in order to identdw-cost improvements (level 1) and more detailed
energy survey and analysis including breakdownhef ¢nergy use (level 2). Unfortunately, the
different steps of this audit procedure are notitkd and no precise description of the tools #®igs
given. Even if, the simulation issue is not menrgidnn this reference, some useful forms to report
existing conditions (for baseline model developant¢ provided.

In his book, Krarti (2000) distinguishes four typedsenergy audits:

- Walk-trough Audit consisting in a short visit of ethbuilding to identify simple and
unexpensive improvements that can provide immediagegy savings;

- Utility Cost Analysis consisting in the analysis tfe operating costs of the studied
installation. This analysis is based on the enexmysumption records and aimed to identify
the patterns of energy use, weather influencegpatahtial for energy saving;

- Standard Energy Audit providing a comprehensivelysma of the studied installation and
predicting the benefits related to the selectedgneonservation measures/opportunities by
means of simple (hand) calculations;

- Detailed Energy Audit involving advanced on-siteasigrements and sophisticated computer
based simulation tools to evaluate precisely thectsd energy retrofits.

Krarti (2000) focuses on the detailed audit andirmeg a general procedure and rules of good peactic
usable for most buildings. This detailed audit pawre involves:

- Building and utility data analysis intended to exdk the characteristics of the building and
the patterns of energy use. This step involvescbiig utility data, understanding utility rate
structure and performing utility energy use analy&r benchmarking purposes),

- Walk-through survey intended to determine the @gsbperating conditions, identify the
potential energy conservation opportunities ancerda@ne if any further auditing work is
needed,;
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- Baseline for building energy use (BEU) in orderdevelop a baseline simulation model
representing the existing conditions and the adiabhvior of the building;

- Evaluation of energy conservation opportunities Q8L by means of the baseline model
developed during the previous step and determimatib a list of cost-effective energy
conservation opportunities achieving energeticecehomic goals.

In this detailed audit procedure, the main issuehe audit process were covered and detailed. The
analysis of energy consumption records appearsagmian important step of the audit process.
Comparing to the definition proposed in the Annéxptoject (Boysen et al., 1987) and by ASHRAE
(2004), the definition of Krarti is more advancamlaecent and integrates the development and the
use of modern calculation tools.

When looking to the existing audit methodologievedeped by Boysen et al. (1987), ASHRAE
(2004), Krarti (2000) and to the prescriptions paded in EN15900:2010, it appears that the main
issues of an audit process are:

- The analysis of building and utility data, includirstudy of the installed equipment and
analysis of energy bills;

- The survey of the real operating conditions;

- The understanding of the building behaviour anthefinteractions with weather, occupancy
and operating schedules;

- The estimation of energy saving potential;

- The selection and the evaluation of energy consiervapportunities

- The identification of customer concerns and needs.

1.2.2. Four-Steps Energy Audit Procedurefor the European Market

All the issues mentioned above have been implerdenta four-step based audit process, very similar
to the one proposed by ASHRAE (2004) and KrartO@®0 which was developed in the frame of the
AUDITAC project to fit to the current European matk

- Benchmarking is made to decide if it is necessary to launchah audit procedure basing on
energy bills and basic calculations;

- Preaudit, Walk-trough Audit or Inspection consists in determining the existence of faults
or possible improvements and orienting the futwetaited audit. This inspection is based on
visual verifications, study of installed equipmemtd operating data and detailed analysis of
recorded energy consumption;

- Detailed Audit, based on the results of the pre-audit, is thentifative evaluation of ECOs
selected to correct the defects or improve thdiagignstallation;

- Investment Grade Audit concerns the detailed technical and economicaheagng study
necessary to justify the investment related tatdesformations.

The definition of the audit process developed ia ttame of the HARMONAC project has been
chosen as reference and the same nomenclaturedsruthe following parts of this work.

1.2.2.1. Benchmarking
The impossibility of describing all possible sitioats that might be encountered during an audit mean
that it is necessary to find a way of describingatvhonstitutes good, average and bad energy
performance across a range of situations. The dirbeachmarking is to answer this question.
Benchmarking mainly consists in comparing the messiwonsumption with reference consumption
of other similar buildings or generated by simuaatitools to identify excessive or unacceptable
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running costs. As mentioned before, benchmarkirgde necessary to identify buildings presenting
interesting energy saving potential.

An important issue in benchmarking is the use ofgomance indexes to characterize the building.
These indexes can be:

- Comfort indexes, comparing the actual comfort cbods to the comfort requirements;

- Energy indexes, consisting in energy demands divige heated/conditioned area, allowing
comparison with reference values of the indexesimgiinom regulation or similar buildings;

- Energy demands, directly compared to “referencefrgyy demands generated by means of
simulation tools.

In the frame of this work, priority is given to tle@mergy viewpoint even if comfort requirements are
not neglected. Indeed, the observed energy consamipas always to be analyzed with respect to the
real (and consequently also observed) achieveni¢hé sequirements.

Establishing benchmarked performance of buildirsgaadt an easy task and can be made in several
ways. In the frame of the AUDITAC project (2007)Castomer Advising Tool and a case studies data
base have been developed, based on simulationsratiet analysis of case studies. This tool allows
assessing quickly some improvements of the build@gingelope, but also, to associate the studied
building to similar buildings, included in the AUDAC'’s case studies data base (“AUDIBAC"). A
first benchmarking can be made by comparing theemviesl performance and defaults to those
identified during the audit of the selected casesi{Alexandre et al., 2006). This approach is kimi

to empirical benchmarking, proposing comparisonvben actual building performance and statistical
data based on the actual building stock.

Regulation can also be considered as referencéodochmarking and standards can be used as
reference for comparison. However, this compareiows only situating the studied installation in
the field of regulation and standards but does allow assessing the performance of the studied
facility.

To ensure comparability between the studied buldind the reference data, a normalization of the
data has to be made (Bannister and Hinge, 2006s fdrmalization would allow to eliminate
differences in climate, building size and hoursopération from the comparison and to differentiate
energy-related issues. So, the performance of ldibgican be described in terms of energy per m?
index, corrected to a standard climate and opeydtinurs.

For the size, normalizing to net surface area i sweted to office buildings. To eliminate climate
dependence, degree days are usually used to ctineeetctual consumption of the building. While
heating degree days seem to be sufficient to naentthe heating demand of the buildings, simple
dry-bulb cooling degree days are not efficient @lmdnot provide good results. Indeed, dry-bulb
cooling degree days are inappropriate and coolamgahds are more strongly correlated to wet-bulb
temperatures. However, such data are not usuaijadle and normalization base on wet-bulb degree
days is not always possible.

While (sometimes arbitrary) normalization is reqdito allow comparison between data recorded on
the studied installation and reference values dedifcom case studies or statistics; the use of
simulation models allow to assess directly the istlithstallation, without any normalization needed.
Indeed, applying a simulation-based benchmarkiogathows an individual normalization and allows
avoiding size and climate normalization.

So, rather than looking for very global weathereixels, it seems rational to use a simulation model
and run it over a few thousands of hours corresipgno one typical year. The current capabilitiés o
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Chapter 1: General Introduction

computers and simulation tools make this approach efficient and allow considering the climate as
it is, without any simplification. Such analysis limsed on a code-compliant simulation of the
installation under study and has been appliedftoeobuildings (Bertagnolio and Lebrun, 2008). More
recently, a similar approach has already been pexpdy Haberl et al. (2009) for residential
buildings.

1.2.2.2. Inspection and Audit
The primary analysis of measured energy consumpéquires disaggregation. This process consists
in dividing the measured energy demand into majongonents. The main purposes of disaggregation
are (Boysen et al., 1987):

- To identify the major energy consumers, consergapotentials and promising areas of
retrofit;

- To help to make cross-checking energy calculatiopsusing calculation procedures and
models.

The level of detail of disaggregation can rangamfra simple to a rather complex breakdown.
Inevitably, the finer the level of detail, the mawerk is involved but this increased work oftendsa
to a more accurate and detailed picture of thellmglenergy use.

Boysen et al. (1987) proposed to distinguish noatier, weather and time/occupancy dependent
components (Figure 2). Non-weather dependent coemeninclude energy consumers remaining
constant all over the year (as circulation pumpsDomestic Hot Water production). Weather
dependent components deal with energy uses thanfarenced by outdoor conditions (as heating or
cooling). Time and occupancy dependent componaetgl@aracterized by short term variations (as
switching light).

FUEL ELECTRICITY

@ 1 H]

w 7]

S =

= =

o o

e e

€{ @

= =

L L

JFMAMJJAS OND JFMAMUIJASOND

Month Month
- base load winter/summer extra

Figure 2: Example of monthly billing data

Utility bills are generally the main source of imiwation about the actual energy performance of the
building. Usually, fuel consumption is easily obed from monthly gas/oil bills even if some
attention has to be given to the billing periodsolthnot always correspond to calendar. Based on
these data, monthly heating demands of the buildimgbe estimated and the thermal signature of the
building can be calculated (Figure 3). This alladsntifying the base load (corresponding to DHW
production, energy wasting due to standby operatia) and the weather dependent load
(corresponding to heating and humidification).
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Figure 3: Energy signature

Analysis of electricity bills is more difficult bacse of the important number of components hidden
behind the very global measured monthly consumptirfirst step in the analysis would be to
estimate separately some components of the towbgruse. The energy consumed by lights and
electrical appliances (computers...), can be ifledtiby prediction, consisting in making some
assumptions and using information about operatiofiles and installed capacities.

The remaining electricity consumers should be ndirectly related to the HVAC system of the
building (fans and pumps) and to cooling demandléch).

If the cooling demand identification succeeds, aliog energy signature can be built, as for heating
consumption. A correlation can be made based orodsyet bulb outdoor temperatures. If a better
regression is obtained with wet bulb data, theingotlemand signature can be seen as an indication
that a significant part of the cooling demand can ditributed to dehumidification. However,
considering that, in most of the European countt®sAC chillers corresponds to 5 to 10% of the
total electricity consumption (AUDITAC, 2007), naysificant correlation can be expected between
the global electricity consumption and the outddonate. Moreover, even if the chiller consumption
can be identified or measured, it cannot be cdadlavith a unique climatic variable because cooling
demand is generally strongly influenced by integerierated loads and building dynamics.

The auditor must note that the analysis of air @@rdng performances using global energy billsl wil
be accurate only if the share of air conditioningrgy consumption in the bill is significant. Ifexgy
consumption for cooling is totally hidden behina thther energy uses, accurate estimation will be
impossible without sub-metering or simulation (AUBIC, 2007).

Frequently, global monthly consumptions are insigfit to allow an accurate understanding of the
building’s behaviour. Even if some very rough résuan be expected from the analysis of monthly
fuel consumption, global electricity consumptiorarls analysis does not allow distinguishing the
energy consumption related to AC from the consuonptelated to other electricity consumers.

While the analysis of the energy bills does nobwallaccurately identifying the different energy
consumers present in the facility, the consumptemords (among other information) can be used to to
check the adjustment of the parameters of wholleHmgi and system simulation models. Then, the
adjusted baseline model can be used to perforrouwsaanalysis of the building energy use and help in
the disaggregation of the global energy consumptiotie facility (quantification of specific heagjn
and cooling needs, per HVAC component and/or hujjdizone; electricity consumption
disaggregation...). Usually, the developed modelhentused to evaluate selected ECO’s. The
application of building simulation models has beeneloped several times in the literature (Adam et
al., 2006; Hutton et al., 2006; Bertagnolio et 2010).
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1.2.2.3. Evaluation of ECO'’s
The evaluation of selected Energy Conservation @ppities consists in calculating the energy
saving related to the studied improvement. It fadilt to estimate these energy savings only bigkju
hand calculations and more complete calculatiand|as to design calculations, are often requined i
order to assess the performance of the system mfbeification. Generally, the evaluation of the
ECO'’s has also to be made in terms of comfort, eftects and interactions with other components of
the facility.

An easy way to evaluate the chosen ECO’s is toempht them on an adjusted simulation model and
to compute the comfort variables (temperature, Hitgniand air quality) and the theoretical energy
saving made during a typical meteorological year.

In practice, it is believed that a “well-calibratedodel, able to represent the pre-retrofit sitatiis
also able to represent the post-retrofit situati8n, ECOs are usually evaluated by arbitrarily
modifying the input-file of the model, in ordertepresent the effects of the retrofit action (Gagiet
al., 1999; Pan et al.,, 2007). This method, amoreret is prescribed by the main performance
measurement and verification protocols but onlg raformation is available about its validity.

Since the evaluation of ECO’s often consists in greliminary stage of retrofit process, risk

assessment is a critical issue. Such risk analysispecially necessary for Energy Service Companie
(ESCOs) in order to manage risk in retrofit investns (Heo, 2011). Quantifying underperforming

risk is particularly important in the case of lasgmale/high-cost retrofits requires uncertainty

guantification. As it is often considered at theida stage (de Wit, 2002; Hopfe and Hensen, 2011),
the study of uncertainty on the simulation outpistalso very important when computing energy

savings.

1.3. ENERGYPERFORMANCEMIEASUREMENT ANLYERIFICATION

The verification of energy performance improvementmsists in the assessment of the new
(improved) situation by comparing pre and post mcakion energy consumptions. This comparison
requires the evaluation of the amount of energyctviwiiould have been consumed if there had no
modification (the “adjusted-baseline energy”) ahd amount of energy which is/should be used after
the implementation of the Energy Conservation Opputy (the “post retrofit energy use”, Figure 4).

A Baseline Use Adjusted Baseline Use

Energy Use

ECO implementation

Post Retrofit Period

»
>

Sep-92 Mar-93 Sep-93 Mar-94 Sep-94 Mar-95 Sep-95

Figure 4: Determining savings (adapted from ASHRAE, 2002)

Three major guidelines provide guidance for enepgyformance measurement and verification
(M&V):
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- The International Performance Measurement and i¢etibn Protocol (IPVMP; EVO, 2007)

- The ASHRAE Guideline 14-2002 on Measurement of fymeand Demand Savings
(ASHRAE, 2002)

- The M&V Guidelines for Measurement and Verificatifam Federal Energy Projects (FEMP;
US DOE, 2008)

M&V protocols are generally used by energy perfamoga contractors, facility managers and
designers. The M&V process consists of using messents to reliably evaluate savings generated
within a given facility by an energy managemenigpaon.

Good M&V practice is defined in the IPMVP (EVO, Z0Gs:

- Accurate: accurate and rigorous estimation of tl&&/Mosts and savings,

- Complete: all the effects of the implemented proghave to be evaluated,

- Conservative: savings should be under-estimatatidogalculation,

- Relevant: the estimation of the savings should lbsetd on the measurement of the
performance parameters of concern,

- Transparent: all M&V activities should be clearlydsfully disclosed.

The main M&V standards (EVO, 2007; ASHRAE, 2002 &fsDOE, 2008) mention four options for
guantification of savings. They differ in their veapf measuring the actual energy use and demand
guantities to be used in savings determination. thhee protocols consider the use of calibrated BES
models as a possible mean to evaluate savingsvachlgy energy conservation opportunities and
provide information about modeling requirements anduracy criteria (depending on the type and
frequency of the data used to perform calibratiouf)no guidance to perform calibration. Generally,
the four M&V options that are considered are:

- A and B: Retrofit isolation/ All or Key parametepmoaches — savings are determined by
field measurement of the key or all the performapeeameter(s) which define the energy use
of the ECO'’s affected system(s) (e.g. lightingllehi boiler...) by means of specific meters.
ECO-affected systems (or sub-systems) are thestézbfrom the rest of the facility.

- C: Whole facility approach — Savings are determibgdmeasuring energy use at the whole
facility or sub-facility level (e.g. use of monthlility bills)

- D: Calibrated simulation approach — savings arerdghed through simulation of the energy
use of the whole facility, or of a sub-facility. fodel of the pre-retrofit conditions is
constructed and checked against actual measuregyeise and used to predict energy use of
the pre- and post-retrofit conditions.

The four methods have the following common requeets:

- The selection and the study of relevant independanébles influencing the performance of
the energy-using system under study (e.g. weabeupancy...)

- The selection of the baseline period to repredenenergy behavior of the installation in pre-
retrofit conditions

- The documentation of the baseline conditions ims$eof occupancy patterns, operating
schedules, setpoints and performance...

- The definition of the evaluation/reporting (postroéit) period in order to encompass all
operating modes of the retrofitted system, spanfaierange of the relevant independent
variables and provide a satisfying level on accurac

- The selection of the measurement equipments if used

- The collection of on-site weather data
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- The normalization of the calculated savings tolacted common set of conditions to allow
comparison between pre- and post-retrofit perfogaan
- The calculation of savings uncertainty.

As stated in IPMVP (EVO, 2007), the calibrated dation approach (option D) is particularly useful
when specific on-field measurements to quantifyiveery ECO are too difficult or costly and when
reporting-period energy data are unavailable ocofesi by factors and influences that are difficolt
guantify or characterize (such as building occupaaperation...).

M&V protocols generally advice to use measureméatsed approaches in priority. However,
considering that on-field measurements are geyeedpensive and time-consuming, the whole-
building simulation approach appears, once agararaattractive solution, especially if a calibdate
model is under construction (or has already be@stoacted) to support energy performance analysis
during another step of the energy service procassh(as inspection/audit).

Nevertheless, the advantages of measurements-basthdds should not be neglected and a well-
balanced approach, combining simulations and measnts, should be set up. So, in order to stick to
the reality and (cross-) check the validity of Hmproach, it seems useful to combine the simulation
based approach with at least partial and/or sleonts on-field measurements. These issues will be
discussed in details in the second part of thisishe

1.4. CONTINUOUS ANDLIFETIME/ON-GOING COMMISSIONING

As pointed by Reddy (2006), in addition to idewttfion, selection and evaluation of ECOs and
related savings, calibrated whole-building simalatinodels are also commonly used:

- To help building’s owners in understanding pattémshermal energy and electricity use of
their building;

- To disaggregate the electricity consumption of dding by identifying the fraction of the
whole electricity use dedicated to plug loads,tiigdy fans, pumps, humidification...

Lifetime commissioning or ongoing commissioning sishin continuous performance verification in
order to maintain, improve and optimize the perfange of building systems during building
operation and occupancy (Legris, Milesi Ferrettd &hoiniére, 2010).

Various methods and procedures are generally usgihgd commissioning processes: manual
commissioning methods (checklists...), functiona@rfprmance testing methods, BEMS-based
(Building Energy Management System) commissionirgghmds and simulation-based methods (Lin
and Claridge, 2009).

Achard et al. (1999) propose an on-going verifaratmethod based on the use of adjusted energy
signatures. Predictive or adjusted signatures aegl io assess the energy use of the building and
highlight possible degradations of the energy perémce of the building. Despite of the simplicify o
such models, implementations are quite rare. Indasdmentioned above, usually available billing
data (monthly utility bills) do generally not allaaccurate-enough adjustment of such models.

Among others, global simulation can be used in tiea¢ to “emulate” building energy management
systems (Lebrun and Wang, 1993). Claridge (2004)time the following applications of whole-
building simulation models as part of the on-gaiegnmissioning process:

- Use of as-built (design) simulation for on-goingnouissioning of an operated building.
Significant deviations between measured and predligierformance can be considered as
clues to identify problems in the building.
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- Develop and run calibrated simulation models (aftemv or retro-commissioning) and
compare predicted consumptions with measured cgptiums at some interval (monthly to
annually) in order to alarm when building perforroaniecreases.

- Embed (preferably) calibrated model in the BEMSun on-line simulation and allow direct
comparison between predicted and actual energgnpeahce

More detailed and specific models of HYAC composemiay also help a lot in the commissioning
process, among others for functional performansgnig (Visier and Jandon, 2004). These detailed
models may also be used to support daily systemagaament, among others for fault detection and
diagnosis (Jagpal, 2006).

Calibrated models, either embedded or not, appgeaha& most rational and useful use of whole-
building energy simulation in the commissioning g#ss. Results generated by means of non-
calibrated models are more difficult to analyze aothetimes not meaningful. Moreover, considering
the time (and the related costs) needed to consgtuah a model and the opportunity to integrate all
the influences and variables that have to be censitin the commissioning process into one unique
approach, the use of a calibrated model appeaasasonal decision. However, a distinction hal sti
to be done between “global” (whole-building) apmioes, as prescribed by Claridge (2004), and
specific/detailed approaches relying on functiopatformance testing or fault detection. Indeed,
simulation models used in these two types of appbos are generally different (in terms of level o
details) and require different types/levels of atiient because of the very different objectivethef
two approaches and the difference between availmglasurement data (i.e. global billing data vs
local hourly or sub-hourly performance monitoring).

2. CALIBRATION OFBUILDING ENERGYSIMULATION MODELS

2.1. DEFINITION

As explained above, early developments of simutattmls were mostly oriented towards supporting
system design, i.e. mainly the selection and siznh¢dVAC components. Maore recently, with the
development of modern simulation tools, it appeahed whole-building simulation may help at all
the levels of an energy efficiency service proc&ssn inspection audit to last retrofit and on-gpin
commissioning actions. Indeed, today, the simutabottleneck is no longer the computer, but the
understanding of the user. Simulation models h&esefore to be designed according to what is
expected from the simulation and to the informatictually available, in such a way to make easier
this understanding.

Because of the difficulties to face in practicem{ted time, bad knowledge of the simulation

package...), lots of users of building simulation misdare inclined to short-cut the process when
using whole-building simulation models and limiethse of BES models to comparison of design or
retrofit scenarios. Recent developments and usagraflation tools showed that accurate models of
existing buildings can be developed (Waltz, 200@preover, even if comparative simulations are
often useful to evaluate ECOs, they are not vakughihe baseline model is grossly inaccurate (i.e.
badly calibrated).

Ahmad and Culp (2006) have developed a blind timé&éd test protocol to evaluate the range of
discrepancies encountered when using uncalibraitedlations. Two time limits were arbitrary
defined to simulate the building in the realm o&hitity by industry. Level 1 modeling was mainly
based on available design data while Level 2 modelicluded as-built and operating information
obtain from the maintenance personal. Simulatedreoorded energy use data for four buildings were
then compared. Discrepancies of +/- 30% were obsemhen comparing recorded and simulated total
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energy uses of the buildings. For individual comgue such as chilled water or hot water
consumptions, discrepancies exceeded +/- 90%. Titleors also pointed out the importance of
operation and occupancy when trying to calibraBE® model. If the simulations do not adequately
represent the real operation of the considereddimgi] improving the level of detail in the
representation of the envelope, schedules and meahaquipment may not improve the prediction
capabilities of the simulation.

So, using BES models to help in understanding likemal behavior of an existing situation requires
the BES model to be able to closely represent theahbehavior of the building under study. So,

except for benchmarking purposes, adjustment ofntbeel parameters is generally needed when
applying a simulation tool to a real case whatelierlevel of analysis is (inspection/audit, evalat

of ECQO’s or continuous performance analysis).

The fitting of a BES model to an existing situationvolves using as-built information, survey
observations and short and/or long term monitodata to iteratively adjust the parameters of the
BES model. Of course, basic data as building empestiharacteristics or the type of HVAC system are
easily identified but lots of parameters, suchaaspng others, actual ventilation flow rate and alctu
use of lighting and appliances, have to be propadiysted. This definition of the calibration prese
leads to numerous questions:

- What are the initial objectives of the calibratidiwhat is the calibrated BES model intended
for? What are the benefits and the limitationshef ¢alibrated model?

- Which level of details is required for the modelhigh type of BES model should be used?

- How should we proceed to adjust the parameterbenfrtodel? On which parameters should
we focus?

- Which type of data should we gather from the bogdand which difficulties do we have to
face? What are the time-step and the accuracyeahtasurements?

- Which level of accuracy do we need to reach? How we& define “accuracy” of the
calibration? How much are we confident in the gyatif the calibration and what are the
abilities of the calibrated model? Does it matchhwihe pre-defined objective (control
optimization, ECOs evaluation...)?

- To what extent can we trust the calibrated model@ the results valuable and how to
define/quantify uncertainty on the results?

Of course, each use of a calibrated model involscific requirements in terms of modeling
capabilities, data gathering, parameters adjustipertess, level of accuracy depending on what the
final calibrated model is intended for. As an epémLiu and Claridge (1998) present an example of
use of a calibrated simplified HVAC system model dptimization purposes. This use of calibrated
model involved development of a tailored HVAC systeodel of the component under study, able to
simulate the actual control strategy and make iefficuse of specific available monitoring data (e.g
hot and chilled water demands at the system conmpolexel) to proceed to calibration. The
developed calibrated model was then used for fdetection purposes and to develop optimized
HVAC control strategies.

2.2. BENEFITS AND LIMITATIONS OF CALIBRATED BUILDING ENERGY
SMULATION MODELS

The use of calibrated building energy simulationdele has numerous limitations and benefits.
ASHRAE (2002) provides useful remarks about whdibiaion should be used in priority for ECOs
evaluation:
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- Pre or post-retrofit whole-building metered data ant available (making evaluation of ECOs
impossible) or are available but savings from iidiial retrofits are desired,;

- Savings cannot be estimated using measurements only

- It is impossible to isolate the effects of the aéitrand interactions should be taken into
account;

When performing energy inspection/audit, calibrateatels have shown their usefulness to help in
identifying important influences and disaggregatimigole building energy use (Bertagnolio et al.,
2010).

Assuming that a computerized building model is tmtsed in a good way (i.e. by addressing all the
guestions mentioned above, one by one), a conbigenamber of benefits can also be expected from
the use of building simulation (Waltz, 2000):

- Confirm the user’s knowledge of the building: Cousting the model constrains the modeler
to review all the characteristics of the instaflati (types of equipment, installed
power/capacity, performance, operating profiles...)

- Identifies ECOs: Frequently, the calibration is madifficult by undiscovered over-
consumptions due to some equipments operating foabmirol. These elements generally
correspond to elementary and very cost-efficiergrgy conservation opportunities. The
calibration of the model and the need to represiemtwhole-building energy use force the
modeler to identify such problems.

- Documents the baseline conditions: A well docum@éntalibrated model is generally a
complete and detailed statement of the actual dondi Raftery et al. (2011) applied this
principle and provided a very detailed calibrateddel of the installation as well as a
complete documentation describing all the steps iatefmediate runs of the calibration
process.

However, the use of calibrated simulation modetsdiao an important number of limitations.

A first limitation relies in the use of a model itself. Whatever the intended use of the calibrated
model, the method employed to build it and the exgdil level of accuracy, building energy simulation
models remain an abstraction of a certain realitg§ have numerous limitations. Building energy
modeling of course leads to neglect some physitatts influencing the building energy use. Even if
a detailed work has been carried out in order tecéehe main influences and validate the model
through comparison with other “reference” modelsopirical results, the validation results cannot
be considered as an absolute proof of the relighifi the model. In practice, it is often errondgus
believed that detailed model (able to simulate mome physical influences) have better capabilities
than simple ones. In fact, when calibrating a moela real case, multiplying the number of
effects/influences makes the adjustment procesg momplex and increases the risk to lead to high
uncertainty (Purdy and Beausoleil-Morrison, 200d9duse:

- The number of parameters to adjust is highly inseda

- Lots of parameters will be set to default valueshwit the insurance that they are not
influential in the considered case,

- The understanding of the software package by theisglecreased.

So, a compromise will have to be found between rinadeuracy, reliability, flexibility and simplicity
when selecting/developing the BES model.

A second limitation relies on the availability of the data used to check the validation and the
achieved level of accuracy. The most common application of calibrated BES e®@s the evaluation
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and the comparison of ECOs (Kaplan et al., 199@nGit al., 2006, Pan et al., 2007, Cho and Haberl,
2008a and 2009, Katipumala and Claridge, 1993)ddfse, evaluating ECOs requires the model to
be sufficiently detailed to simulate the changatesd to a given ECO (e.g. sufficient representation
the envelope when evaluating the renovation andnthdation of a wall) and sufficiently sensitive t
the influences related to the considered ECOs &egsitivity to climate when evaluating envelope
improvement). Supposing the model sufficiently (It too much) detailed, annual and monthly
consumption data are generally used and considasegdufficient to check the validity of the
calibration.

In 1994, Reddy et al. shown some comparisons betvesmrded and predicted energy performance in
pre-retrofit and post-retrofit situations. By comripg predicted and recorded energy use during the
post-retrofit period, the authors demonstrated tteit carefully calibrated model was reliable egiou

to predict the retrofit savings. They concludedt tiee most critical step in accurately determining
retrofit savings was the development of a compeizk accurate pre-retrofit simulation model (i.e th
construction of a calibrated model).

Kaplan et al. (1990) have shown that, even if thkbration seemed to be successful, the finely
calibrated model was not necessarily able to ensaraccurate analysis of ECOs because of lack of
data on the pre-retrofit situation and use of anajinary” baseline building. The authors conclude
that, when having to evaluate ECOs after their emntation, it is better to monitor the building
before the implementation of the ECOs or with ti@&0E turned off to evaluate accurately the related
energy savings.

Westphal and Lamberts (2005) confirm that even first rough calibration can lead to a good
estimation of annual and monthly energy needs,ethsroften no guarantee that the end-use
composition (lighting, HVAC...) is near the reality. this case, the retrofit study can result in vgron

conclusions.

This highlights the itdentifiability problem”, i.e. the inability to identify a unique soluticset for all

the parameters since the problem is largely undegrhined (large amount of parameters to calibrate
vs limited amount of data points). So, it is maodato first reduce the order of the model by fixin
the less influential parameters to selected “bessg values” and then calibrate the remaining
parameters (Reddy and Maor, 2006). This processnsnonly designated as “Factor Fixing”.

Considering these observations, it also seems obwioat calibrated simulation models cannot be
considered as the panacea and have to be combititedheasurements-based techniques in order to
allow a global understanding of the energy useheffacility and check the validity of the calibréite
model. Indeed, checking the validity of a calibdatey means of utility billing data is generally not
sufficient and cross-checking by means of additionaasurements is needed (Reddy and Maor,
2006).

The third limitation is related to the accuracy of the available data. It is necessary to put the
guestion of the accuracy of the model and the id&baperspective. As prescribed by Waltz (2000), it
is not realistic to try to provide a 1% answer td15% question. Indeed, knowing that numerous
influences have not been considered during the nogler the calibration process and that available
measured data are characterized by a given unugrtée.g. due to measurement errors and
approximate knowledge of the billing periods),gtgenerally useless to try calibrating a simulation
model with an accuracy better than 5%.

A fourth limitation is linked to the building modal him/herself. Kreider and Haberl (1994) have
shown that, for a determined amount of availabléa dgbout a given installation, whatever the
employed modeling technique, very high and veryrpapaality simulation results can be obtained
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depending of the modeler. This study highlightesl tbry important influence of the modeler’s skills
which is one of the main reservations with the wjfead use of calibrated models (Reddy and Maor,
2006). This last reservation implies that calitlmmatis more an art than a science/technique andhbat
results are analyst-specific.

In addition to the limitations mentioned above, ASAE (2002) recommends to avoid the calibration
approach when:

- ECOs could be analyzed without building simulation;

- The building cannot be simulated (presence of latgeams, underground buildings, complex
shading configurations...);

- The HVAC system cannot be simulated (certain coafptions cannot be represented...);

- The retrofit cannot be simulated;

- Project resources and financial issues are inseffiicto support development and use of
calibrated simulation.

3. OBJECTIVESOFTHE THESIS

Considering the limitations mentioned above, itegp as crucial to develop robust simulation models
adapted to the final objective (e.g. energy sesvagivities including: inspection/audit, evaluatiof
ECO and on-going energy performance diagnosis)yvels as systematic and impartial calibration
methodologies minimizing the impact of the userigpe¥ience, supporting data collection and
exploiting all the available information. Such nmdblogy and tool should be able to support the
energy efficiency service process while taking aizge of the benefits brought by the use of energy
simulation models.

The objective of the present work is the development of a simulation-based approach dedicated

to whole-building ener gy use analysisfor usein the frame of an energy efficiency service process.
Focus will be given to the development and thebealion of a simulation tool dedicated to the steps
of the energy efficiency process requiring energgfgrmance diagnosis of the existing situation; i.e

- Energy end use breakdown and analysis at inspeatidraudit stages;
- ECOs evaluation and post-retrofit performance M&V;
- Whole-building level on-going/continuous commissnan

A special attention will be paid to the integration of the calibration processinto the early stages
of the Energy Service Process and to energy end-use analysis. The proposed calibration
methodology is deeply related to on-field inspection and data collection issues and is developed
to fit with the audit/inspection process.

After calibration, the model should be able to supghe other steps of the Energy Services Process,
such as ECOs selection and evaluation and continperformance verification. These issues will not
be studied in details within the present work amzlf will mainly be given to the construction oéth
calibrated model.

Other stages such as benchmarking and HVAC compapemation optimization and fault-detection
will not be studied neither since they do not regugarticular adjustment of the model's parameters
(benchmarking) or require the use of detailed apdcific (tailored) simulation models and
measurement data (functional performance testindt fletection...).

Modeling, methodology, data gathering, accuracy amzkrtainty issues for the present application of
calibrated models are addressed hereunder. Modatidgnethodological issues are discussed in the
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first chapters. Applications of the developed maaledl calibration method are presented in the two
last chapters.

Chapter 2 starts with a presentation and a congra$ existing software packages and modeling
practices. Then a new simplified building energyudiation model for use in the frame of the energy
efficiency service process and specifically dedid&b existing buildings energy use analysis (and s
to calibration too) is described. The level of dstaf the proposed model is established as a immct
of the needs and the objective of its use (i.e.le/bailding level energy performance analysis).sThi
model is composed a series of validated sub-manfelriilding and HVAC system components. In
order to check its implementation, the validatidnttte building zone energy simulation model is
briefly presented.

Chapter 3 includes a review of the main calibraigsues. Existing calibration methods presented in
the literature are compared and criticized in otdeaddress the following questions:

- How should we proceed to adjust the parameterbenfrtodel? On which parameters should
we focus?

- Which type of data should we gather from the bogdand which difficulties do we have to
face? What are the time-step and the accuracyeahrasurements?

- Which level of accuracy do we need to reach? How wa& define “accuracy” of the
calibration? How much are we confident in the gyatif the calibration and what are the
abilities of the calibrated model? Does it matcthwihe pre-defined objective ?

- To what extent can we trust the calibrated model@ the results valuable and how to
define/quantify uncertainty on the results?

Data collection and analysis, sensitivity and utiety issues are also discussed. Finally, a new
evidence-based calibration method, to be usedtivipreviously presented BES model and including
sensitivity and uncertainty issues, is presented.

Chapter 4 concerns the integration of sensitivityf ancertainty issues (discussed in Chapter 3)nwith
the calibration process. Most common sensitivitglysis techniques are presented and compared. The
“Elementary Effects” method is then selected angpliag to two typical base case buildings defined
according to available statistical data in orderb® representative of the actual building stock in
Belgium. The results of this preliminary sensitivdnalysis are discussed and put into perspective
with the developed evidence-based calibration nusttogy. The LHMC (Latin Hypercube Monte
Carlo) sampling method is also described and sldctrun post-calibration uncertainty analyses.

A first application of the developed calibrationopess and building energy simulation model is
presented in Chapter 5. A virtual calibration tesitch consisting in a very detailed model of adgpi
building (also called a “building emulator”) implemted in Trnsys (Klein et al., 2007) is used to
assess the proposed calibration methodology acdstisneasurement and accuracy issues.

The sixth chapter presents the application of ttepgsed calibration methodology to an existing
building located in Brussels (Belgium). The wholédence-based method is applied step-by-step and
intermediate and final results are discussed. Ritimg and continuous-commissioning issues will
only be mentioned but will not be developed sincepost-retrofit/ post-implementation data are
available.

General conclusions about the present work angeetises for future research are drawn in the last
chapter.
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CHAPTERZ2: DEFINITION AND DEVELOPMENTOFA
SIMPLIFIED BUILDING ENERGY SIMULATION
MODEL

1. EXISTING BUILDING ENERGYSIMULATION MODELS

An important issue when starting an energy analgsike selection of the BES model to use (Krarti,
2000). Depending of the type (residential, schbedlth...), the size and the complexity of theding

to study, the model will have to account for vas@onditions and attention must be paid to thelleve
of details required to perform the desired analysideed, since calibration is highly under-deteexli
(large amount of parameters to adjust and limitedwnt of available data), a first way to limit the
complexity of the calibration problem is to caréfuselect the building model that will be used. As
shown below, different criteria can be consideredrder to classify BES models.

1.1. INVERSE AND FORWARD MODELING
Basically, inverse and forward modeling technigsigsuld be differentiated:

- Inverse models (Figure 1) are generated basing amlsneasured data and generally rely on
regression analysis (Fels, 1986, Kissock, 2002 dRRed al., 1999) to deduce representative
building parameters (BLC - building load coeffidighuilding time constant...). Reddy et al.
(1999) propose an inverse model parameter ideatific scheme to estimate building and
ventilation parameters from non-intrusive monitgriof heating and cooling energy use. It
appears that the identification process is accuvatn daily data over an entire year are used
to perform calibration of this model. In the framethe ASHRAE RP-1050 research project
and in relation with the ASHRAE Guideline 14-200dssock et al (2002) developed an
inverse linear calculation toolkit for the purpostmeasuring energy savings. The toolkit
includes the algorithms necessary to find the bedor three, four and five-parameters
change-point models and to evaluate the uncertaintyodel predictions.

Energy Use BLC
—P —»
Building Performance Weather > Inverse | Baseload Representative
Data Schedules model Time Constant Building Parameters
EEE—

Figure 1: Inverse modeling (Adapted from Krarti, 2000)

- Forward modeling (Figure 2) involves using physicaddels able to predict the future of a
system described by some parameters (geometrytidocanominal performances...). The
calibration of such models implies an iterativeignprocess of the parameters of the model
to match recorded data. The most famous forwarttlingi energy simulation platforms are
DOE-2 (LBL, 1980), Trnsys (Klein, 2007) and Enertpd?(US-DOE, 2009).
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Location
Geometry

Building Description —P Fowéar'd +——p Building Energy Use
HVAC Type mode

Figure 2: Forward modeling (adapted from Krarti, 2000)

Even if inverse models are generally more simpéa ttorward ones, their flexibility is limited byeh
representative building parameters used to forraula model and the accuracy of the recorded data
used to calibrate the model. For example, it is pugsible to evaluate the impact of replacing an
existing chiller by a more efficient one if no pameter of the inverse model deals with chiller
performances. On the contrary, forward models aveerflexible and rely on physical representations
which can be adapted to various situations. Moredhese models can be continuously updated to
take additional influences into account (e.g. depiglg/implementing a more detailed chiller model to
take into account the improvement of part loadgremtince due to the replacement of the chiller). For
ECO evaluation purposes, as well as for other egiilins, forward models are generally preferred to
inverse models even if their calibration is oftemare complex problem.

1.2. STATIC/DYNAMIC AND SNGLE/MULTI-ZONE MODELING

Secondly, one generally distinguishes static amcdyc BES models, respectively, not able or able to
take into account the thermal inertia of the buidistructure when computing energy balances.

Thirdly, single zone and multi zone models can @s@ompared. The first ones can only simulate the
building as a unique zone and cannot consider hgaand humidity transfers between the different

zones of the buildings. Multi zone models can satailsimultaneously a small or large number of

zones and allow representing the heat, air and dityriransfers between zones and the simultaneous
heating and cooling demands occurring in the bugidi

Considering only forward models and basing on thesdast criteria, Lydberg (1987) have compared
BES tools from an auditor’s point of view and piaeithe following comments:

- Static single-zone models, involving a very limitadmber of parameters and simplified
calculations as degree-days calculations, are ghyenot sufficient for audit of air-
conditioned buildings;

- Static multi-zone models are generally appropriatehe evaluation of ECM’s related to the
building envelope but not adapted to the evaluadnECM’s related to intermittent
heating/cooling. These models work with a time $tepn one day up to one month and give
only average values;

- Dynamic single-zone models work with a time stepoo& hour or less and consider the
building interior as uniform. These models can gelhe predict peak values with an
acceptable accuracy and can be used to evaluatésE@Mted to air conditioning system.
However, multi-zone systems cannot be represemddsigle-zone hypothesis can lead to
bad estimates of the annual heating and coolirdslbacause of possible compensation;

- Dynamic multi-zone models are the most detailed etwdnd allow very accurate calculation
of indoor conditions and heating/cooling demandsgi@ally, these models were developed
for design purposes and they require a detailedrgii®n of the building and the coupled
system and more efforts to be calibrated to thdistLinstallation (due to the larger number of
parameters);
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Despite of the supplemental effort needed to catlibthem, dynamic multi-zone models are generally
preferred since they are more flexible and caiofitnost of the situations that can be encountared i
practice. In such models, the HVAC system pareisegally represented by static components models
since the considered time step is usually equaht hour which is larger than the time constant of
most of the HVAC components. Unfortunately, mosthed commercial software packages available
on the market have been developed for design pespasd are generally not adapted for (quick and
easy) calibration. Indeed, at the design stagey, detailed models (involving numerous parameters)
are generally preferred to allow accurate desonpdif the future building/system.

Specific HVAC system models, ranging from simplatistto very detailed dynamic models of HVAC
components are also used for specific purposed\&C system design, commissioning, fault
detection or operation optimization (Katipumala &idridge, 1993).

1.3. SIMULATION APPROACHES

Reddy and Maor (2006) have also compared the mostmon “simulation approaches” and
distinguish five types of building energy simulatitmols:

- Spreadsheet programs ;

- Simplified system simulation method ;

- Fixed schematic hourly simulation programs;

- Modular variable time step simulation programs;
- Specialized simulation programs.

Spreadsheet programs (1) and steady state sindptifighods (2) have shown their limits in predicting
the energy use of modern buildings. Specializedpamos (5) are mostly dedicated to the simulation
of particular phenomena (such as contaminants menenair stratification...). Quasi-steady state
fixed schematic hourly simulation (3) programs gemerally based on the LSPE (loads - secondary
system - primary system - economics) sequentialcgah. Flexible modular simulation programs (4)
are based on more realistic models and take alhteeactions (building/system/control) into accbun

For energy performance analysis purposes (enemgpresakdown and ECMs evaluation), the simple
LSPE approach seems sufficient. Studying interastibetween control and HVAC components
performances and capacities (by means of a modpfaoach or a specialized simulation program) is
needed when optimizing building operation and pemnfng fault detection. However, this requires a
more accurate and detailed description of the mgldts system and the control laws which gengrall
cannot be expected when proceeding to the enerfgrpance diagnosis of an existing building.

1.4. SMPLIFICATION OF BESMODELS

Simplification of BES models can also occur at otleeels than the number of physical influences
taken into account by the model or the calculadipproach. Generally, simplified models differ from
the detailed ones only in the definition of thelthng (zone typing, types of walls...) and the HVAC
system (HVAC components consolidation/aggregationbut perform also dynamic building
simulations and steady-state system simulations eandl provide useful and accurate results.
Moreover, it has been highlighted that variancessimulation results among different users are
generally larger than those resulting from the ofdifferent (detailed or not) calculation methods
(Lydberg, 1987; Liu et al., 2004).

On the building side, Cho and Haberl (2008b) haemahstrated that the use of a simplified box-
shaped geometry causes only a very small deviatiotihe energy consumption results. As-built and
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simplified geometry models should be compared ffeint situations but we can fairly assume that,
for common buildings, the use of a box-shaped gégndees not introduce important errors.

Some simplifications are also possible on the HV&Y8tem model side. Liu et al. (2004) propose five
rules that should be followed for AHU consolidati@n aggregation):

- The consolidated AHUs should be of the same typal{duct, single-duct, VAV, CAV...)

- The consolidated AHUs should serve similar zonege(ior zones and/or external zones but
no mixing...)

- The AHUs should have similar minimum outside atake ratios and the same outside air
control

- The zones served by the AHUs must have similarmaecies, similar peak loads and similar
load profiles

- The consolidated AHU air flow is equal to the suineach individual AHU’s airflow

By following these rules, AHU consolidation candgplied without important loss of accuracy.

These simplifications are often welcome for pramtiérs since, most of the time, the large amount of
input data restricts the simulation programs teaeshers. Applying these simplifications in thenfea

of a calibration process seems to be a rationakidecregarding the level of under-determination of
the problem. As pointed by Westphal et al. (200 development of more friendly tools,
customized to user needs, would allow the dissemmaf simulation techniques into engineering
offices.

2. MODELING REQUIREMENTSFORTHE TARGETEDWORK

Regarding modeling requirements, ASHRAE (2002) oest that only hourly simulation programs
can be used for M&V. The simulation tool has tcabée to explicitly:

- Simulate thermal mass effects

- Integrate occupancy and operating schedules (fekways and weekends)

- Integrate individual setpoints for different thefrmanes and HVAC components
- Use actual hourly weather data (8760 values pe) yea

- Integrate user-definable performance data for H\Gd@\ponents

For energy use analysis purposes, the simulatmmiast handle with realism:

- building (static and dynamic) response,

- weather loads and internal and occupancy loadpaofiles,

- comfort requirements and control/operation str&eg(air quality, air temperature and
humidity),

- full air conditioning process and characteristi¢salb HVAC system components (terminal
units, Air Handling Units, air and water distribai, heat and cold production units)

These minimal requirements exclude inverse modaisesthey do not allow taking into account
physical influences and characteristics of the dig/system. Moreover, simulation tools based on
average weather data should be avoided since thewyotl allow using actual weather data, as
requested when proceeding to calibration. Takimgehfacts into account, it seems rational to use a
dynamic hourly simulation program allowing integnatall the aspects mentionned before.

However, even if actual control loops cannot beasented in such programs, LSPE-based models
seem sufficient for the aimed work (energy use ymig| evaluation of ECMs and on-going global
performance control). Of course, increasing the plerity of the model in that way will lead to a
more complex calibration work. Fortunately, simigltions such as HVAC component consolidation
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can still be envisaged as soon as they do not prétve identification of important energy consumers
the evaluation of a critical ECM or too importamipeoximation of the actual energy behavior of the
system under study.

Most of the existing software packages fulfillifgese requirements have been originally developed
for design purposes (Trnsys, EnergyPlus,...).and iregan important number of parameters to
calibrate.

Reddy (2011) recommends the development and theolidmiilding energy simulation models
dedicated to application to existing buildings aodalibration. Since a compromise has to be found
between model accuracy, reliability, flexibility dusimplicity and that no available simulation madel
answer these questions, it has been decided tdogeaenew simplified building energy simulation
model (Figure 3).

Simple Detailed modular
signatures and New BES and specialized
spreadsheet simulation
models l packages
Accuracy 20-30 % 5-10 % 1-2%
Energy bills Long-’Ferr_n specific
Building UA-value monitoring data

Detailed building and
system characteristics

Figure 3: New Building Energy Simulation Model

A quasi-steady state hourly simulation program dase the LSPE sequential approach has been
developed in the frame of this work in order tmalleasier calibration. This new simplified building
energy simulation model is described below.

Simplified but validated modeling methods for builgl envelope and HVAC components have been
used during the development of this tool. At eaelp ®f the development process, special attention
has been paid to:

- using of simple, robust and validated models falding components as well as systems,

- avoiding the implementation of unnecessary detailEh could lead to important uncertainty
(Purdy and Beausoleil-Morrison, 2001),

- relying on relevant, physically meaningful and itiigable parameters allowing robust and
efficient calibration work (regarding the data coamty available to conduct calibration).

The ventilation, heating, cooling and latent needsnputed at the zone level are summed and
converted into system loads and then, into finargy consumptions. Capacity limits are taken into
account to simulate the interactions between thi&ibg and the secondary HVAC system but

controllers are supposed to be perfect (no inefficy of the control). This approach allows

minimizing the number of iterations needed to sateithe performance of the building and its system
and is generally considered as sufficiently aceuwaien computing global energy use of a building.

3. INPUTS,OUTPUTSAND PARAMETERS

The outputs, inputs and parameters are selectaddiiog to the specific needs of the user (i.e. the
auditor/inspector). As in Trnsys for instance (Klat al., 2007), the parameters are here defined as
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selected inputs which are not supposed to vary ndurithe simulation. All the
inputs/outputs/parameters have been classifieddiegpthe 6 influence factors identified in the IEA
ECBCS Annex 53 project:

1. Climate,

Building envelope,

Building services and energy systems,
Building operation and maintenance,
Occupants’ activities and behavior,
Indoor environmental quality provided.

o gk v

The main outputs of the tool presented here are:

- Hygro-thermal comfort achievements: temperaturemidily, predicted percentage of
dissatisfied (PPD), and predicted mean vote (PMVa @one basis;

- Global power and energy consumptions : Fuel/Gas=dextricity consumptions;

- HVAC components specific loads and consumptions

- Performance of the mechanical equipments: instaois or seasonal values of COP,
efficiencies...

As shown hereunder, the sub-models composing thleabbuilding energy simulation model have
been selected and developed in order to be chazsttdy a limited amount of physical and easily
measurable/identifiable inputs and parameters (nahCOP and 3 performance points for chillers,
nominal efficiency and burner type and age fordysil specific power for fans...).

Default and rule of thumb values are provided fastrof the parameters asked to the user. As shown
below, these values have been derived from thg/sisaf manufacturer data. The other parameters of
the model (such as HVAC system components capsciiee automatically computed through a pre-
sizing calculation.

The main inputs are:

- Weather data : hourly values of temperature, hugidlobal and diffuse radiations;
- Occupancy, lighting and appliances loads and sd¢bgdu
- Comfort requirements and schedules: air renewa] tamperature and humidity set points

The main parameters are:

- Dimensions, orientation and general characteristitghe building walls (e.g. “heavy”,
“medium” or “light” thermal mass and walls U valje&ach zone can be surrounded by n
walls, each one having a given orientation anduidiolg a window or not.

- Type of HVAC systems and components present inntallation: multi-zone or single-zone
system, CAV or VAV air handling unit(s), fan coilniis, induction units, radiant
cooling/heating systems, air or water cooled ctslldirect or indirect contact cooling towers..

- Nominal performance of HVAC components: specifie fand pump powers, nominal
efficiencies and effectiveness’

- Sizing factors of the main HVYAC components

4. MODELLING APPROACH

The quasi-steady state hourly simulation prograwelged in this work is based on the LSPE (loads
- secondary system - primary system - economiap)esgtial approach (Reddy and Maor, 2006). The
heating, cooling and latent loads computed by thkling zone model are summed and converted into
system loads and then, into final energy consumpt{&igure 4). Capacity limitations are also taken
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into account and may cause bad respect of theisttp®his approach allows minimizing the number

of iterations needed to simulate the performanadbebuilding and its system.
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The dynamic building zone sensible and latent modek used to simulate the behavior of the
building and to compute the heating, cooling, hufaiation and dehumidification needs in order to

Figure 4: Global building-HVAC model block diagram

______

maintain the indoor temperature and humidity séttgdor each zone (Figure 5).
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| I -
; . J :
: e :
' Hot & chilled water '
' demands '
1 1
1 1
| Chilled water Hot water :
! production production !
: _ / ;
i :
1 1
1 1
! 1

Final energy
use

Figure 5: Multi-zone modeling scheme

Each zone of the building can be equipped withihgaand/or cooling terminal units. In case of
single-zone ventilation system, the ventilation feow is provided by a unique AHU supplying the
building zones. Multi-zone ventilation system irdés n Air Handling Units, each serving a zone.
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The Terminal Unit (TU) and Air Handling Unit (AHUMmodels convert heating, cooling,
humidification and dehumidification demands intaresponding hot water, cold water and electricity
consumptions. Hot and cold water consumptions anverted into final energy consumption by the
primary HVAC system model, simulating the performes of the heat and cold production and
distribution systems. Lighting, appliances and HVAGergy consumptions are summed to compute
the final energy use of the building. Most of thesé-models are simplified and/or semi-empirical
models available in standards (normative model&) the literature.

It is interesting to note that Heo (2011) usednailar approach (use of simple normative models) to
develop a simple simulation, easy to calibrate @mduse to evaluation energy conservation
opportunities. The author showed that simple n@s@anodels such as the ISO 13790 coupled to
simple HVAC components models are sufficient to pgup evaluation of ECMs and quantify
associated risks by means of uncertainty analysis.

While the simulation model developed by Heo (20Ehpains quite limited in its applicability (single-
zone model applicable to naturally ventilated Loig), the present simulation tool will allow
modelling multi-zone buildings equipped with conplélVAC systems.

5. BUILDING MODEL

5.1. SOLARRADIATIONSAND LONG-WAVE EXCHANGES

The incident solar radiation on a surface is the i the direct radiation, the part of the global
radiation reflected on the ground and the sky d#fuadiation reaching the surface (in W/m?2 of
vertical surface). Horizontal global and diffuséiedions are expressed in W/m2 of horizontal s@fac
and provided as inputs of the model.

For a given wall (so, for given orientation andpsl the direct solar incident to the wall is comegol
as function of time following the method descrilibydDuffie and Beckman (1980).

Lairn = lgion,n — laiffn
Lairn = f(t 1airn; 62)
Lairw = f (& Lairn; 6)

Where

14 1 is the horizontal direct radiation (in W/m2)

Ig10p,n is the horizontal global radiation (in W/m2)
Igifr,n i1s the horizontal diffuse radiation (in W/m?2)
l4ir n 1s the normal diffuse radiation (in W/m?2)
14y 1s the direct radiation incident to the considenedl (in W/m2)
t is the time (in hours)
8, is the zenith angle (in radians)

6 is the solar incidence angle of direct radiation the corresponding orientation/slope (in
radians)

The hemispheric solar radiation (sum of diffuse eeftected radiations) incident to the wall is give
by the following equations:
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1
Laigrw = 5* (1 + cos(B)) = Igiffn

Lepw = % * albedo * (1 — cos(B)) * Igiopn
Ihemisw = laifrw + Irefw
Where
B is the slope of the considered wall (in radians)
albedo is the average albedo of the surrounding grourfd.ce,
Lair,n is the diffused radiation incident to the consaewall (in W/m?2)
L¢w is the reflected radiation incident to the consedewall (in W/m2)

The average ground albedo is defined as functiotheftype of ground surrounding the building.
Thevenard and Haddad (2006) provide some typidalegafor albedo for different types of ground
covering (Table 1).

Table 1: Ground albedo average values from literatte

Ground cover Ground albedo
Coniferous forest 0.07
Bituminous and gravel roof, 0.13
Dry bare ground 0.2
Weathered concrete 0.22
Green grass 0.26
Dry grassland 0.2-0.3
Desert sand 0.4
Light building surfaces 0.6
Snow 0.751t0 0.95

Shading masks are taken into account by specifghiegangular height of the obstruction for each
orientation as proposed in the Th-C-E-Ex methodT(&32008).

Lairw” = fairmaskew * lairw
Lairrw” = faiffmaskw * lairf.w
Inemisw™ = laiffw” + Irefw
Where

fairmaskw 1S the correction factor for direct radiation camgn as a function of the
obstruction angle,

faiffmaskw 1S the correction factor for diffuse radiation qumed as a function of the
obstruction angle,

The impact of outdoor solar shadings is taken iatgount by correcting the Solar Heat Gain
Coefficient of the window by means of the IndoodasoAttenuation Coefficient (IAC) which
corresponds to the fraction of the initial SHGC witiee shading device is totally closed, as defimed
ASHRAE (2009). For the sake of simplicity, the valof the IAC (and so, the impact of the shading)
is supposed to be independent of the solar radiaimdence angle).
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SHGCy snading,o = SGHCy
SHGCspaging,o = IAC x SGHC,
Where
SGHC, is the glazing “normal” solar heat gain coeffidiéincidence angle = 0°),
IAC is shading device Indoor solar Attenuation Coedfit,

Indoor shadings influence only the radiation-coivecsplit of the incident solar gains. Example
values of IAC and convective-radiation split facéoe given in ASHRAE (2009).

The solar heat gain coefficient (SHGC) of the gthzarfaces is not supposed to be constant but is
computed at each time step, as function of thecdnadiation incidence angle for each considered
orientation. The following simplified equation isad to represent the incidence angle dependency of
SHGC (Laustsen, 2002).

0 14
SHGCyy = SHGCy * (1 — [tan (5)] )

Where
SHGC, is the normal solar heat gain coefficient (incickeangle = 0°)
SHGC,;, is the solar heat gain coefficient for the consédesurface (orientation and slope),

6 is the solar incidence angle of direct radiation the corresponding orientation/slope (in
radians)

p is representing the incidence angle dependency,

The incidence angle dependency can be adjustétttoSHGC curves provided in the literature. The
SHGC@) curve is shown in Figure 6 for a double cleanmgavith air layer. The normal SHGC is 0.7.
The value of the incidence angle dependency paeanie} has been identified to fit to the values
provided by the software package WINDOWS 5.2a (LBRQ10).

0.8

0.7

0.6 ‘]\
0.5 \
804 \
% \ —-SHGC (Window 5.0)
-#-Regression law

) \

0 10 20 30 40 50 60 70 80 90 100
Incidence Angle [°]

Figure 6: SHGC incidence angle dependency (for SHGE0.7 and p=3.2)

A second value of the SHGC is computed for hemigpale(diffuse and reflected) radiation. The
hemispherical SHGC (f) is generally between 81 @#4% of the normal SHGC (depending on the
type of glazing). A value of 86% is generally us@dcommon glazing systems (Lauststen, 2002).

SHGChemis = fhemis * SHGC,

2-11



Chapter 2: Definition and development of a simgtifbuilding energy simulation model

Where
fremis IS the correction factor for hemispherical SHGC

Values of incidence angle dependency factor andidmrarical-to-normal SHGC ratio have been
computed for different types for glazing systemd are given in Table 2.

Table 2: Glazing model parameters for common configrations

I id | Hemispherical-to-
ID* Glazing type Norma IdnC' er:jce ang'e normal
SHGC | dependency (p)|  g5c ratio (7)
1b Single glazing (CLR) 0.81 3.99 0.9
5b CLR CLR 0.7 3.2 0.86
5d BRZ CLR 0.49 2.77 0.84
5f | Double glazing (6mm) with GRN CLR 0.49 2.77 0.84
5h 12.7 mm air space GRY CLR 0.47 2.69 0.83
. BLUGRN
5] CLR 0.39 2.82 0.85
Low-e double glazing (6mm) with 12.7
21b mm air space (LE CLR) 0.6 3.10 0.88
Low-e triple glazing (6mm) with 6.4 mm
40b air space (LE CLR LE) 0.36 2.51 0.83

Finally, for a given value of the shading deviceiging factor, one obtains:
SHGCas" = SHGCyir no shading * (1 = fsnaaing) + SHGCair shading * fshading
SHGChemis™ = SHGChemisno shading * (1 = fshading) + SHGChemis shading * fshading
Qsotwa = Agiw * (SHGC ™ * Lair ™ + SHGChemis™ * Inemisw”)

Where

fshaaing 1S the shading device operating factor,

Ag1w is the glazing area (in m?)

Qsol,wd is the solar gain heat transfer rate transmitteaigh windows (in W)

In the case of automated shading devices, the rapagierating factor can be determined as a direct
function of the solar radiation. The simulationtloé manual solar shading system requires to compute
daylighting in the zones. A simplified method (CSTB08) has been implemented. This method
defines a shading operation factor calculated ametion of the outdoor daylighting intensity. The
daylighting intensity is estimated for each ori¢iota on a basis of 100 lux per W of total solar
radiation. Two curves are available to calculate shading operation factor (Figure 7). The curve
proposed by Alessandrini et al. (2006) is basedurneys realized in French office buildings.

1 ID refers to fenestration assemblies given in ASHR(2009). CLR=clear; BRZ=bronze; GRN=green;
GRY=gray; BLUGRN=blue-green.
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Figure 7: Solar shading operation factor as a function of extrior natural daylighting intensity

A similar set of equations is used to compute tivalent solar radiation reachiopaque surfaces. On
contrary of the solar heat gain coeient (SHGC) of the glazed surfacdke solar absorbance of
opaque surfacds supposed to be const:

A correction heat flow (Bliss, 1961) varying fromd 40 100 W/m?, is also used to take into acct
that the sky temperature is below the outdooremperature. The calculation of this correction
function of the location and weather conditionsxplained by Masy (200t

sty = € * A * % * [ir,h
Where
& 1S the wall surface emissiv
Ais the wall area (in m

lirn is the correction heat flow varying from 45 to 1@0 per m? of horizontal surfa (in
W/m?2)

sty is the longwave heat rate between the wall and the sky (i

Corrected outdoor (“sair”) temperatures fo(vertical and horizontallight and heavyopaque walls
are computed according to ISO13 (2007) and prEN15255 (2006):

tout* =toyr + Rs,e * (Qsol,w - sty,w)
Where

tous 1S the “solair” outdoor air temperatuifor the considered opaque v (in °C)
t,yt IS the outdoor air temperature (in

R; . is the outdoor combined (radiation and convectres)stanc for the considered opaq
wall (in K/W)

Q'S(,l,w is thesolar gain heat transfer rate absorbed by the (imai/)

For windows, only longvave heat rate is considered to compute the cedemtitdoor temperatur
Transmitted solar gains areomputed as explained ab:¢ and distributed (radiati-convective
distribution) within the indoor ambian, as explained hereunder.
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5.2.  SENSIBLE GAINS
Sensible gains include four contributions:

- Solar gains transmitted through windows

- Sensible heat gains generated by lighting fixtares electrical appliances (plug loads)
- Sensible heat gains generated by occupants (asdiind the metabolic rate)

- Sensible heat generated or absorbed by heatingpting terminal units.

As mentioned before, the solar gains entering tiinonindows are split into convective and radiation
gains using a repatrtition factor determined astfanof the presence of internal solar shadingsodr
Without interior solar shadings, the convectivet mlimited and represents about 10% of the emgeri
heat flow (EN15255). With interior shadings, theneective part can reach 100% of the solar heat
gain (ASHRAE, 2009).

Qc,sol,wd = fc,sol * Qsol,wd

Qr,sol,wd = (1 - fc,sol) * Qsol,wd

Where
Qsol’wd is the solar heat gain transmitted through windGw$V)
Qc,soz,wd is the convective part of the solar heat gainAin
Q'r,sol_wd is the radiation part of the solar heat gain (ijp W

fe0 IS the convective-radiation repartition factor $mlar heat gains

Internal sensible heat gains and heating/cooliogydlare also split into radiation and convectivathe
flows depending on the type of lighting fixturepphiances, heating and cooling systems and the way
they are used (e.g. high or low air speed).

Qc,ihg = feoce * Qoce + fe,appt * Qappz + feligne * inght
Qring = (1= froce) * Qoce + (1 = feappt) * Qappr + (1 — fepigne) * Quignt
Qc,heating = fentu * Qheating
Qr neating = (1 = fenew) * Qneating
Qc,cooling = feetu * Qcooling
Qrcooting = (1 = feetu) * Qcooling
Where
Q is the heat gain (negative for cooling, in W)
Q. is the convective part of the heat gain (in W)
Q, is the radiation part of the heat gain (in W)

f. is the convective-radiation repartition factor floe considered heat gain

Sensible and latent heat gains due to occupancgoanputed based on values proposed in ASHRAE
(2009) and ISO7730 (2005). The total metabolic imteomputed as a function of the “Dubois” area
(surface area of skin given as function of the Wwemnd height of the individual) and the activitly o
the occupant defined in “met” (1 met = 58.1 W/m2).
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For a man with a weight of 70 kg, a height of 1n7&nd a light activity (1.2 met), this gives anaare
of 1.8285 m2 and a total metabolic rate of appraxety 127 W. The latent part of this heat rate loan
obtained by using the regression shown in Figur@lis regression is based on data provided in
ASHRAE (2009) for various types of activities angkmal percentage of men, women and children
for each application. For the considered typesabivities, the mechanical efficiency of the work
provided by the occupant is neglected.

300
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Figure 8: Occupant latent heat gain - Regression Va

Hocc = Hocc,O + 0.6711 * (Eocc - EOCC,O)
roc = Eocc - Hocc
Where
Epcc andEoca0 (= 100 W) are the total metabolic rates in actunal rest conditions (in W)

Hyee andH,.. o (= 40 W) are the latent heat gains in actual &sticonditions (in W)

Q,cc IS the sensible heat gain in actual condition\(n

In addition to the radiative/convective split, atlfectors are considered to compute realistic bagits
due to artificial lighting:

- Special allowance factor (ff representing the ratio of the lighting fixturegower
consumption (lamp and ballast) to the nominal poearsumption of the lamps (ASHRAE
Handbook F18). A value of 1 should be used for madescent lights (no ballast). Values
between 1.1 and 1.2 should be used for fluoreslghts with classical electromagnetic
ballasts and between 0.9 and 0.95 for fluoresagimtsl with high efficiency electronic ballasts
lowering the power consumption.

- Space fraction {f) representing the fraction of the lighting heaihgahat goes to the indoor
ambiance. The remaining heat goes to the air dgttetbrough the ceiling plenum (ASHRAE
Handbook F18). Values of lighting gains space foachighly depends on the use of ducted
air returns (space fraction around 0.9) or noneliciir returns (space fraction around 0.5).

Typical values of density and convection-radiatiepartition factors are given in Table 3 for vasou
types of heat gains and emitters (ASHRAE, 2009)teMtitetailed information could be found in Hosnhi
et al. (1999a and 1999b) and in the RTS methodldged by Spitler et al. (1997).
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Table 3: Internal Gains

Type of heat gain / emitter Sensible heat Latent la¢ | Rad. fraction
Occupant (seated at rest, 1 met) 60 W 40 W
Occupant (light work, 1.2 met) 80 W sow | 03t00.6
Occupant (active office work, 1.3 mef) 80W 60 W
Fluorescent luminaire 9 to 15 W/m2 floor area ow 41 0.8
Appliances 5.4 to 21 W/m2 floor area ow 0.25 0.

5.3.  VENTILATION AND INFILTRATION

The infiltration rate can be fixed by the useremts of Air-Change-per-Hour (ACH) or flow rate per
square meter of facade (m3/h/m2). For office baidi the infiltration rate usually varies from @2
0.8 ACH and from 2 to 3 m3/h/m2.

The infiltration rate can also be estimated in gy \&@mple way as a function of the wind speed dad t
indoor-outdoor temperature difference by meanseft1-K2-K3 method (ASHRAE, 1989).

The Air-Change-per-Hour is given by:
ACHg1-k2-k3 = Ky + K3 * [toue — til + K3 * Vying

Where

ACHy1.k2k3 is the infiltration rate (in ACH)

tou IS the outdoor temperature (in °C)

t; is the indoor temperature (in °C)

Vuing 1S the wind speed (in m/s)

K1, K; andK; are coefficients given in Table 4

Table 4: K1-K2-K3 method coefficients (ASHRAE, 1989

Construction | K; K, Ks Description

Tight 0.1 | 0.011| 0.034| New building with specialgaations
Medium 0.1 | 0.017| 0.049] Use of conventional consitvagorocedures
Loose 0.1 | 0.023| 0.07 Poor construction on old ngid

The wind speed is generally provided in meteordalgdata in reference conditions (clear site, 10
meters above ground) but should be corrected tottektypology of the environment into account:

Vwind = @ * Vyying,o * h”
Where
Vuindo 1S the reference wind speed (in m/s)
Vuing IS the corrected wind speed (in m/s)

h is the average building height (in m) (Bohler let 2000)

Table 5: Coefficients for describing the site and bilding height dependency of wind speed

Site a b
City centre medium to large town, 0.21  0.33
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Small town / suburban area 0.4 0.25
Country side 0.52| 0.2
Clear site 0.68| 0.17

Since cross ventilation and stack effects are akdrt into account in the present model, the ACH is
supposed to be equal in all the peripheral zomesdifect contact with the outdoor environment) and
limited to 0.05H in core zones (Stocki et al., 2007).

For the sake of simplicity, infiltration is suppost® be null in a zone which is mechanically vextétl
(indoor zones are supposed to be over pressurir@tydventilation operation).

In the case of a CAV ventilation system, the meaarventilation flow rate is specified by the user
and stays constant. In the case of a VAV ventilasipstem, the air flow rate depends of the heatng
cooling demands of the zone (see below). In boslesahe supply air temperature is fixed by the use
(setpoint value) or determined as a function ofahtloor temperature (supply temperature reset).

The global (natural and mechanical) ventilatiomfi@te and the corresponding temperature are given
by:

Vsu = Vvent + Vinf

fo Vvent * Lyent + Vinf * tinf
Su ~ . .
Vvent + Vinf

Where

Vyent 1S the mechanical ventilation flow rate (in m?/s)

Vins is the infiltration flow rate (in m¥/s)

V., is the global ventilation flow rate (in m3/s)
tvent IS the mechanical ventilation supply air tempemrfiin °C)
tie IS the infiltration air temperature = outdoor temgiare (in °C)

ty is the supply air temperature (in °C)

5.4. ZONE THERMAL MODEL

The simplified building zone model is based on siveple hourly method described in ISO13790-
2007. The R5-C1 network is solved on an hourly odBigure 9) by means of the past-Euler's
method. The simplicity of this implementation eresiran easy parameterization work (done in
accordance with the 1ISO13786-2007), a high flekibihnd an easy control of the level of details of
the model. The use of Euler's method to solve th&ue integration ensures quick and robust
operation of the model.

Six types of walls are considered in this buildiaoge model:

- External vertical opaque (massive) walls

- External horizontal opaque (massive) walls (i.efyo

- External vertical glazed (light) walls (windows)

- Adjacent and adiabatic vertical (massive) wallsMeein adjacent buildings
- Internal and adiabatic vertical (massive) walls\gein zones

- Internal and adiabatic horizontal (massive) flood aeiling slabs
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Figure 9: 1SO13790 simple hourly method RC network
The three nodes of the RC network, “i”, “s” and “ngspectively represent:

- the indoor air temperature,
- a"mix” between air indoor temperature and meatargdemperature,
- the equivalent building thermal mass temperature.

Each building zone is described by three distiaoigeratures nodes: an indoor air temperature node,
an equivalent surface node (mean temperature betvimgoor temperature and mean radiant
temperature) and a thermal mass temperature. Heofvsol-air outdoor temperatures,§ are used

to take into account solar radiation and infrareglsés on opaque surfaces and infrared losses on
glazed surfaces. A variable solar heat gain caeffic(function of the incidence angle) is used to
describe glazed surfaces. Convective and radigtéonh of the heat fluxes related to entering solar
gains, internal generated gains (lighting, appksnc) and sensible heating/cooling rates are
computed and distributed over the three nodes.

5.4.1. Model parameters

The parameters of the building zone model inclugady-state transmission and ventilation heat
transfer coefficients (H) and dynamic thermal ch#gastics (building thermal mass, C) computed
according to 1SO13786 (2007) and ISO13789 (2007).

The heat transfer coefficient of windows({d) is given by:
Hirwa = Apr % Upy + Agy x Uy,
Where
Ay is the windows frame area (in m?2)
Uy, is the windows frame U value (in W/m2-K)
Ay is the glazing area (in m?)

Ug is the glazing U value (in W/m2-K)

The heat transfer coefficient of (horizontal andieal) heavy opaque walls () is given by:

Htr,op = Aopw * Uopw
Where
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Agow is the opaque walls total area (in m?)
Uqpw is the opaque walls U value (in W/m2-K)

The heat transfer coefficient of heavy opaque wallsplit intoHy e, @and Hy s in @accordance with
clause 12.2.2 of ISO13790 (2007) as follows:

Htr,ms = hms * A

1
Htr,em = ( 1 + 1 )
Htr,op Htr,ms

Where
He ms IS the coupling conductance between the “s” antirfades (in W/K)
Hi op IS the heat transfer coefficient of heavy opacga#siin W/K)
hms IS the heat transfer coefficient between “s” anmd fiodes (in W/m2-K, defined below)

An is the effective building mass area (in m2, defibelow)

The coupling conductanchy ;s, between the air node “i” and the surface nodas'given by:

Htr,is = his * Ator
Where

Hy s is the coupling conductance between the “i” arichtedes (in W/K)
his is the heat transfer coefficient between “i” astifiodes (in W/mz2-K, defined below)

Ayt IS the total area of all surfaces facing the bagdzone (in m2)

In the present simulation tool, the outdoor combingadiation and convective) heat transfer
coefficient (h) can be fixed to a constant value (generally betwl7 and 23 W/m?2-K) or computed
as a function of the wind speed by means of tHevidhg equation:

Rout = @1 + Ay * Viying + A3 * Viying
Where
hot is the outdoor combined surface coefficient (iMA/K)
Vuind IS the wind speed (in m/s)

a;, & and ag are polynomial coefficients given in Table 6 (Walt 1983 in Judkoff and
Neymark, 1995).

Table 6: Polynomial coefficients for describing wid speed dependency of outdoor surface coefficient

Material a & a3
Stucco 11.58| 5.894| 0.0
Brick 12.49 | 4.065| 0.028
Concrete 10.79| 4.192 0.0
Clear pine | 8.23 4.0 -0.057
Plaster 10.22| 3.1 0.0
Glass 8.23 3.33 -0.034
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Heat transfer coefficients between the nodes §”,dnd “m”, his andh.s (in W/m2-K) are defined in
accordance to 1SO15255 (2006):

hTS =1.2=* hr,i

hms = hc,i + hrs

Where
h;,; is the indoor radiative heat transfer coefficiggppically 5.1 W/mz2-K

h.; is the indoor convective heat transfer coeffigigypically 3.1 W/m2-K

The internal (or indoor-side) thermal capacity, @ J/K), is defined as the sum of the internal
thermal capacities of all the building elementslinect contact with the internal air of the zone:

Cm = Aopw * Copw + Afl * Cfl + Acl * Ccl + Aadj * Cadj + Aint * Cint
Where

C is the internal capacity of the building eleméntJ/m2-K)

A'is the building element area (in m2)

opw stands for external massive (vertical or horizhrpaque walls
rf stands for (horizontal) roof

fl stands for floor

cl stands for ceiling

adj stands for adjacent walls

int stands for internal walls

The effective mass area,,Ain m2), is defined by:
Cin

Am = 2 2 2 2 2
Aopw * Copw + Afl * Cfl + Acl * Ccl + Aadj * Cadj + Aint * Cint

Indoor-side capacities of building elements arecudated by means of the Heat Transfer Matrix
(HTM) method, according to 1SO13786 (2007). The theeansfer matrix of each wall layer is
computed as function of the material's propertiese surface-to-surface heat transfer matrix of the
wall is obtained by multiplying the wall layers’ WIs and the boundary layers’ HTMs:

Z Z
Z = (le le) = ZszzNZN_l ...Zzlesl
21 22

The indoor-side capacity of the wall, (in J/m?-K), is given by:
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T

*

Z11 — 1‘
Z12

where T is the time period (in s).

If wall's composition and the exact dimensionsia building are not available, typical values @& th
global thermal mass (C(in J/K) can be used. Default values are providedable 7 (1ISO13790,
2007).

Table 7: Default values for dynamic parameters

Class Am Cm

m2 J/IK
Very light | 2.5*A° | 80000 * A,
Light 25*A; | 110000 * A
Medium 25*A | 165000 * A
Heavy 3.0*A | 260000 * A
Very heavy | 3.5*A | 370000 * A

5.4.2. Main equations
Three algorithms are used to solve the buildingezoodel:

1. The first algorithm ISO13790TEMP) is used to compute the nodes temperatures byngolv
energy balances on each node. At each time stepathe of the mass temperature at the end
of the time step (;, in °C) is computed from the mass temperaturdatoieginning of the
time step (i, in °C) through the use of the Euler’s methoddlve the first order differential
equation. Knowing the mass temperature, surface (tC) and air {t in °C) temperatures are
computed. The operative temperature (in °C) is tiiean by:

1 he 1 he
tOp_E* 1+h_ *t5+ 1—5* 1+h_ *ti
17,8 r,S

and the mean radiant temperature (in °C) is given b
trm=2*top_ti

2. The second algorithm $013790LOADS) is used to compute the convective and radiative
gains injected on the different nodes of the RQvoek.

Qia = Qc,ihg + Qc,sol,wd + Qc,heating + Qc,cooling
Qm = Prm * (Qr,ihg + Qr,heating + Qr,cooling) + Prm,sol * Qr,sol,wd

Qst = Prs * (Qr,ihg + Qr,heating + Qr,cooling) + Prs,sol * Qr,sol,wd

WhereP,n, Pimsis Prsy Prssol @re reparation factors for radiative gains betweetes s and m
and are given by:
H
Atot - Am - t;lr_wd
LS

P.=
i Atot

2 Aq is the floor area (in m2)

2-21



Chapter 2: Definition and development of a simgtifbuilding energy simulation model

Am
P.. =
m Atot
Hirwa
Atot - Am - Awd - ;:l:/
P =
ressot Ator — Awa
Am

P, A —
TS0 Aror — Awa

3. The third algorithm I8013790CALC) is used to determine the actual indoor conditiand
the corresponding heating/cooling needs calling@sd\times the two first algorithms. Firstly,
the temperatures are computed in “free-floating'hditions (no local heating/cooling).
Secondly, depending on the value of the indoor tatpre in “free-floating” conditions, the
indoor temperature set point to maintain is deteeai

IF 1:i,O > ti,set,cooling TH EN
ti,se'(= ti,se'(,cooling

ELSE

ti set= i setheating
ENDIF

Thirdly, the indoor temperature is computed foraahitrary heating power of 10 W/mz2 of
floor area. A linear interpolation is then used determine the value of the actual
heating/cooling power needed to maintain the teatpeg setpoint.

Fourthly, if the heating/cooling power required rt@intain the setpoint is higher than the
heating/cooling capacity of the heating/coolingteys the heat/cold rate provided to the zone
is limited and a new value of the temperature ¢diht from the temperature setpoint) is
computed. If the heating/cooling capacity is suéiit, the indoor temperature setpoint is
maintained (supposing perfect temperature control).

Two situations could be encountered: the heatimdifog capacity is fixed and constant (e.qg.
electrical heater) or dependent of the temperatifference between the heat/cold source (i.e.
the emitter temperature) and the ambiance (Figdye 1

A

)
©

tc.set

th set ti (QC)

Heating and Cooling powers (W

a: unlimited heating/cooling capacities
b: limited heating/cooling capacities depending on the indoor-source temperature difference
c: limited constant heating/cooling capacities

Figure 10: Heating/cooling Power vs indoor temperatre
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In a first time, only heat transfers between indaod outdoor are considered. Internal partitionsval
(between two conditioned zones) or adjacent wakvween two conditioned buildings) are supposed
to be adiabatic. ISO13790 (2007) proposes to iateghe heat transfer between adjacent zones with a
time delay of one time step (typically one hour)atmid any iteration. So, the heat flow between a
zone and an adjacent zone is computed as funcfidheotemperature of the adjacent zone at the
previous time step and is integrated in the catmnaof the corrected outdoor temperature according
to ISO13790 — Appendix B. If this simplificationalés to oscillations an iterative method has to be
used.

5.5. ZONE HUMIDITY MODEL

The water capacitance method (Klein, 2007) is usesblve the humidity model (Figure 11) of the
zone and takes the water flow rates related toparwey, internal process, infiltration and ventdati
into account.

Figure 11: Zone humidity model

Once again, two distinct algorithms are used:

1. The first algorithm (WIN) is used to solve the fider differential equation by means of the
past-Euler's method.

2. The second algorithm (WINCALC) computes the valtithe supply humidity ratio needed to
maintain the indoor conditions in the range detasdi by the humidification and/or
dehumidification setpoints. The humidification amide dehumidification capacities are
supposed to be sufficient to reach the setpoiatlinonditions. The solving process is similar
to the one applied for the sensible thermal zondeho

The water capacitance of the zone is equal to thssnof air present in the zone multiplied by an
empirical factor varying between 1 to 10 (typicallyound 5) taking into account the moisture
buffering effect of furniture and walls (Woloszy999).

5.6. SENSBLE BUILDING ZONE MODEL VALIDATION

The level of detail required for the calculationh&fating and cooling demands can be very different.
For heating calculations, the major issues arereecbdescription of the building envelope and a
reasonably accurate evaluation of the air reneimaluding infiltration and ventilation). For coolin
calculations, the fenestration area and orientatiom level and distribution of the internal gaitig
ventilation rates and the geographical location #medusability of the thermal mass (if present and
accessible) appear as critical issues.

The present implementation of this calculation rodtiionly for sensible heat exchanges) has been
validated through IEA-BESTEST (Judkoff and Neyma95) comparative validation procedure in
order to check its ability to handle the issues tineed here above. This commonly used validation
procedure uses a rectangular room as a basisdfeatious test cases.
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Figure 12. Yearly heating (left) and cooling (righy demands comparison - BESTEST

Figure 12 shows that this simple model is able avide acceptable values of yearly heating and
cooling demands for various conditions (schedulgpdants, gains, ventilation), orientations and
configurations (light or heavy envelope componertspoth cases, the model provides results similar
to the reference values or to the ones providethbse detailed simulation software (e.g. Trnsys and
Energyplus). Taking Trnsys as a reference, thesmauced by the simplified model on the predicted
annual heating and cooling demands is included dmtwi% and 7.9%. The error on the predicted
peak heating load does not exceed 2% while the errthe predicted peak cooling load is about 10%.
This last error can be explained by the fact thdtation-convective split of internal and solarrgais
drastically simplified in the developed model.

Hourly heating(+) and cooling(-) load (January 4) CB00FF - Free Floating temperature - January 4

—ESP UK-DMU
\ —BLAST USA/IT
——DOE2.1D USA
\“\ // —SRES/SUN USA
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2 4 6 8 10 \\2 14 16//18 20 22 24 —TRNSYSBELUK
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Hourly zone temperature [°C]
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Figure 13. BESTEST hourly validation results C600heating and cooling demands (left) and free floatig
temperature conditions (right).

Of course, such simplified model takes thermal neffects into account in a very simplified way.
Additional thermal mass of furniture is not taketoiaccount and this simplified model should not be
used to perform accurate prediction of indoor terajpee variations.

However, if the considered building zone model as aimed at providing accurate hourly values of
temperatures and demands, it appears that theésresel again in good accordance with the values
provided by more detailed simulation software (Fégi3) and that this simplified model is accurate
enough for the considered application.

6. SECONDARYHVAC SYSTEMMODEL

A whole secondary HVAC system model is connectethé&zone model: it includes common CAV
and VAV AHUs components (air recovery system, eaoizer, heating coils, cooling coil,
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humidification system and fans) and terminal ufiigs coil units, induction units, radiant systems,
reheat boxes...).

The first step of the air handling system simulatimonsists in determining the required supply
conditions in order to follow fixed temperature andmidity setpoints. In a second time, the air
handling process is simulated in order to complgedorresponding heating, cooling and electricity
demands.

6.1. AIRHANDLING UNIT MODEL

Only single duct air handling units are consideiredhe present work since dual duct systems are
quite rare in Europe. Constant and variable flosteys are considered and can include the following
components (Figure 14):

- Sensible or total heat recovery system

- Air economizer (mixer)

- Adiabatic humidification system (including pre-hiegtcoil)
- Cooling coil (for temperature or humidity control)

- Post-heating coil

- Steam humidification system

- Supply and/or return fan

Return Fan

1

1

|

1

' ____________ -‘
Recovery Economizer Preheating Adiabatic Cooling Postheating Main Steam
system Coil Humidifier Cail Coil Fan Humidifier

Figure 14: AHU Components

In the following, supply and exhaust subscriptsregpond to the inlet port and outlet port of each
component and do not correspond to supply and exicanditions of the zones.

6.1.1. Recovery system model

Only air-to-air heat exchangers are consideredha gresent model. Depending on the type of
recovery heat exchanger, sensible and/or total éezttanges are calculated by means of effective
effectiveness’. Because the exhaust air flow tgenerally slightly inferior (generally 10% belotg)

the supply air flow rate (indoor zones over preigear during ventilation operation), the specified
effectiveness is corrected and replaced by anteféeeffectiveness (Klein, 2007 — Type 334).

Myt

Esenseff — * Esens

mfresh
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. Mgy
Clateff = —mfreSh * Elat

The exhaust conditions are given by:
tfresh,ex = tfresh,su + Esens,eff * (tret,su - tfresh,su)

Wfresh,ex = Wfresh,su + glat,eff * (Wret,su - Wfresh,su)

The recovery systems can be equipped with a byfjpassoiding overheating and overcooling. If the
bypass is activated, only the return air flow regaito reach the setpoint flows through the recpver
heat exchanger. The considered setpoint is anpifbeed to the supply air setpoint minus 2 K todak

the air heating in the fan into account.

6.1.2. Economizer model

The air economizer (or mixer) can be operated mways: a constant fresh air fraction or a variable
fresh air fraction determined by the following aamhibbjectives (Brandemuehl, 1993):

- Maintain mixed air temperature setpoint (arbitréixged 2 K below the supply air setpoint),
- Maintain minimum fresh air fraction (even in wint@nditions),
- Reduce outside air to minimum when no beneficiattmling.

After determining the optimal fresh air ratio, timéxed air conditions are given by:

Mrecirc *Lrer + Mfresh * tfresh

tex,econo -

Mrecirc + Mfresh

Mrecirc * Wyer + Mfresh * Wfresh

Wex,econo -

Myecire + M fresh
Where
M is the air flow rate (in kg/s)
w is the air humidity ratio (in kg/kg)
t is the air temperature (in °C)
It is also possible to set scheduled full recirtata(at the start-up of the installation for exde)p
6.1.3. Heating coil model

The heating coil model consists in an “inversed etibdsed for both pre-heating and post-heating
coils. Pre-heat in the pre-heating coil occursmie operation of the adiabatic humidifier regsiiite
Re-heat in the post-heating (or re-heating) codluos when the coil supply temperature is below the
supply air temperature setpoint.

The heat transfer rate is calculated as a fundidhe supply and exhaust (setpoint) temperature.
Qnear = Mg * Cp,a * (tex,set - tsu)
Where
M, is the air flow rate (in kg/s)
Cpq IS the air specific heat (in J/kg-K)

tex.set IS the setpoint exhaust drybulb temperature (in °C
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tg, is the supply drybulb temperature (in °C)

Depending on the type of the coil (water, electraradirect expansion), the corresponding hot water
and electricity loads are computed.

. , Qneat
Wheat = Waux + %

Wheqe is the heating coils electricity consumption (in W

W, 1S the heating coils rating auxiliary (circulatognsumption and is about 0.5% of the
nominal heating capacity of the coil (in W)

COP is the heating coil coefficient of performance {llectrical heating coil, >1 if direct
expansion coil or not used in case of a hot wai#y ¢

6.1.4. Adiabatic humidification system model

The adiabatic humidification system includes a Ipeating coil and an adiabatic humidifier
(pulverization, evaporative or atomizing humidifier A post-heating (or re-heating) coil is also
required to re-heat the air after the adiabatidiogon the humidifier. The global heating load ahe
water consumption are computed in a simplified \{f@gin, 2007 — Type 334). Knowing the supply
conditions and the exhaust humidity setpoint, tlresponding heating load and the water
consumption are easily computed.

The main equations used to describe the adiabatiidification process are:
g=1—eNTU)
AU
NTU = —

a
Wex = Wey + £ * Wsat,su — Wsu)
tex = tsy + € * (twp,su — tsu)
Where
¢ is the adiabatic humidifier effectiveness
NTU is the number of transfer unit
AU is the equivalent heat transfer coefficient (irkyv/
M, is the air flow rate (in kg/s)
W,y IS the exhaust humidity ratio (in kg/kg)
W, 1S the supply humidity ratio (in kg/kg)
Wsaesu 1S the supply humidity ratio at saturated condisigin kg/kg)
t., is the exhaust drybulb temperature (in °C)
tg, is the supply drybulb temperature (in °C)
twp,su 1S the supply wetbulb temperature (in °C)

The heat transfer coefficient is computed as atfon®f the actual air flow rate and the nominal ai
flow rate and heat transfer coefficients. This ladtie is determined as a function of the inputigalf
the nominal adiabatic humidifier effectiveness.
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In a first time, the equations given above arerayed in order to compute the value of the supply ai
temperature required to reach the humidity setpatithe exhaust of the humidifiet, §;qpnum su set»
in °C), as a function of the supply humidity ratio.

The computed supply air temperature correspondbheoexhaust temperature setpoint of the pre-
heating coil. If this temperature is below the taimperature at the inlet of the pre-heating cow, t
heating coil model is used to compute the corredipgnheating load. If the temperature at the iofet
the pre-heating coil is already higher than tharddsvalue, no heating is required and the adiabati
humidifier works as an “adiabatic cooling systerg”dmoling down the air by humidifying it.

IF tadiabhum,su,set > tprehc,su

Preheating is needed and the Heating Coil subroutineis called in order to compute
the corresponding heating load (Qprehc, inW).

ELSE
No preheating is needed and there is no heating load.
END

This last operation occurs quite rarely since tiidity needs usually disappear when the outdaor ai
temperature increases (mid-season).

The auxiliary electricity consumption is given by:

Wadiabhum = adiabhumn

Where

Waiapnum 1S the adiabatic humidifier auxiliary (pump or mgtconsumption (in W)

Wadiabhumn 1S the adiabatic humidifier rating auxiliary (purmpmotor) consumption (in W)

The auxiliary power highly depends on the type ofmidifier user (pulverization, evaporative or
atomizing humidifiers) and is usually about 5 toVZfkg/h.

6.1.5. Cooling coil model

The water cooling coil can be controlled for cogliftemperature control) or dehumidification
(humidity ratio control) purposes. In case of terapgre-based control, condensation can occur and
must be taken into account to compute the finalisgmeed. In case of dehumidification control, the
post-heating coil is used to re-heat the air atefrumidification. The present model is based on the
work of Lebrun et al. (1990).

In both cases, perfect control is again supposddlacooling coil is supposed to be able to reheh
desired (temperature or humidity) setpoint. Themmitputs of the model are the degree-of-freedom
at the exhaust of the coil (humidity or temperatued the corresponding total, sensible and latent
cooling loads.

Firstly, the contact effectiveness (Lebrun et H90) is computed as a function of the actuallaw f

rate:
M,
AU, = AUg p * Ma,n

0.77
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Where
AU,, AU, ,, are the actual and nominal air side heat tramsfefficients (in W/K)
Mgy, M, ,, are the actual and nominal air flow rates (in kg/s
NTU, is the number of transfer units
g, is the contact effectiveness

If the cooling coil is controlled to maintain a detined exhaust humidity ratio, the exhaust humidit
ratio matches the setpoint (perfect control andigeht capacity) and the main unknown is the
exhaust temperature. The contact humidity ratmimputed and used to determine the corresponding
contact temperature and, finally, the exhaust teatpee.

Wex — Wsy
W, =Wg, +———
&

te =f(We)
tex = tsu = & * (tsu — tc)
Qtot = M, * (hsu — hex)
Qsens = Mq * Cpa * (s — tex)
Qlat = Qtot - Qsens
SHR = Qsens/Qtot
Where
Wey, Wey are the supply and exhaust humidity ratios (irkgp/
tou, tey are the supply and exhaust air temperatures (in °C
he,, he, are the supply and exhaust air enthalpies (in J/kg
t., w, are the contact temperature and humidity ratinS§@ and kg/kg)
M, is the air flow rate (in kg/s)
O.0¢ IS the total heat transfer rate (in W)
Qsens is the sensible heat transfer rate (in W)
Q,4: is the latent heat transfer rate (in W)

If the cooling coil is controlled to maintain a dehined exhaust temperature, the exhaust temperatur
matches the temperature setpoint (perfect contmblsafficient capacity) and the main unknown is the
exhaust humidity ratio. The contact temperaturenimputed and used to determine the corresponding
humidity ratio and, finally, the exhaust humidigtio.

tex - tsu
&

we = f ()

te =tg, +
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Wex = Wey — &c * (Wsy — Wc)
If condensation does not occur, the exhaust huynidtto is equal to the supply humidity ratio.
Qtot = Mg * (hsy — hey)
Qsens = Ma * Cpa * (tsy — tex)
Qlat = Qtot - Qsens
SHR = Qsens/Qtot
6.1.6. Steam humidification system model

This subroutine computes the energy consumptiandsfy steam injection humidifier as a function of
the supply conditions and the humidification ne@ddaust humidity setpoint). The exhaust humidity
ratio is of course limited by the saturated hurgiditio at exhaust temperature which is equal ¢o th
supply air temperature setpoint at the exhaugieair handling unit.

The energy balance is given by:
Mgteqm * hsteam,su = Mg * (haex — hasu)
Msteam = Mg * (Wex — Wy

Where

Mgteam is the steam flow rate (in kg/s)

M, is the air flow rate (in kg/s)

W,y, Wsy, are the exhaust and supply humidity ratios (ikéyy/

hsteam su 1S the steam supply enthalpy (in J/kg)

hg.ex: ha sy are the exhaust and supply air enthalpies (in) J/kg

The steam enthalpy flow rate is then computed aed o compute the heat flow required to produce
the steam and the possible electricity consumgtiothe case of a electrical steam generator).

Ahsteamhum = hsteam,su - hw,su

Qsteam = steam * Ahsteamhum
W _ Qsteam
steamgen —
Nsteamgen

Where
Ahgieamnum 1S the water enthalpy variation (in J/kg)
hw sy is the initial water enthalpy (in J/kg)
Osteam iS the heat flow corresponding to the productibthe steam flow (in W)

Nsteamgen 1S the electrical steam generator efficiency

Wisteamgen 1S the electricity consumption of the steam getogran W)

Steam is supposed to be produced at atmosphessypeewith a slight overheating of 10K and the
initial temperature of the tap water is supposeoet@equal to 10°C.
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6.1.7. Fan model

To avoid a detailed calculation of pressure dropaiii ducts, part load curves are used to comnate t
consumption of the ventilation fan as functiontoé &ir flow ratio (Brandemuehl, 1993). Of course, i
case of a CAV, the ventilation fan consumption #iog rates are constant.

The fan consumption at maximal flow rate is defifgdmeans of the Specific Fan Power (SFP) in
W/m?3/s as defined in EN13779-2007. Typical valueSEP for various fan classes are given in Table
8. Corrections should be applied when specific comepts are added (Table 9).

Table 8: Typical values of SFP (EN13779-2007)

Class SFP
W/m3/s
SFP 1 <500

SFP 2 500 - 750
SFP 3 750 — 1250
SFP 4| 1250 - 2000
SFP 5| 2000 — 3000
SFP 6| 3000 — 4500
SFP 7 > 4500

Table 9: example values of SFP corrections for sons®mponents (EN13779-2007)

Component SFP
W/ms-s
Additional filter + 300
High efficiency filter + 1000
Heat recovery exchanger + 300

The maximal fan consumptiohi/glec_n, in W) and the corresponding shaft powé@,{aft,n, in W) are
given by:

Welec,n = SFP x Va,n

Wshaft,n = Welecn * Nmot

Where

Vo n is the nominal air flow rate (in m3/s)
Nmot 1S the (constant) motor efficiency

In operation, the part load ratio (PLR) is defirsedthe ratio of the actual volumetric flow ratethe
nominal air flow rate:

The fraction of full load power (PFPLR) is calceadtas a function of the part load ratio by means of
the following polynomial curve:

PFPLR =a+ b * PLR + ¢ * PLR?> + d * PLR3
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The actual shaft poweWpa¢, in W) and the corresponding electrical consump{W,e., in W) are
given by:

Wshaft = PFPLR * Wshaft,n

Wshaft

Weiec =

mot

The heat generated by the fan and exchanged vethlthvn air is given by:
Qloss = .shaft + (Welec - Wshaft) * fmot,loss
Qloss = Va * Pg * Cp,a * (ta,ex - ta,su)
Where

0,055 1S the heat flow transmitted from the fan to tham air (in W)

fmot,oss 1S the electrical motor loss factor, equal to thi# motor is located in the air stream
or O if the motor is out of the air stream.

taexiS the fan exhaust temperature (in °C)
tasuiS the fan supply temperature (in °C)

So, knowing the desired exhaust temperature (datetmin order to maintain the supply air
temperature setpoint at the exhaust of the air lmndnit), the required supply temperature can be
computed and will be used as a corrected setpwirthé heating coils of the air handling unit.

Typical values of the coefficients of the polynohuarve used to describe the part load behavior of
the fan are given in Table 10 depending on the tfppart load control (discharge dampers, inlet
vanes or variable speed drive). The PFPLR(PLR)ezuare shown in Figure 15 for the three types of
part load flow control. EN15241 (2007) providesoatgpical part load curves for different types of

ventilation fans.

Table 10: Ventilation fans - regression coefficiest(Brandemuehl, 1993)

Control a b c d
CAV 1 0 0 0
VAV - Discharge Dampers 0.3507123 0.3085 -0.54137 .871088
VAV - Inlet Vanes 0.3707 0.9725 -0.3424 0.0
VAV - Variable Speed Drive 0.00153 0.005208 1.1086-0.11635563
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Ventilation Fans - PFPLR(PLR) Curves

---VAV discharge dampers
——+VAVinletvanes
——VAV variable speeddrive

PFPLR

0 01 02 03 04 05 06 07 08 09 1
PLR
Figure 15: Ventilation fans - Fraction of full load power as a function of Part load ratio
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6.2. TERMINAL UNIT MODEL

The terminal unit model consists in converting femsible heating and cooling loads computed by
means of the thermal zone model into hot watetlechivater and electricity demands. Condensation
in cooling terminal units is not taken into account

Six types of heating terminal units are considendtie present work:

- Fan coil unit

- Induction unit

- Light (not massive) radiant heating ceiling panels
- Light (not massive) radiant heating floor

- Radiators

- Terminal reheat boxes

Four types of cooling terminal units are considerethe present work:

- Fan coil unit

- Induction unit

- Light radiant cooling ceiling panels
- Light radiant cooling floor

When an auxiliary consumption is related to therapen of terminal unit (e.g. five speeds fansan f
coil units), its power is supposed to be proposldn the heating/cooling load. So, the part |catbr
of the unit and the related electricity consumptoa given by:

Qeu

tumax

Wtu = PLRyy, * Waux,n + felec * Qtu

PLRyy, = -

Where

Qrus Qtu,max are the actual heating/cooling power and capdicityV)

PLRy,, is the part load ratio of the unit (defined imtsrof power)

W% is the nominal auxiliary consumption

feiec is the heating coil electrical factor (=1 if elecal heating coils or O if water heating
coils)

W, is the terminal unit electricity consumption (in W

Table 11 provides default values of auxiliary powsrmalized to the nominal heating/cooling
capacity (in W/Wy,) for different types of units (Figure 16).

Table 11: Specific Auxiliary Power for different types of terminal units

System Heating Cooling
Fan coil unit 0.015-0.02 0.02-0.03
Radiant ceiling panels 0.01 0.01
Radiant floor system 0.01 0.01
Terminal reheat box (if auxiliary fan) 0.02 -
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Figure 16: Relation between fan power and sensibleat transfer for fan coil units

In the case of water (heating or cooling) termiaaits, the capacity is directly related to the heat
source and heat sink temperatures (i.e. to thechilied water temperature and to the indoor
temperature). For the sake of simplicity, it hagrbelecided to consider that the heating/cooling

capacity of the unit is directly proportional teettemperature difference between the source and the
sink.

ths — L

Qh,max = Qh,n *
ths,n - ti,n

Where
Q'h,max is the heating capacity of the unit (in W),
Qh,n is the heating capacity of the unit in nomirgl ¢ andt;,) conditions (in W),
tys IS the heat source temperature (typically theayehot water temperature, in °C),
t; is the indoor air temperature (in °C).

Depending on the type of terminal unit in use, diative-convective split varies. For fan coil tsni
the heat transfer is (almost) purely convective.t@ncontrary, radiation can represent up to 80% of
sensible heat transfer in radiant systems. Tablpr@®ides typical values of convective fraction for
the considered terminal unit types.

Table 12: convective fraction for different types éterminal units

System Heating| Cooling Source
Fan coil unit 1 1 EN15255, Davies (2004)
Active induction unit 1 1 EN15255, Davies (2004)

Conroy and Mumma (2001)
Radiant ceiling panels 0.2 0.3t0 0.5 Miriel et al. (2002)

Fonseca (2009)
Radiant floor system 0.45 0.15 EN15255, Acherma@03)
Radiator 0.8t00.9 - Davies (2004)
Terminal reheat box 1 - EN15255, Davies (2004)
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7. PRIMARY HVAC SYSTEMMODEL

The primary HVAC system model includes various aunations of chillers (scroll, screw and
centrifugal chillers; air and water condensers)tewaoolers (dry fluid cooler, direct and indirect
contact cooling towers) and heat production systé@s-Off burners, High-Low-Off burners and
Modulating burners boilers).

7.1. DISTRIBUTION SYSTEM MODEL

All auxiliaries (pumps, circulators and fans) rethtto the various primary HVAC components
(cooling towers, boiler...) are also taken into acton a simplified way: default values of specific
fan and pump powers based on manufacturers datesedeto compute the related electricity use.

As a first approach, only constant flow pumps amasitdered. Pumps power consumption is directly
linked to the fluid flow rate by defining a SPP p&ific Pump Power”) in W/kg/s.

ASHRAE Standard 90.1 (2007) directly provides valwé SPP for classical hot and cold water
networks (Table 13).

Table 13: Hydraulic network specific pump power

Type of hydraulic network SPP Source
Cold water network 350 W/(kg/s) ASHRAE (2007)
Hot water network 300 WI/(kg/s) ASHRAE (2007)

Cooling water network

(condenser pump) 300 W/(kg/s) ASHRAE (2007)

Heat losses and gains along piping network arentak&é account and occur when there is a
heating/cooling demand. The heat loss/gain is rarilif computed as a fixed percentage of the
heating/cooling capacity of the plant (e.g. 2.5%tld plant capacity) or estimated based on the
characteristics of the building and the distribntreetwork according to EN15316-2-3 (2006).

The nominal heat loss/gain of a water network vegiby the following equation:
Quoss/gain = Lp * Up * ABS (tm — tamp)
Where
onss/gain is the heat loss/gain of the network (in W),
L, is the piping network length (in m),
U, is the pipes linear heat transfer coefficient{ifim-K),
tm is the piping network average temperature (in °C),

tamb IS the ambient temperature (in °C).

2-36



Chapter 2: Definition and development of a simgtifbuilding energy simulation model

The length of a two-pipes distribution network wihafts inside the building is given in Table 14
according to EN15316-2-3 (2006).

Table 14: Pipe length calculation

Ly - Between generators | Ls- Pipes in shafts la - Connection pipes to the emission
and shafts system
Unheated space (Ambient temp: 13°C) Heated spambi@kt temp: 20°C)
2xL+0.0325«L*B+6 | 0.025xL*Bxnx*h 055xL*Bxn
Where

L is the building length (in m),
B is the building width (in m),
nis the number of floors,

his the floor height (in m).

Default values of linear heat transfer coefficipmtvided in EN15316-2-3 (2006) are given in Table
15.

Table 15: Linear heat transfer coefficient of distibution pipes

Age class of the installation Pipes mVl\J/m(_asted space Pipes I\?V?ri?lied spacq
Old installation (before 1980) 0.4 0.4
1980 to 1995 0.3 0.4
From 1995 0.2 0.3

7.2. HEATING PLANT MODEL

Only hot water boilers are considered in the preserdel. The model is based on performance curves
given by Stan (1995) and in EN15316-4-1 (2006).

The water temperature dependency of the boilepopeeince is represented by the following law:
NeorFL = (Mnomrr + feor * (ttest — tw,avg))
Where
Neor 1 1S the corrected efficiency of the boiler at fiolad (in %),
NMnom,rL 1S the rating efficiency of the boiler at full kbdin %),
feor IS the correction factor (given in EN15316-4-10@))

tes IS the boiler average water temperature at testditons for full load (given in
EN15316:2006, in °C),

twayg IS the boiler average water temperature in opggatonditions (in °C),

Table 16: Default values for full load correction &ctor (EN15316-4-1, 2006)

Boiler type Correction factor [-] Test temperature [°C]
Standard boiler 0.04 70°C (avg temperature
Low-temperature boiler 0.04 70°C (avg temperature
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Gas condensing boiler 0.2 70°C (return temperature)

1)

Oil condensing boiler 0.04 70°C (return tempergtur

The part-load variation of the thermal performaat#e boiler is given by the following equation:

—_ *
Nactual = 7']cor,FL *MpL

1
n,’SL=<a+b*PLR+c*PLR+d*PLR2)

Where

Nactual is the actual efficiency of the boiler (in opengticonditions, in %),

np,. is the normalized part load efficiency of the buildefined as a ratio between the actual
efficiency in given operating conditions and themial efficiency of the boiler

a, b, c,and d are regression coefficients,
PLR is the part load ratio.

The regression coefficients a, b, ¢ and d have ldemntified for various types and generations of
boilers and burners. The specific boiler methodppsed in EN15316-4-1 (2006) has been
implemented and run at various part load conditionsrder to generate the desired part load curves
(Figure 17).
The part load ratio is defined by the ration betw#e actual heat demand and the nominal capacity
of the boiler:
PLR = ‘Qboiler
boiler,FL

11

0.9/

/ / —————— Condensing boiler
0.8 ——Standard boiler
0.7

0.6
0.5
0.4
0.3
0.2
0.1

—

Normalized Efficiency [-]

0 01 02 03 04 05 06 07 08 09 1
PLR

Figure 17: Part load dependency of the boiler effiency

Stand-by losses are estimated based on the nowapalcity of the boiler. Default values of the
nominal-to-stand-by power ratio are given in Tableaccording to EN15316-4-1 (2006).

Table 17: Default values of stand-by losses ratio

Stand-by losses
[% of nominal capacity]

Boiler type Burner Type
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Standard Atmospheric 0.61t00.7%
Forced draught 0.61t00.7 %

Low Temperature Atmospheric 0.61t0 0.7%
Forced draught 0.61t00.7%
Gas Condensing All 0.21t00.6 %
Oil Condensing All 0.2t00.6 %
Change fuel All 1.1t01.2%

Two options are available to simulate multiple erslplants:

- ldeal cascade: Boilers are started one after tmer @ts function of the load. When “n” boilers
operate, “n-1" boilers operate at full load andydthie last one operates at part load.

- Realistic cascade: Boilers are started one aferother but the load is shared. When “n”
boilers operate, the “n” boilers operate at theeséoad rate.

7.3. COOLING PLANT MODEL
7.3.1. Chiller model

The chiller model uses performance curves identifi@sed on manufacturer data (Bohler et al., 2002).
Like the DOE-2 model (Hydeman and Gillespie, 20aBg “Consoclim” model uses three basic
functions usable to predict the chiller consumptieer a range of operating conditions:

- Chiller capacity as a function of the operating dibons (secondary fluids temperatures) at
full load;

- Electric power demand as a function of the opegatoonditions (secondary fluids
temperatures) at full load;

- Electric power ratio as a function of part-loadoat

The chiller full load capacity is given by:
QFL = Qn * [1 + Dl * (tsu,cd - tsu,cd,n) + D2 * (tex,ev - tex,ev,n)]
Where

Qr., Q, are the actual full load capacity in actual caodi and the full load capacity in
nominal conditions (in W)

tsucdr tsucan are the actual and nominal condenser secondan slpply temperature (in
OC)
tex.evs texevn are the actual and nominal evaporator secondaiy éxhaust temperature (in
OC)
D,, D, are parameters of the model.
The chiller full load power demand is given by:
H . Qn 2
WFL =QFL*W*(1+61*At+CZ*At )

n

Where
Wey, Qr, are the actual full load power demand and capatiggtual conditions (in W)

W, Q, are the actual full load power demand and capatityminal conditions (in W)
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Ci, C, are parameters of the model.
The non-dimensional temperature differenttejs given by:

tsu,cd _ tsu,cd,n

At =

tex.ev tex,ev,n

Where

tsucdr tsucan @re the actual and nominal condenser secondadysupply temperatures (in 2
K)

tex.evs texevn @re the actual and nominal evaporator secondaity éixhaust temperatures (in
K)

The original part load curve is given by:
EIRFPLR = K * PLR + (1 — K) * PLR?

Where
EIRFPLR (Energy Input Ratio as a function of the Part Lé&watio) represents the part load
behavior of the chiller

PLR is the part load ratio of the chiller, definedths ratio of the actual cooling load to the
full load capacity in actual operating conditions

K is a parameter of the model.

Parameters D1, D2, C1, and C2 are identified base® full load data points and K can be estimated
based on part load data analysis.

A modified EIRFPLR law is used in the present modék original law gives a “lens” shape not fully
representative of the actual part load behaviarapior compression chillers. Indeed, such shapesgive
similar chiller performance at very low part loate (below 20%) and at high load rate (over 90%).
Degradation of performance intervenes only at nmadaad (50-60%).

The modified law is given by:
EIRFPLR = K; + (K, — K;) * PLR + (1 — K,) * PLR?

A set of parameters estimated based on a chillekehaurvey are given in Table 18 (Dupont, 2006)
for five configurations of air cooled reciprocatjngcroll and screw chillers and for water cooled
reciprocating and scroll chillers. Unfortunatelylpthe original part load law (one parameter) was
used in this work. A new market survey would allmlentifying typical values of the parameters of
the proposed part load law (Figure 18). Manufactw&ta collected for water cooled screw and
centrifugal chillers have been used to completestiieof default values and identify typical valaés
the full load and part load parameters for 26 wateded screw chillers, 95 constant speed centilfug
chillers and 47 variable speed centrifugal chill@srtagnolio et al., 2010).

Table 18: Chiller model default values

Condenser Compressor C1l Cc2 D1 D2 K1 K2
air reciprocating 4.5 -0.04 -0.014 0.034 0 1.04
air scroll 8.15 24.15 -0.01 0.033 0 0.8p
air screw 8.15 24.15 -0.01 0.033 0 1.2

water reciprocating 6.92 21.9 -0.01 0.032 0 0.82
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water scroll 893 6974 -001] 0032 0 0.8
water _ Screw 85 | 255 | -00034| 003| o019 071
(inlet vanes)
water Centrifugal | o ,15 | 446 | 0014| 00667 022 056
(inlet vanes)
Centrifugal i
- f Y.
water VSD) 8712 | 446 0.014| 00667 014 025

Of course, when available, manufacturer data ofiriballed chiller should be used to identify these
coefficients instead of using typical/average valua the case of a lack of manufacturer data,hamot
possibility is to use a detailed (or “reference’hiller model (Lemort, 2008), calibrated to
measurements or using similarity laws, to genethgse performance curves and identify the

parameters of the regression based model. Nomarébnmances have to be provided according to
EN14511 (2008).

Water cooled screw chillers

EIRFPLR

-=-Average

PLR
Figure 18: Water cooled screw chiller part load cuve
7.3.2. Cooling tower model

The cooling tower model is based on the work of ilouxhe et al. (1999) and Lebrun et al. (2002)
and uses a modified epsilon-NTU method to simutate performance of a cooling tower. Only
classical direct and indirect contact cooling tasvare considered. Hybrid indirect contact cooling
towers with operation in dry regime at low load a taken into account. A brief market survey
allowed identifying regression laws used to estarthie installed auxiliary power (pumps and fans)
and the nominal air flow rate as function of thenirmal capacity for indirect contact (ICCT, Figure 1
and Figure 20) and direct contact (DCCT, Figur@2d Figure 22) cooling towers.
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Indirect Contact Cooling Tower
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Figure 19: ICCT - Installed Auxiliary power
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Figure 20: ICCT - Nominal air flow rate
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Figure 21: DCCT - Installed auxiliary power
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Direct Contact Cooling Tower
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Figure 22: DCCT — Nominal air flow rate

The other parameters of the simulation model sgeathside and water-side heat transfer coeffisient
are identified by means of the following equations.

Knowing the nominal capacity, air and water suppbnditions (specified by the user) and the
corresponding air and water flow rates (fixed radgéermined by the user) and supposing saturated
air at the exhaust of the tower, the exhaust aiditions (temperature and humidity) can be computed

The logarithmic mean temperature difference metiedtien used to estimate the global heat transfer
coefficient (AU, in W/K) and its air-side — wateids repartition (only for indirect contact cooling
towers).

(tw,su - twb,ex) - (tw,ex - twb,su)
In (tw,su - twb,ex)

tw,ex - twb,su

Atln =

As proposed by Bourdouxhe et al. (1999), the maistis replaced by a fictitious perfect gas
characterized by its wetbulb temperatures. Thiddda the definition of a effective specific heiat (
J/kg-K) and the corresponding global heat transtefficient (in W/K).

ha,ex - ha,su

C. =
24 twb,ex - twb,su
Q
AUpp = — = ——
I T Ren Aty

In indirect contact cooling towers, air and wateg aot directly in contact and the global thermal
resistance can be splitted up into three thernsidtances connected in series: an air-side (conegct
resistance (B, a metal (conductive) resistance and a (convectwater-side resistance (R As
proposed by Lebrun et al. (2002), the conductiental resistance is neglected and only convective
resistances are considered. As two operating p@regsnecessary to evaluate both resistances, a
default value of the repartition keygjkis used to limit the quantity of data asked t® tiser.

Ry, = —Im
an — (Cp,a n 1 )
Cp,f kR
R
Rw,n = ka,n
R
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1
AUct,n

Rct,n = Ra,n + Rw,n =

In direct contact cooling towers, Lebrun et al. 2D proposes to use a unique global heat transfer
coefficient to represent the heat and mass transfer
Cp.a 1

AU, = AU =
ctn fn * Cp,f Rct,n

The simulation of the cooling tower is done in tsteps:

- First, the full load (maximal air and water flowtea) performance and capacity of the cooler
are computed in the actual operating conditionse(erg air temperature and humidity and
water temperature);

- Secondly, part load curves are used to computadtual electricity consumption of the cooler
as function of the part load ratio.

An iterative process is used to determine the esthaatbulb temperature. The effective specific heat
is then computed and used to determine the actlaé \of the heat transfer coefficient to be used to
compute the heat exchange effectiveness.

ha,ex - ha,su

C. =
p.f
twb,ex twb,su

Cf = Ma * Cp.f
As the cooling tower is supposed to operate atlfatl (maximal air and water flow rates), actual
values of thermal resistances are equal to nomalags.

R, = Rw,n
R, = Ra,n

1
ct _AUCt

R = Retn

For indirect contact cooling towers, the globalrthal resistance is computed as the sum of the water
side thermal resistance and the corrected airtbietenal resistance.

Cpa

Ra,f = Ra *
Cp.f

Rf = Ra,f + RW = _AUf

For direct contact cooling towers, the fictitiouslzal heat transfer coefficient is given by:

C.
f
AU; = AU, » 22

Cpa

In both cases, supposing counterflow heat exchahgeeffectiveness is given by the following set of
equations:

Conin = MIN(Cf, Cy)
Cnax = MAX(Cy, Cy)

Cmin
w = —=
Cmax
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AU
NTU = L

min
1— e(—NTU*(l—a)))
£ =

T 1 — @ % e(~NTU*(1-w))

The cooling capacity (at full load) and the cor@sing minimal exhaust water temperature are given
by:

Qmax = € * Cpin * (tw,su - twb,su)

Qmax

Cu

twexmin = twsu —

The actual water exhaust temperature is equal persur to the minimal exhaust temperature
calculated above. If the capacity limit of the dogl tower is not reached, the water exhaust
temperature is supposed to be equal to the tenupersetpoint (perfect control).

tw,ex.ac = MAX(tw,ex,minv tw,ex,set)

The corresponding cooling power is given by:

Qac = Cw * (tw,su - tw,ex,ac)
The part load ratio (varying between 0 and 1) inéd as the ratio of the actual cooling power and
the maximal cooling capacity. A regression curvehisn used to compute the electrical input ratio
(EIRFPLR) and the actual fan consumption as funabiothe part load ratio (Figure 23). In the cake o
an indirect contact cooling tower, the auxiliarymuis supposed to operate when the cooling tower is
operated. Nominal fan and pump powers are idedtibg means of the regressions given above
(Figure 19 to Figure 22).
pLR = ac

max

Wfan = EIRFPLR(PLR) * I/i/fan,n

Woump = Woumpn

Cooler Fan Curves
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Figure 23: Cooling tower part load curves (Hydemaret al., 2002)
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7.3.3. Dry fluid cooler model

Dry fluid coolers are simulated as classical codlue heat exchangers. The epsilon-NTU method is
used to compute the exhaust air and water tempesat®nce again, a market survey allowed
identifying a relationship between the installed power, the nominal air flow rate and the dry eool
nominal capacity (Figure 24 and Figure 25). Theeotbarameters of the model are identified by
means of equations similar to the ones used icabéng tower model. The simulation is done in two
steps:

- First, the full load (maximal air and water flowtea) performance and capacity of the cooler
are computed in the actual operating conditionse(erg air temperature and humidity and
water temperature);

- Secondly, part load curves are used to computadtual electricity consumption of the cooler
as function of the part load ratio.

Dry Fluid Cooler

—_
o

......... ISR S S S S S SN SO
Fan Power = 0.0197*Capacity | : : ' |

i oo R e S e S

—
2]

Installed Fan Power [kW]
o ® o N »

o~

0 100 200 300 400 500 600 700 800 900 1000
Nominal Capacity [kW]

Figure 24: DFC — Installed auxiliary power
Dry Fluid Cooler
LR e o A T :
0| bt e

Air Flowrate = 0.0974*Capacity ' ' '
80 [ R e ;
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Figure 25: DFC — Nominal air flow rate
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8. MOIST AIR PROPERTIES

Classical methods are used to compute the maint mioiproperties. Sometimes, regression laws are
used to avoid iterations. The wetbulb temperatsreomputed as a function of drybulb temperature
and humidity ratio by means of the classical procedjiven in ASHRAE (2009). An iterative process

is needed to compute the wetbulb temperature. Othaist air properties, such as enthalpies,
temperatures and humidity ratios are given in Tdl¥leand are computed at normal atmospheric
pressure (101325 Pa).

Table 19: Moist air properties calculation

C_0=0.00388691
C_1=0.0659728
w_s twb=C_0O*exp(C_1*t wb)

Humidity ratio of saturated air as a function o th
wetbulb temperature

C_0=0.00388691
C_1=0.0659728
t wb_ws=LN(w_s/C_0)/C_1

Wetbulb temperature of saturated air as a funeifon
humidity ratio

t_wb_h=-5.96424758E+00+6.55925194E-04*h-

Wetbulb temperature as function of enthalpy 4.14785613E-09*h"2+1.17408543E-14*13

h_twb=9.74400569E+03+1.65233377E+03*t_wb+1.7

Enthalpy as function of wetbulb temperature 4032625E+01%_ Wb"2+9.22867149E-01% Wb"3

h_sat=-2.96730126E+04+1.63024862E+07*w_sat-
1.83742266E+09*w_sat"2+
9.15354155E+10*w_sat"3

Enthalpy of saturated air as function of the hutgidi
ratio

Enthalpy as function of the drybulb temperature ang

] . .
the humidity ratio h_t_w=c_p_a*t+(h_fg0+c_p_g*t)'w

Drybulb temperature as function of the enthalpy an

=(n- * *
the humidity ratio t.w_h=(h-h_fg0*w)/(c_p_a+w*c_p_g)

p_w=(p_atm*w)/(0.62198+w)
p_w_s=exp((17.438*t/(239.78+t))+6.4147)
RHUM=MAX(1E-6,MIN(1,p_w/p_w_s))

Relative humidity as function of drybulb temperatur
and humidity ratio

Humidity ratio as function of drybulb temperatureda | P_W_s=exp((17.438*1/(239.78+t))+6.4147
humidity ratio HUMRATIO=(p_w*0.62198)/(p_atm-p_w)

p_w=p_atm*w/(0.62198+w)
p_w_s=p_w/RH

t=(239.78*(log(p_w_s)-6.4147))/(17.438-(log(p_wW_S
6.4147))

Temperature as function of humidity ratio and rieéat
humidity

~
1

9. AUTOMATED PRE-SIZING

An automated pre-sizing of the HVAC system is damestimate the main parameters of the model
(heating and cooling capacities and correspondlog frates, heat transfer coefficients...). This
calculation is based on a static heating energgrigal and a static cooling energy balance compuoted i
the nominal winter and summer conditions specifigdhe user (outdoor temperature, humidity and
solar radiation). This first calculation allows mdi#ying the main parameters of the model while
reducing to the minimum the quantity of data spediby the user. Correction factors (or multipljers
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can be used to adjust the sizes of the componéthe aystem (e.g. heating and cooling capacities o
terminal units, boilers, chillers...). By defaulie oversizing is generally estimated to 10 to 20%.

10IMPLEMENTATION

This simplified BES model has been developed in emuation Solver (Klein, 2010). This
implementation increases the flexibility of the rebend makes it easily readable and understandable
for the user. To decrease the calculation timeesse the numerical performance of the model and
make automated calibration possible, it is now enmnted in Matlab (2009).

11.SUMMARY

In this chapter, a simulation tool dedicated torgpeise analysis has been presented. The developed
simulation tool relies on the use of simple norr&ir semi-empirical sub-models using physically
meaningful parameters. The main advantages of sochis that it does not require particular
modeling expertise since it follows a set of maagliules that produce a standard measure of energy
performance.

The present whole building simulation model is ablesimulate various configurations of buildings
and systems and include main envelope, HVAC antraloissues in order to allow easier calibration
and assessment of numerous energy conservatiomtopiies.

It has been shown that the simple building zoneeha@s able to predict hourly heating and cooling
loads (as wells as annual heating and cooling dds)axith an acceptable accuracy. This light-weight
(generic) quasi-steady state model is able to sgate large sets of buildings.
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CHAPTERS3: SIMULATION-BASED WHOLE-BUILDING
ENERGY PERFORMANCE ANALYSIS
METHODOLOGY

1. PREVIOUS WORK AND EXISTING CALIBRATION
METHODOLOGIES

The calibration of a forward building energy sintida program, involving numerous input
parameters, to common building energy data is hlyignder-determined problem that would result
in a non-unigue solution (Carroll and Hitchcock93® As noticed by Kaplan et al. (1990), it will
never be possible to identify the exact solutioth®calibration problem and sensitivity issues inay

of primary importance in the calibration field. &cond constrain relies on the fact that calibration
requires a dynamic matching over one year betweampated and measured values and not a static
one at one condition (Reddy and Maor, 2006). Tieémments make the calibration of building energy
simulation models challenging.

The most common calibration methods can be classifs proposed by Reddy (2006):

- Manual iterative calibration based on the userijgegience and consisting in an adjustment of
inputs and parameters on a trial-and-error badi the program output matches the known
data;

- Calibration based on specific graphical represemtatand comparative displays of the results
to orient the calibration process;

- Calibration based on special tests and analyticagalures involving specific intrusive tests
and measurements, such as the PSTAR method (Sobthag8a) described below;

- Analytical and mathematical calibration methodiming use of optimization algorithms.

Of course, all these methods are not exclusive andd be coupled (e.g. use of graphical and
statistical analysis methods to support iterativanuoal calibration, semi-automatic procedures
coupling mathematical and heuristic manual methods)

1.1. MANUAL CALIBRATION METHODS

Manual methods are the most commonly used. Numeaati®rs and practitioners use this kind of
methods to adjust the parameters of detailed BE&mdJnfortunately, these methods are highly
dependent on the user’'s experience and rarely applil in a systematic way

Kaplan et al. (1990) presented a methodology toluate the ECOs (Energy Conservation
Opportunities) already implemented in a monitoradding. This was done by calibrating a DOE2.1
model to recorded data and deriving a “baseline’pfe-retrofit) model without ECOs. This work is
one of the first successful calibrations of a dethsimulation model.

The manual iterative calibration performed by tlihars involves 9 steps to tune the model within
the specified tolerances. Unfortunately, the awwhmrovide only general guidelines and rules to
perform the calibration. The changes and adjustsnasiween two iterations are purely subjective and
based on user’'s experience.

Another typical example of manual iterative calitia is the one presented by Pan et al. (2007).The
paper presents the calibration of an e-Quest (DG&2d simulation tool) model of a commercial
building located in Shanghai. Building geometry aoting were simplified to save calculation time.
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The calibrated model is then used for energy-usaksiown and ECOs evaluation. The model was
calibrated in four steps:

- Replacement of TMY weather data by actual 2004 mexadata for Shanghai;

- Refining HVAC system operating schedules accortlingieasurements and site survey;
- Refining internal loads according to on-site measwants;

- Adjusting infiltration rate according to on-sitesaovations.

Even if some explanations of the remaining errams proposed, this typical calibration of a

commercial code to monthly billing data does ndisfias all the tolerances prescribed by common
calibration standards (ASHRAE Guideline 14-2002yI\A° and FEMP). Moreover, the calibration

performed here is fully heuristic and is not basadany systematic or logical calibration procedure.
Unfortunately, no consideration on sensitivity lné imodel is given by the authors.

Pedrini et al. (2002) present a general calibratiethodology based on three major steps:

- simulation from building documentation;
- walk-through audit;
- and end-use energy measurements.

The proposed methodology is successfully appliezhiibrate a DOE2.1 model to several case studies
buildings but stays very general and is not asesyatic as it could be. The authors affirm reacking
final error of about 0.2 % on annual energy condionpwhich can be highly questionable. Indeed,
this is equivalent to try “answering a 10% questioth a 1% answer” (Waltz, 2000). Once agaimg
importance of coupling the calibration work to a sasitivity analysis is noticed but not
developed

Westphal et al. (2005) present a calibration metbiotilar to the one proposed by Pedrini et al.
(2002). This method is applied to the EnergyPlusrsme and combines energy audit techniques and
sensitivity analysis. This calibration method s&awith the adjustment of lights and plug loads,
followed by a very short sensitivity analysis (gsithesign days simulations) allowing identifying the
most influential parameters to adjust in priorityie main advantage of this sequential approadteis t
integration of a simple sensitivity analysis inke tcalibration process. The approach does notWollo
the classical way to perform energy audit and studiuilding base loads before its envelope and
HVAC system. Moreover, numerous hypotheses (orbthieling and the equipments) are needed at
the beginning of the calibration process and mhkentethodology not easily reproducible.

In his paper, Lunneberg (1999) describes how deont- monitoring of key internal loads
(measurement of key electrical end-uses and hdoaly profiles) was successfully applied to DOE-2
simulation of an existing commercial office builditocated in California. Even if the author does no
integrate this technique into a systematic calibnaprocess, some very interesting findings and
conclusions are highlighted:

- Monthly, weekly and daily schedules are importart should be monitored.

- Using schedules provided by the building operasitadf or standardized schedules can lead to
large over/under-estimation of energy use;

- Care must be taken when considering a behaviahedsile, an area or any tenant as “typical”
and representative of the building under study.

Yoon et al. (2003) provide a systematic manuahttee calibration methodology of the DOE 2.1E
code based on a so-called “base load analysis agigr@ombining analysis of monthly billing and
sub-metered data commonly available in Korean gkl (watt meters are commonly installed in
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Korean buildings to monitor the various electricidgd use). The purpose of this study is to use a
calibrated model in the frame of an energy auditedure to evaluate ECO's.

This approach includes seven steps:

- Base case modeling (basing on available documenjati

- Base load consumption analysis using data analgsimiques such as the signature method
described by Lyberg et al. (1987);

- Swing-season calibration

- Site interview and measurements

- Heating and cooling seasons calibration

- Validation of calibrated base model using graphéral statistical techniques

- Application of the calibrated model to evaluate E€O

Classical statistical indexes (MBE: Mean Bias Er@V(RMSE): Coefficient of Variation of the Root
Mean Square Error) and gas and electricity sigeatare used to validate the calibration. Due to the
large cooling demands commonly encountered in Kareaelectricity signature allowed to identify
the base load consumption quite easily. Moreoves, fifteen watt meters already present in the
buildings were used to disaggregate the electrantysumption and quantify the electricity end uses.
As an example, during the typical week day consididor “base load analysis”, it was found that the
fraction of the global electricity consumption digelighting, HVAC, plug load and elevators were,
respectively, 31%, 16%, 41% and 12%.

This first systematic manual method highlightsiiesting issues, such as theefulness of electricity
end-use measurements and manual data analysis toeitify some parameters of the model
Unfortunately, this procedure cannot be directgnsposed for European applications due to the
impossibility to identify base load and HVAC electty consumptions from whole-building
electricity data (specific energy meters are notwonly installed in European Building).

Raftery et al. (2011) developed a calibrated madedllow the building manager to optimizing the
operation of the HVAC system using a “key factargthodology (Costa et al., 2009). The proposed
calibration methodology is intended to be appliedhte EnergyPlus program and is based on three
core principles:

- Use of a detailed BES model that represents tHéuglding as closely as possible;

- Application of a reproducible and scientific method

- Obtain and use (sub-)hourly sub-utilities level swaments from energy monitoring systems
(EMS) and building automation systems (BAS)

This classical manual iterative calibration metHodg includes measurements issues and tries to
keep the calibration process as systematic and “@@nce-based” as possibldn this frame, the
BES model being calibrated should be used to iigegst possible further measurements. Data
gathering is fully integrated to the iterative badition process and includes short-time step angl ve
component-level measurements.

An initial “as-built model” is built and is suppas¢o be similar to a very detailed BES model create
at the design stage. A very detailed zone typindj lHIWAC system description based on extensive
design data (Building Information Model, As-builtasvings, Operation & Maintenance manuals...) is
used by the authors.

Due to this very detailed description of the builglithe manual iterative calibration process rexguir
the installation and use of an important numbeerargy monitoring systems and the gathering of an
important quantity of measurements. Till now, tlaélration method has been applied to a real office

3-4



Chapter 3: Simulation-based whole-building energsfgrmance analysis methodology

building located in Ireland but, unfortunately, mensitivity issues have been included in the
calibration process even if the importance of fkie is mentioned several times by the authors.
Moreover, the use of such detailed model and mondas generally out of the scope of an energy
efficiency service process.

1.2. GRAPHICAL AND STATISTICAL METHODS

Bou-Saada and Haberl (1995) propose a calibratiethad including bin analysis on different time-
scales and statistical indices such as MBE and GAMR) to analysis the goodness-of-fit of the
model. This procedure was used to calibrate a D@&&el of a building located in Washington D.C.
to hourly whole-building electricity (WBE) data.

In addition to classical time-series plots and tecgblots, the authors use binned box-whisker-mean
plots displaying maximum, minimum, mean, median @edcentile points for each data bin for a
given period (Figure 1). This new graphical methtidws the author to view and analyze the weather
and schedule dependent hourly energy use. 3D supftats and statistical indices are also used to
have a global view of the differences between nmeasand computed hourly values to help in
identifying seasonal or daily patterns in the corigmas (Figure 2).
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Figure 1: Scatter and box-whisker mean plots (Bou-ada and Haberl, 1995)

McCray et al. (1995) propose another graphical oektbh calibrate a DOE2.1 model to an entire year
of hourly or 15 minute metered whole-building eneuge. The Visual Data Analysis (VDA) method
allows quickly comparing the results and reviewihg parameters of the model during a calibration
process. Once again, the accuracy criteria is basedlassical statistical indices (MBE and
CV(RMSE)).

The graphical methods proposed by Bou-Saada andrHa®95) and McCray et al. (1995) suit well

with the calibration of simulation models to hounheasured data. With only whole-building monthly
data, these advanced graphical methods are oh#dgsand a very systematic and logical calibration
method has to be applied to limit the number ofusation runs and make the calibration process
efficient.

Wei et al. (1998) found that calculating, normalgiand plotting the difference between measured
and predicted heating and cooling consumptionsiastibn of the outdoor temperature was useful to
help in calibrating building energy simulation mtxeThis “signature method”, based on daily
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heating and cooling energy consumptions, has beemaed to other climates and types of HVAC
system by Liu et al. (2003). The signatures pravithethese reports have been generated by means of
the “AirModel” tool (Liu, 1997). This simulation nad®l has been developed by the Energy Systems
Laboratory (ESL) at Texas A&M Univesity in the 199@nd is based on the ASHRAE Simplified
Energy Analysis Procedure (SEAP, Knebel, 1983).
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Figure 2: 3D surface plots (adapted from Bou-Saadand Haberl, 1995)

Liu et al. (2004) presented another example ofafighis method to calibrate simplified building and
AHU energy consumption models. The simplified modskd consists in a two-zone (interior —
exterior) building model coupled to a consolidagddlJ model.

The two-level calibration method focuses on thetheadependence of the modetf (&vel) and on
the time schedule dependency®(®vel) and uses measured hourly values of heatirdy cooling
energy consumptions.

For a given system type (CAV, VAV...) and climategthcalibration signature” (graph of the
difference between measured and computed data @ascion of outdoor temperature) has a
characteristic shape that depends on the reasdinefalifference (Figure 3).

Residual = Simulated consumption — Measured consumption

] ) ] Residual
Calibration signature = , —* 100%
Maximum measured consumption
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Figure 3: Example of a heating calibration signatue (Liu et al., 2003)

So, “characteristic signatures” can be generatet @otted for different systems and climates by
varying important parameters one-at-a-time and thlet% of variation of the hot/chilled water use as
function of the outdoor temperature (Figure 4).,ibe comparison of the “calibration signature” to
this “characteristic signature” can help in perforgithe calibration of the model.

Change in energy consumption

Characteristic signature = - —x 100
Maximum energy consumption
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Figure 4: Example of cold deck temperature charactastic signatures (Liu et al., 2003)

The method is easy to follow and generalize buadaially based on data currently not available
(hourly or daily hot water and chilled water congions).

Unfortunately, the authors recognize that this aigre method cannot be transposed to more common
cases where only whole-building monthly consumptitata are available (Liu, 2011). In a more
recent paper (Liu and Liu, 2011), the authors noentihe integration of sensitivity issues as a [bssi
improvement for the method.

Heo (2011) proposes an interesting Bayesian approacalibrate a simple normative simulation

model based on CEN standards. The author chamsedettie few parameters of the model by a “best-
guess / initial” value and some probability rang8sch ranges were used to, firstly, perform a
screening analysis (in order to identify the maosliiential parameters) and, secondly, quantify the
uncertainty on model’s outputs.

1.3. AUTOMATED CALIBRATION METHODS

Carroll and Hitchcock (1993) summarized the worke&by the team of LBNL onto the development
of automatic calibration methods for the RESEM (Bfit Energy Saving Estimation Model) tool
(Carroll et al., 1989) based on the ASHRAE modifieéd method (Knebel, 1983). A semi-automatic
numerical calibration algorithm has been develaguedlimplemented. The calibration is performed by
minimizing an objective function constructed as eighited sum of the difference between computed
and recorded data. Model’'s parameters are categbiz‘high-level” and “low-level” characteristics.
In a first time, the user is allowed to select ‘thigh-level” characteristic suspected to be thersewf

the discrepancies, then, the calibration algoritiumes the “low-level” parameters related to this
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characteristic. The proposed method is appliedlibrate the RESEM tool to yearly data but could be
adapted to be used with smaller time scales (ashtyoor weekly data). The existence and uniqueness
of solutions issues are already discussed in #p&ip Since minimization algorithm are more effitie
with a limited amount of parametere authors suggest also to begin a calibration wita
heuristic selection of most influential parametergbasing on sensitivity analysis and experience
of the user) to limit the calibration time and thenumber of simulation runs.

More recently, Lee and Claridge (2003) have preskanother automatic calibration of a simplified
building energy simulation model based on the ASHRBimplified Energy Analysis Procedure
(Knebel, 1983) to measured data. This automatibredion is performed by means of a commercial
optimization program used to minimize the erromlm®n measured and computed hot water and
chilled water consumptions. For the studied cdseniodel was calibrated to simulation data to which
a small amount of white noise has been added. ffavameters have been considered: cooling coil
leaving air temperature, room temperature, heastea coefficient of the building envelope, supply-
air volume and outdoor-air flow fraction. The opittation algorithm used by the authors is able to
provide objective free of local-minima.

The calibration method used here seems to be effiand very promising. However, it must be
noticed that this type of calibration is, most o time, applied to simplified calculation methaddh

as the ASHRAE modified bin method) rather than itEdasimulation models. Such numerical
algorithms involve the use of a large number ofapaters and simulation runs and cannot be easily
adapted to dynamic hourly simulation tools.

The calibration method developed in the frame ef ASHRAE RP-1051 research project by Reddy
and Maor (2006) is based on the same approacteamthproposed by Carroll and Hitchcock (1993)
but uses a detailed hourly simulation code (DOE2é&jform calibration to monthly billing data and
include sensitivity analysis issues to identify laugible set of solutions instead of an hypothética
unique solution.

A, even very good (satisfying all the accuracyeri#t as the ones recommended by ASHRAE),
calibration to the utility bill will not guaranteaccurate fit at the end and may vyield very bad and
unsatisfactory prediction accuracy when using tladibated model for energy and economic
evaluation of ECO’s. For that reason, Reddy andr\{a006) consider that using a small number of
most plausible solutions is more robust than uginly one feasible calibration solution to make
predictions. In the frame of the ASHRAE RP1051,abéors have developed a calibration procedure
based on the DOE2 model and using only monthlynigildata. This calibration procedure involves
heuristic steps (definition of a set of influentiphrameters basing on walk-through audit and
inspection), advanced mathematical methods (MomatgeCnethod, use of optimization algorithms...)
and numerous trials and simulation runs. This sijgaited and partially “black-box” calibration
method allows identifying a subset of most plawsibblutions to this under-determined problem.
However, this method is also heavy to handle dubaanultiple steps and can be confusing for non-
experimented users (Reddy, 2011).

Lavigne (2009) has developed a semi-automatic redidn procedure implemented in DOE2.1
software. This calibration process involves comnemgineering rules and optimization algorithms
and requires monthly electricity consumption, eleity peak demand and real local weather data.
This methodology has been successfully applieditoexisting buildings, using electricity as a uréqu
energy source, resulting in maximal errors of thas 14%.

Two steps are involved in this calibration process:
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- Pre-calibration, requiring no simulation run butnply analyzing the available recorded
billing data to extract useful information (buildirheating and cooling global heat transfer
coefficients, base load consumption...) and idginmigf critical parameters (ventilation rate,
envelope performance...). A five-variable energetmdel is used (ASHRAE Fundamentals,
2001) for this first analysis.

- Calibration, involving a Marquardt-Levenberg optzation method in order to minimize an
objective function defined as a sum of differensesveen measured and computed data.

Combining intuitive and mathematical methods to cabrate detailed BES models is certainly an
attractive solution to the calibration problem andan interesting compromise between black-box
methods and full manual iterative processesThese methods are particularly interesting when
having to fit simultaneously to various sources anplortant amounts of measurement data.

However, it seems difficult to integrate such methwith local/additional measurements issues and to
make the calibration process as reproducible aegible as a manual method. Indeed, some
hypotheses on the available data have to be domes whveloping such a methodology and some
parameters (as schedules) cannot be easily adjdstedg the automated calibration. Moreover,
optimization-based methods have limited potentiaémvusing global monthly billing data to check
the accuracy of the calibration. Indeed, as regartthfirmed by Reddy (2011), utility billing dataea
generally too global to allow “direct” (automateatjjustment of the parameters because of the amount
of influences integrated in such values and thgel@amount of parameters to calibrate.

1.4. ACCURACY OF CALIBRATED BESMODELS

A calibration process consists in adjusting the pameters of a model through several iterations
until it agrees with recorded data within some preeéfined criteria. The definition of these
criteria is a complex issue and, to date, it is impssible to determine how close a tolerance needs
to be to fulfill the calibration objective (Kaplan et al., 1990).

Usually, the authors (Yoon et al., 2003; Pan et24l07; ASHRAE, 2002) recommend using Mean
Bias Error (MBE), Root Mean Square Error (RMSE) &ukfficient of Variation of the Root Mean
Square Error (CV(RMSE)) to evaluate calibrationueacy.

Z?:l(Qpred,i - Qdata,i)
(n—p)* adata

RMSE = \/Zyzl(Qpred,i - Qdata,i)z

MBE =

n
Z?:1(Qpred,i - Qdata,i)z
RMSE n-=p
CV(RMSE) = = —
data Qdata

Where

Qpred,i is the predicted value during tﬁ*ép'eriod
Qqata,i IS the measured value during tﬁepériod
Edata is the measured average during the period

n is the number of available data points (or pefiods
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p is a correction parameter

This multiple variable analysis allows preventimy aalibration error due to errors compensation.
Indeed, the common Mean Bias Error (MBE) approacin important measure of calibration but has
the disadvantage that large compensating erra@spasitive and negative errors) can lead to a zero
MBE (Yoon et al., 2003). Using CV(RMSE) in additiem MBE to describe the variability of the
results allows preventing this compensation problem

For calibrated simulations, it is suggested that MBE and CV(RMSE) indices should be used,
respectively, with p=0 and p=1 (Reddy and Maor, 6)00The authors justify this choice by
particularities of the calibration problem (notanly defined number of “degrees of freedom”).

Figure 5 illustrates a typical situation where MBE (about 1%) would indicate an accurate and
successful calibration. However, the CV(RMSE) iyédy bigger (about 15%) and proves that the
calibration is not completed. Of course, plottitg tcurves would have also permitted to indentify
directly the discrepancy.

700
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300 - Model
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200
100

0
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Figure 5: Example of comparison between actual angredicted values

Waltz (2000) considers that a maximal difference58&§ between annual recorded and computed
energy consumption is a realistic objective for B&&lel calibration.

The three standards dealing with calibration (ASHRZ002; EVO, 2007; US-DOE; 2008) provide

also numerical criteria (Table 1) to calibrate BE®dels to building energy use data. The values
proposed by ASHRAE Guideline 14-2002 and FEMP hessame but very different from the ones
proposed by IPMVP.

Table 1: Commonly used calibration tolerances

Index Waltz (2000) | ASHRAE 14| IPMVP | FEMP
MBEyear + 5%
MBEmonth + 5% +20%| *5%
CV(RMSE)month + 15% +5%| +15%
MBEhourly +10%
CV(RMSE)hourly + 30%
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Instead of a unique set of tolerances, Kaplan.ef1l800) have proposed different tuning tolerances
(Table 2) depending on the energy uses (lightiraplieg, heating, fans...) and tuning periods
(monthly, daily, hot period, cold period...).

Table 2: End-use specific tolerances (Kaplan et al1990)

End-Use Tuning Period | Monthly End-Use | Daytype Profile
Weather Type Tolerances Tolerances
Indoor lighting All + 5% +15%
Outdoor lighting All + 5% +15%
DHW All +5% +15%
Plug loads All + 5% +15%
Heating Cold +15% + 25%
Temperate +25% +35%
Cooling Hot +15% + 25%
Temperate *+ 25% + 35%
Ventilation fans Hot, Cold + 15% + 25%
Temperate +25% + 35%
Whole-building All +10% +15%

Reddy (2011) considers the ASHRAE criteria as ‘tool” and advices to investigate the possibility
to compute the above mentioned statistical indexes. monthly bases or on a floating period. Of
course, this would require having shorter time stigpa (e.g. daily consumption data). These
possibilities have not been investigated yawever, Kaplan (1990) considers that “investigatio

to date on the calibration tolerance required to fifill the research objectives indicates that this

is probably unanswerable” because of the very highunder-determination degree of the
calibration problem.

Statistical indices should not be the unique way tevaluate the accuracy of the calibration
(Waltz, 2000) and could lead to a “blind” calibration missing numerous influences (weather,
occupancy, operation...). Indeed, even if the “net &fct” of all the “knobs” yields to a simulated
output close to the measured one, there is no guarze that all individual “knobs” are properly
tuned.

Figure 6 shows a typical example of comparison betwcomputed and measured electricity demand
for a summer day. Once again, because the two £ureerespond to similar energy uses, the

difference between the simulation and actual s@natannot be observed by means of aggregated
data (such as daily values).
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Figure 6: Electricity demand comparison (adapted fom Waltz, 2000)

Thus, because the selected statistical indexes atige corresponding tolerances have been
defined in an arbitrary way and are not fully reliable, other (more practical) accuracy criteria
should be imagined.

For example, in addition to the mathematical datetefined above, the following accuracy issues
should be considered when looking at the simulatslts:

1. Peak heating and cooling loads should be checkddcampared to installed heating/cooling
capacities (taking into account the possible ovetén-sizing)

2. Computed and measured seasonal (monthly) energgragkes should be visually compared
to identify any seasonal pattern in the differebeveen simulated and recorded values

3. Simulated daily/hourly energy use profiles (conaggninternal gains, system operation,
chiller load,...) should be checked, criticized aondfronted to the operating patterns observed
(or measured) during the inspection phase

4. End-use energy consumption should be faithfullpcated (use short-term measurements to
check the end-use energy consumption)

Some of the graphical methods and tools describedaier (Bou-Saada and Haberl, 1995;
McCray et al., 1995; Liu et al., 2003) can also hesed as calibration quality estimators.

2. DATA GATHERING

2.1. WEATHER DATA COLLECTION

It appears that gathering of weather data is atiiroblem for analysts having to calibrate a BES
model. ASHRAE (2002) considers that collecting typuwreather data corresponding to the same time
period as the energy data used for calibration migimal requirement to perform calibration.
Sometimes, modern buildings are equipped with twim weather station. Even if this is very useful,
weather data are rarely complete and some valeesftan missing (e.g. solar radiation) and shoeld b
completed from other sources of data. Moreovemast cases, actual weather data is not available
and should be obtained from another source.

To simplify modelling and prevent this lack of daltau et al. (2004) treat solar radiation as adine
function of the outdoor drybulb temperature. Eviethis approach can be envisaged to be used with
simplified calculation methods, such as the ASHRA&dified bin method (Knebel, 1983) used by
Liu et al. (2004), this hypothesis can lead to daegrors when studying largely glazed commercial
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buildings, strongly influenced by solar gains. Tieéated error is even larger when applying this
hypothesis to hourly BES models.

Typical weather data, such as TRY or TMY data,dmatimes used to perform calibration. This
requires normalizing energy consumptions (by mednsignatures) to allow comparison. However,
the use of average data to perform calibrationindace important errors and ASHRAE Guidelines
14-2002 strongly discourages this approach.

Hopefully, in our countries, recent actual hourlgather data are generally available for at ledstwa
weather stations. When having to perform calibrgtivourly weather data from the nearest location
should be used when actual local weather data tisamailable. This allows performing a better
calibration than the one performed by mean of, sones poorly representative, TRY or TMY
weather data. However, whatever the origin, someemainties remain because of measurement
errors, incomplete sets of data...etc

2.2. ENERGY USE DATA COLLECTION
Burch et al. (1990) categorizes the monitoring rodshin two classes:

- Macrostatic methods based on time-integration & Kuilding energy balance, such as
classical utility bill analysis or long-term or shterm energy measurements. These
techniques are the most commonly used;

- Macrodynamic methods combining identification methosuch as the PSTAR method,
developed by Subbarao, 1988a) and use of the bgitdidynamic energy balance. These
techniques are generally employed in residentiédlimgs.

Most commonly available data are utility billingtdaWhole-building monthly gas and electricity
consumptions are generally made available foradtlene complete year by the energy management
team. A special attention has to be paid to possibirections applied to the provided values. #$®
often possible to obtain electricity peak demams @uarter-hour basis from the electricity provide
However, the data available when starting an enaught may vary a lot from case to case.

In some buildings, one can find separate energgoover meters measuring local or end-use (e.g.
lighting, HVAC, chiller...) electricity consumptisnand demands. The use of these meters is not
mandatory in the European tertiary building sedtor is more common in some countries, such as
Korea (Yoon et al., 1999; Yoon et al., 2003).

Cooling and heating energy or demand meters canb&®ncountered. Once again, these meters are
not common in Europe (except for very large bui@nbut can be often encountered in the U.S.

Building Energy Management Systems (BEMS) are asy useful when performing an inspection.
BEMS programs can often be used to perform measmemvithout requiring any additional sensor.
Of course, the quality of the measurements hasetahecked and evaluated before analyzing the
results. Open source BEMS programs are also oéat dpelp to identify the control laws as the basis
for operating the HVAC system.

Of course, the data available when starting thét gwdcess (for example) can be completed by means
of short-term or spot measurements. These measntenage generally achieved by means of
(portable or not) data loggers and can help in tiiyamg some specific energy uses (e.g. lighting
power density, fan power...), check some opergpamameters (e.g. supply air temperature and flow
rate) or patterns (e.g. ventilation schedule). dibeision to perform these measurements is generally
taken as function of the needs of the auditor/iogpeand depends mainly of his own experience.
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Other specific measurements and tests, developedefidential applications (e.g. blower door,
dynamic tests), can be used to determine and dyaniiical parameters such as infiltration ratelan

thermal inertia. However, these measurements are mwusive and, most of the time, not feasible in
existing non-residential buildings.

The PSTAR (Primary and Secondary Term AnalysisRedormalization) method (Subbarao, 1988a)
is a short term monitoring method which has beereldped at the end of the 80’s for residential
applications. It includes measurement protocolsm@ogides a simplified (static or dynamic) model to
calibrate.

This method aims at estimating the parametersreélistically complex building model basing on the
data obtained during an inspection (or audit) amartsterm (typically a few days) monitoring data.
Each zone of the studied building is described myaia energy balance expressed as a sum of heat
flows. One particularity of the method is the grigaedom allowed to the user in defining the teaohs
this energy balance to take into account. Each flmatmay be a primary unknown (firstly estimated
by a simple audit calculation and secondly renoedl by means of monitoring data), a secondary
one (obtained by calculation only) or a measurezl(obtained by direct measurement only). Once the
model described, a test plan has to be construeteibw identifying the parameters of the model.

Typical measurements used when applying the PSTARad are:

- Outdoor, indoor and supply air temperature measeinésn

- Incident solar radiation measurement;

- Lighting and plug loads power measurements;

- Ventilation rate measurement;

- Infiltration rate measurement (blower door test);

- Supply and return air flows diffusion measureménatcer gas);

In addition with these measurements, some spedeiis have to be realized to force each “primary”
term to become dominant in the energy balance duairshort period (e.g. make the steady-state
conduction term dominant by suppressing the nigtiiack for one or more nights).

After “renormalization” (or calibration), the modean be used for long-term extrapolation, energy
savings evaluation, fault detection, HVAC operatmtimization...

Since its development, the PSTAR method has bephedpseveral times to residential buildings
(Subbarao et al., 1988b; Carrillo et al., 2009)\mry rarely to office buildings. Only a few exaregl
exist, as the one described by Burch et al. (1980¢h have applied the PSTAR method to a 12000
mz2 office building. Even if this method is more ptid to residential buildings because of the
measurement techniques involved, the PSTAR methasl the advantage to fully integrate
measurement issues within the calibration process.

The time-period, the time-step and the accuracyhef gathered measurement data are also very
important issues. Usually, monthly data for a whpéar can be collected at the beginning of the

process and are used to perform calibration. Kaptaai. (1990) use three “snapshot” periods instead
of an entire year of data. A hot, a cold and a tenaig month are extracted from monitored data in

order to calibrate a DOE2 model.

It is easy to admit that the shorter the measuretivee step, the more useful are the measurements.
Indeed, compared to long time step data (e.g. nhométords) short time step data (e.g. daily or
hourly measurements) allow correlating energy uslke weather and operating schedules (distinction
between week and weekend days, more accurate atarebetween outdoor temperature and gas
consumption...) and identifying operating patterng.(electricity base load). Averaged recorded data
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(e.g. billing data) is less useful and tend to stimageather and operation influences. It is impdssib
to deduce any schedule or operating profiles fraochalata. Lunneberg (1999) affirms that, in mild
climates, large non-residential buildings are oftaternal load-dominated rather than weather-
dominated. This observation indicates a large ddgrece of the building energy use to operating and
occupancy schedules and confirms the need to pgyopstimate occupancy and operating schedules
(Pedrini et al., 2002).

As mentioned before, measurements accuracy hadaals® considered before any analysis. Indeed,
errors of approximately 5% are common when workith data recorded manually because of
approximate recording periods. When using shon t@ieasurements equipments, the accuracy of the
data logger has to be taken into account when ainglyhe results.

Reddy and Maor (2006) proposed to distinguish aifielevels of calibration as a function of thedev
of effort (and related costs) needed to gatheraanadyze the data (Table 3).

Table 3: Calibration levels as a function of inputdata available (adapted from Reddy and Maor,

2006)
Building description and performance data availablefor calibration
Calibration levels | Utility bills | As-built | Site visit or | Detailed | Short-term | Long-term
(one year) data inspection audit monitoring | monitoring
Level 1 X X
Level 2 X X X
Level 3 X X X X
Level 4 X X X X X
Level 5 X X X X X X

The first level consists in using only the inforipatavailable in the as-built file as well as adeone
year of consumption data. The second level adds-site visit (or inspection) while information
available in the as-built file could be cross-chextkby means of interview of the building manager...)
and completed by the reading of the nameplatenmition of the main components of the installation.
The third level, referred to as “detailed auditiyolves taking nameplate information and spot o@-si
measurements (clamp-on meters...) at different psraddhe day (morning, afternoon, night) or the
week (weekdays or weekend). The fourth level nekdsnstallation of loggers and energy-counters
for a short period (typically a few weeks) to allaallection of data (such as powers, thermal loads,
temperatures...) at short intervals (hourly or lefes) certain end-use equipments. The last (and
highest) level involves long-term monitoring ance tleollection of similar data for the whole
installation and for an entire year. This last lgmeesumes that specific and sufficient budgetshav
been planned for that purpose.

Level 1 calibration is certainly weak since the mled has no contact with the installation and its
operators/users. A serious calibration work caexpeected starting from level 2.

In the frame of the present work, the minimal datarequirements will consist in monthly gas and
electricity bills for a complete year. Peak electdity loads on a quarter-hour basis will also be
used when available. On-site visit and inspectionr@ considered as mandatory and will be
integrated in the calibration process. The planningand the use of short-term and spot
measurements will also be considered. Very detailekbng-term monitoring data will not be
studied in details since they are usually out of # scope of the setup of an energy efficiency
service process (but could be envisaged after itmplementation). In other terms, calibration levels
2, 3 and 4 will be covered in this study.
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2.3. ACCURACY OF THE AVAILABLE DATA

An important issue when discussing calibration smcy is related to the accuracy of the available
data. For example, utility billing data often cdntadistinct outliers due to improper meter-reagding
temporary equipment dysfunction, arbitrary (and stimes not clear) correction of the original data
by the building owner/energy provider or managerordbver, utility bills do not necessarily
correspond to calendar months. This makes againusieeof mathematical criteria questionable.
Sonderegger (1998) proposes to exclude some ubkulidling data points before starting developing
the baseline model in order to keep the calibrapioocess as robust as possible. Indeed, since the
available amount of data is very limited (12 ord2da points of monthly data), even one or two ldlase
values can lead to not-representative values ofttiiestical indexes used to characterize the gessin

of fit (GOF).

It is difficult to define fixed criteria for suchkelection/rejection since the origin of the probleam
vary a lot from cases to cases (unknown billingiquer, temporary malfunctioning or manual
operation of the system...). Reddy and Maor (2006)nese automated outliers detection methods as
not adapted to the present application (due tosthall amount of data points to analyze and the
amount of possible reasons for the deviations efdéita) and advice to use simple visual inspection
methods. Biased data points can generally be edsihfified by means of simple and classical kglin
data analysis (such as energy signatures).

3. BESMODEL OUTPUTSAND UNCERTAINTY

Criticizing simulation results is certainly an inpant issue. Considering the highly under-deterihine
problem which is calibration, baseline calibrateddel results have to be analyzed carefully.
Moreover, it is important to consider uncertairggues when trying to evaluate energy conservation
opportunities or provide information about preditenergy performance (e.g. for energy contracting
purposes). Unfortunately, information about evabrabf uncertainty on energy savings is quite rare
in the literature. Most of papers on the topic oom uncertainties at the design stage.

Sources of uncertainty can be categorized into fgooups: (a) scenario uncertainty, (b)
physical/operational uncertainty, (c) model inadexyuand (d) observation error ().

Table 4: Sources of uncertainty (adapted from Hed011)

Category Factors

- Outdoor weather conditions

- Building usage/occupancy schedule
- Building envelope properties

- Internal gains

- HVAC systems

- Operation and control settings

- Modeling assumptions

Scenario uncertainty

Building
physical/operational
uncertainty

Model inadequacy - Simplification in the model algorithm
- Ignored phenomena in the algorithm
Observation error - Metered data accuracy

Scenario uncertainty refers to external environm@ng. weather conditions) and the use of the
considered building (e.g. impact of occupants)Iddng physical and operational uncertainty refers t

envelope characteristics, HVAC system charactesisand control settings, as well as internal gains
densities. Model inadequacy is directly relatedte resolution of the model and to the level of
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abstraction of the physical phenomena occurringatity. This source of uncertainty has alreadynbee
discussed in Chapter 2 and has been partly quethtify validating the different components of the
considered simulation tool. Observation errors ddpan the quality of the metered data used to study
the behaviour of the studied system and to cakhited simulation model. Uncertainties on investment
costs and utility costs should be added to thenistn the calibrated model is used to evaluate BCO’

Reddy and Maor (2006) argue that defining arbitGalybration criteria, as done in ASHRAE (2002)
is too naive. It is necessary to consider the uairgies introduced by the fact that numerous
assumptions/approximations have been done durieg nledelling and the adjustment of the
parameters and not only the overall calibratiorueaty. To solve this problem the authors propose to
identify a set of plausible solutions (i.e. a se@ input files for the calibrated model) inste&adnly

one in order to define the “boundaries” of the ftesolution. Despite its robustness, such method
highly increases the number of simulation runs amake the calibration and ECO evaluation
processes very heavy.

ASHRAE Guideline 14-2002 provides mathematical rodtto evaluate the savings uncertainty in the
case where utility bills are the source of the gparse data and weather data are used as the only
independent variable. This approach, adapted toesemn models, is extended to the calibrated
simulation approach. Basing on the CV(RMSE) andhenStudent’s t-distribution, it is proposed to
compute the saving uncertainty (U), applying totthtals savings determined for a meter, by means of
the following formula:

1.26 X CV(RMSE) n+2
t X X
F nxm

Where,
U: relative uncertainty in a reported energy saving
t: Student’s t distribution (available in Statistiextbooks)
CV(RMSE): post-calibration Coefficient of Variatiari the Root Mean Square Error
F: computed fraction (%) of the baseline energythagis saved for a given period (m)
m: number of periods
n: number of data points or periods in the basedamgod

For example, a monthly energy saving of 20% on wWiele-building electricity consumption
computed by means of a baseline calibrated BES hnedelting in a CV(RMSE) of 12% leads to an
uncertainty of 32.1% (90% confidence level) on #stimated saving. So, the savings should be
included between 13.6 and 26.4 % (90% confideneel)leUnfortunately this method is not perfect
since it considers only the value of CV(RMSE) tauajify the uncertainty on the savings.

This uncertainty evaluation method is often congdeas arbitrary and not sufficiently robust. Heo
(2011) considers that the error on the savings ldhbe derived from a probabilistic distribution.
Moreover, such method is not able to quantify thpdct of uncertainties associated with the proposed
ECMs (since it considers only the post-calibratt™¥(RMSE) value). Indeed, using this method leads
to the same magnitude of risk for any retrofit optalthough some options may be characterized by
smaller uncertainties than others.

A more general approach to address uncertaintgssisuthe one proposed by Reddy and Maor (2006).
Their method is based on the use of a series ¢&.ten) sets of parameters, representing the best
possible solutions to the calibration problem, waleate the ECOs. This method is certainly more
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robust than the one proposed by ASHRAE (2002) éuiains heavy and sometimes confusing for the
user due to the manipulation of several possilitedenputs.

Another approach would consist in using an unaetfaanalysis method similar to the ones used to
guantify uncertainty during the design phase ($traed Hensen, 2007; Hopfe and Hensen, 2011,
Corrado and Mechri, 2009). For ECO evaluation a ageenergy use analysis purposes, the output of
the calibration process would consist in a fin@sf set of (calibrated) input parameters acconepiani
by uncertainty ranges corresponding to a certaiel lef confidence (e.g. 95%) for all the parameters
This would allow the final user of the calibrated nodel to run a global uncertainty analysis
(using a Monte Carlo method) to quantify the uncerainty on each output (from whole-building
annual energy consumption to specific energy use).

When evaluating an ECO, the modified value of thmut parameter(s) (for example, chiller EER in
the case of a chiller replacement) would be intiegravithin the model, as well as the uncertainty
range of this parameter (i.e. the uncertainty enréw chiller’'s EER) at the given level of confiden
Running again the uncertainty analysis would allmentifying both saving value and saving
uncertainty at the same time. The validity andrtitmistness of this last approach are difficultrmop
without actual pre-retrofit and post-retrofit dabvat this method is safer than the arbitrary “U-t
method” proposed in ASHRAE Guideline 14-2002 andcdbed above since it allows a true
quantification of the propagation of the uncertgiinom the model’s inputs to the outputs.

4. SIMULATION-BASED ENERGYUSEANALYSIS METHODOLOGY

As mentioned above, the present work focuses ondbend the calibration of whole-building energy
simulation models to support an energy efficiereiges process consisting in:

- Energy end use breakdown and analysis at inspeatidraudit stages;
- ECOs evaluation and post-retrofit performance M&V;
- Building-level on-going/continuous commissioning.

Focus will be given to the setup of this process. (o the first step of the energy diagnosis)that
results available at the end of these initial stefls be directly usable for the next stages of the
process (ECOs evaluation and on-going commissidning

An integrated simulation-based energy performantayais methodology is developed hereunder.
This methodology makes an intensive use of buildingrgy simulation models at every stage of the
analysis process and integrates a complete catibrgrocess including the main issues discussed
above (i.e. sensitivity and uncertainty issuesjledd, as discussed before, calibration cannot be
avoided when pretending applying a BES model texasting building.

As pointed by Liu et al. (2004), numerous auth@gehcalibrated detailed simulation models (DOE-2,
EnergyPlus, Trnsys...), developed calibration procesiuand attempted to compile calibration
guidelines and manuals. Various calibration mettadd=ady exist, including manual iterative methods
(Kaplan et al., 1990; Yoon et al., 2003; Liu et 28D04), graphical methods (Bou-Saada and Haberl,
1995; McCray et al., 1995; Liu et al., 2003), methbased on specific tests (Subbarao, 1988a; Burch
et al., 1990) and automatic methods (Carroll artdhdbck, 1993; Lee and Claridge, 2003; Reddy and
Maor, 2006).

Fully automatic methods are very attractive butgererally heavy to handle and limited because of
their reduced flexibility (pre-defined required @and impossibility to integrate specific monitgyin
data in the calibration process).
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Moreover these methods may lead to unrealisticbiaikd models if not well controlled and
understood by the user. Indeed, because of the lbigh of underdetermination of the calibration
problem (large amount of parameter s and very éichavailable data such as monthly energy bills), it
is not realistic to imagine that an automated nethmuld be able to find the exact solution:
numerous local optima exist and make impossibleiieeof an optimization method at the early stage
of a calibration process.

Existing semi-automatic method involving heuriséiod automatic steps are attractive but don't
generally suit very well with the energy efficiensgrvice process (where available data and
measurements can vary a lot from cases to cases) mmore adapted method should be imagined.

Methods relying with specific monitoring tests, Buas the PSTAR method (Subbarao, 1988a), have
been developed for residential applications anchatevell adapted to non-residential office builgkn
where the required intrusive tests cannot be eesdlljzed.

Methods combining manual iterations and graphitlétical tools seem to be well adapted to energy
audit purposes. These methods are very flexiblecanttl be adapted to most cases. Moreover, these
methods allow the auditor identifying, visualiziagd apprehending the behavior of the building under
study during the calibration process. Howeverngitte should be paid to keep the calibration method
systematic and reproducible and to integrate seitgitssues. Indeed, because the calibration stays
highly under-determined problem, sensitivity, aecyrand uncertainty issues have also been pointed
out as important issues by the authors.

Considering these facts, it is believed that a rmhbut systematic calibration methodology is more
adapted when the available amount of data is ldnifes-built and billing data). The present
methodology will rely on a flexible but systemagizidence-based calibration methodology able to fit
with the varying constrains encountered by energpfyests (varying amount and quality of available
data, varying time and money constraints...). Thdyaimethodology will integrate the notion of

hierarchy between influential and non-influentiargmeters and between high and low quality
sources of information (as-built files, on-fieldspection, BEMS recording, spot and short-term
measurements...) and will include the following s&ffeigure 7):

1. As a first step of the diagnosis methodology and @se-requisite of the calibration process,
the modeling work will be preceded by a completalgsis of both as-built and energy use
data (plotting of energy signatures, etc) in orderallow cross-checking between the
information coming from different sources and tfbutlier (non-significant) data points.

2. The distinction between influential and non-infltiah parameters (or screening) will be
assisted by an integrated sensitivity analysis whiesults will help the analyst in identifying
critical issues and starting the calibration preces

3. As whole-building spot or short-term measurememgs aften required and handled during
such energy performance diagnosis, the calibratirethod has to integrate additional
measurement issues. So, the proposed methodoldigglsa help the user in identifying the
potentially useful measurements AND in valorizitg tgathered data within the calibration
process. In the present methodology, the calibrgamd the calibrated model) should not be
only seen as an end in itself but also as a megretiorm efficient and advanced energy
diagnosis. Since it is difficult to define generlibration criteria, both statistical and
graphical assessment methods will be used to assesalidity of the calibration.

4. The exploitation of the outputs of the calibrateddal for energy use analysis and evaluation
of ECOs will be accompanied by an uncertainty asalipased on the Latin Hypercube Monte
Carlo (LHMC) method.
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The different steps of the global simulation-basedrgy performance analysis methodology proposed
in this work are detailed below.

As-built and energy use data
analysis

L 4

Identification of critical issues
by means of sensitivity analysis

4

Evidence based calibration
methodology

4

Simulation-based energy use
analysis and ECMs evaluation

Figure 7: Simulation-based energy performance analis methodology

Optimization-based adjustment of the model's patarseshould not been abandoned. However, for
the reasons explained above, it is believed thah $ype of “blind” adjustment method should be
envisaged only as a last resort, when all the eceldased issues have been investigated.

4.1. DATA COLLECTION AND ANALYSIS

A first and critical data collection issue concetine weather data. The availability of weather data
highly dependent on the location (presence or hatweather station, quality/accuracy and/or cést o
the data made available by a local or national asga...) and the analyst has generally very little
control over this aspect. However, the uncertaimythe weather data set used to run simulations and
the impact of this uncertainty on the simulatiosules has to be considered during the analysis.

In addition to actual weather data, basic dataectibn will consist in gathering as-built data giland
whole-building monthly energy billing data for ansplete year (Figure 8). Usually, separate values
are provided for heating (fuel-oil or natural ga®mrgy bills) and other energy-uses (whole building
electricity bills). If possible, this basic data,sequired in order to start the analysis andntiogleling
work, can be completed by the whole-building eleityr load provided on a quarter-hour basis by the
energy provider.

Actual Weather| | Building/HVAC [ | Energy-use
Data Data data

v

Data treatment
and analysis

Figure 8: Step 1 - Data collection and analysis

On-site visit/inspection is also mandatory to coetgland check the information available in the as-
built file. This visit helps the analyst to havdimst representation of the main uses of the boddi
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(offices, meetings, conferences, restaurant, hbrgr As mentioned in Chapter 1, numerous
inspection procedures are available in the liteeafi{night, 2010).

The first step of the analysis will consist in slifjgng all the equipments of the facility in order
give a first definition of the zones that will beonsidered during the modeling phase. The
characteristics of the main building and HVAC comeots have to be checked on-site. Basic
information about building and HVAC use and openmatschedules has to be obtained from the
building manager and/or from the BEMS.

Secondly, (thermal and electrical) energy signatare constructed and analyzed with regards to the
information collected on the main energy consunoéréhe building (HVAC system, lighting, plug-
loads...). Simple cross-checking can be realizedvajuating the global heat transfer coefficient of
the building (see for example Bertagnolio et a801@ or the electricity consumption due to lighting
plug-loads, ventilation fans, etc; and comparinchsealues to the recorded energy bills.

The distinctions between peak and off-peak hourswamptions are also helpful in order distinguish
base and variable electrical loads.

Finally, if made available, the quarter-hour eletly load profile can be used in order to distirgju
base electrical load and time-varying loads. Thengarative analysis between such data and the
information available about main electricity loadsd the corresponding operating/use schedules
allow a new cross-checking of the gathered data.

4.2. ASBUILT INPUT FILE CONSTRUCTION AND PRELIMINARY SENSITIVITY
ANALYSIS

The first step of the modeling phase consists instiacting a so-called “as-built input file”. This
initial input file includes all the information neking of the data collection and analysis step.

This as-built input file will also be used as ad&s the sensitivity analysis phase (Figure 9).

Data treatment
and analysis
Prepare as-
built input file
Comparison Sensitivity
with recorded Analysis
ENergy use (Factor Fixing
data & Screening)

Figure 9: Step 2a - As-built input file and 1st simlation run
A preliminary sensitivity analysis is run in orderproceed to (Figure 10):

- Factor fixing setting
- Parameters screening

The first objective is to rank the parameters lyeorof influence and to reduce the dimension of the
calibration problem by fixing the weak influentiphrameters to their most likely value without
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significantly affecting the system prediction(shig objectives is generally known as “factor fiXing
setting.

The second objective of this preliminary sensyianalysis is to provide a first hierarchy betwéssn
most influential parameters (in terms of seasomamonthly fuel/gas, electricity and heating and
cooling needs) in order to catch the eye of the asghe aspects needing further investigationsh su
as additional measurements, and to be considengdointy during the calibration phase. This second
objective is similar to the, so-called, “experin@ntesign” process, generally used to select the
measurement equipments that have to be installet @lsigning an experimental test rig.

Typical ranges of variation are provided for eaceameter of the model. However, the ranges of
variation of the input parameters have to be adglust order to reflect the “uncertainty” of the use

the values defined in the as-built input file. Asexample, if the exact value of the glazing U-eak
unknown (e.g. missing data in the as-built file} the type of glazing is known (e.g. glazing have
been identified as “double glazing” during inspew)i the range of variation for this parameter lsan
reduced from [1.53; 5.91] W/m2-K (range coveringgie to triple glazing, ASHRAE, 2009) to [1.70;
2.50] W/m2-K (range covering old double glazingrézent high-performance double glazing). The
impact of the range of variation will be studieddetails in a following chapter.

While most influential parameters are listed, iefisiential parameters can be fixed to guessedesalu
The guess value has to be selected according tmfibrenation available in the as-built file and to
guidance that could be found in the literature sashscientific papers, model user's manual or
standards/guidelines (ASHRAE, 2007, ASHRAE, 2009.Typical values for most of the input
parameters of the model have been given in Chapter

As-built input Ranges of
file variation
[ J
v
Run Sensitivity

Analysis

A 4
Factor Fixing
setting

' Evidence-based !
——————— »  calibration -
method

Hierarchy of
influential
parameters

Figure 10: Step 2b - Preliminary sensitivity analys

4.3. EVIDENCE-BASED CALIBRATION METHOD

Once the as-built input file is constructed and pineliminary sensitivity analysis is run, one can
proceed to the calibration of the simulation modehe steps of the calibration process will be
dedicated to the identification of the source afcdepancy between the simulation and the real
situation and to the adjustment of the values efrtiost influential parameters previously identified

This will be done by applying the evidence-basdibiction method described below. This calibration
method is fully integrated into the energy diagagsiocess and relies on some interactions between
the on-desk modeling work and the on-field inspatcti
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The initial as-built input file is used again tonra first simulation run. The results of this first
simulation run are compared to the billing dataduse evaluate the quality of the calibration.
Generally, this first simulation run provides réswiith an accuracy of about 30% (Ahmad and Culp,
2006) in terms of annual energy use. At this stadmtever the results of such comparison (satigfyin
the criteria or not), the model is supposed asvabtl. Indeed, even if it is not likely, the accoya
criteria could be satisfied by chance.

I's there any measurable parameter?

In the iterative calibration process, the first sfien to be answered concerns the input paramigters
calibrate (Figure 11). It is necessary to knovhdre are still opportunities to identify some iffitial
parameters by means of physical on-site (spotant$érm, direct or indirect) measurements. Stgrtin
by answering this question, forces the user toidenghysical measurements in priority. Indeed, as
discussed above and considering the data availatd®aluate the quality of the calibration, (blind,
manual or automated) iterative adjustment methbdsld be used as a last resort only and could lead
only to a temporary calibrated model (whose adjesthnwould have to be checked by means of
physical measurements for instance).

What is the source of discrepancy? Which parameter/issue should be investigated?

At this stage, three situations can occur: (1) dberce of discrepancy appears as evidence for the
(experienced) user (e.g. influential parametentset default value for example) who knows what is
the first priority, (2) the source of discrepansynit trivial, or (3) the first most influential rameters

of the list have already been identified/estimatgith “acceptable” accuracy (e.g. based on
observations or measurements). In these two lasttgins, the parameter to be considered is the nex
one by order of influence (as defined in the resoltthe sensitivity analysis).

Because of the potential non-linearity of the moptietre may exist a need to include the sensitivity
process in the iterative calibration process, trleast, re-run the sensitivity process after hgvin
adjusted one or some of the most influential pataree However, using a global sensitivity analysis
method should allow taking into account the pot#nton-linearity of the model (i.e. the interacgon
between parameters). Sensitivity issues will beudised in detail in the next chapter.

On-site measurement and update of the simulation model

After having been identified as a critical parametee value of the concerned parameter has to be
estimated/refined. If practically feasible, spop¢®/) or short-term (STeM) monitoring has to be
considered in priority and added to the list of thsks of the field-study. Various direct or indire
measurement techniques can be used for that puii@oge direct indoor or supply temperature
measurement or indirect estimation of the operagirgiles by means of short-term monitoring of
some lighting or appliances consumption measuresheénthen short-term (typically daily or weekly)
measurements are performed, collected profiles éegtrical load profile) can also be compared to
the simulation results in order to check the validf the model on an hourly (or sub-hourly) basis.

Of course, during the data collection process, mddat data could be collected. In that case, the
“higher quality” information (i.e. the informatiojudged as the more representative of the usual
operation/behavior of the building) should be usedpecify the value of the parameter. However, the
other values should not be neglected and shoulikéé to cross-check the available information and
verify their validity.

A typical example of cross-verification has beenamtered during the case study and is presented in
Chapter 6. The initial information on the ventitatifans operation was obtained by analyzing the
schedules implemented in the BEMS. A cross-vetifice consisted in monitoring the fan
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consumption and their operating time. These measmts confirmed the fact that the fans were
operated in the way prescribed by the BEMS.

If the physical measurement is not possible forivaerg reason (e.g. because of money or time
constraints), it is suggested to study the nexampater by order of influence. Once again, procegdin
in such a way ensures that the procedure is “ecildased” and that priority is given to physical
measurement and not to highly questionable “tunofghe parameter.

Realize
SpotM/STeMto
determine the
value
Update model
i Are SpotM
As-built t
° ';Illempu orSTeM
feasible ?
Run simulation
andcompare |«
tput
ouputs Iterative method

al;ﬁgyo Any Clear NO |Nextparameter
calibrated Measurable discrepancy (following the
Parameter ? source ? hierarchy)
model ? 7y

Calibrated
baseline model

Hierarchy of
influential
parameters

Figure 11: Step 3 - Evidence-based calibration metidology

When the measurements are available and analyzeghdated version of the input file is issued and a
second iteration can stafthe update of the input file will consist in updéing the best-guess value

of the concerned parameter, as-well as the correspding probability/uncertainty range. If some
influential parameters still have to be adjustadrad few iterations and no measurement is posgble
allow accurate quantification (because of time, eyoar physical constraints), a classical (manual or
automated) iterative method can be used in ordeadjast the last parameters. Of course, this
adjustment work is not related to the practicalityeaf the building under study but can help téime

the value of some critical parameters which carfreoteasily measured. Such logic allows making
clear distinction between “measurable” and “non-saeable” parameters, so that adapted adjustment
methods can be used for each category. Moreovaltpis characterizing the quality of the source of
information considered to adjust the value of thygut parametein every case, priority is given to
physical measurements and observation.
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Blind iterative adjustment of the parameter is @d&®d only as a last possibility. Indeed, if thesin

of the influential parameters have been calibrateel dimension of the calibration problem is laygel
reduced and the definition of a well mathematicalynditioned optimization problem becomes
possible. In the frame of the present work, focilslve given to evidence-based steps of the process
and to sensitivity and uncertainty issues. Theafsan automated method to finalize the calibration
won't be studied.

It has to be noticed that, in general, it is advigkto follow a “conservative” approach when
adjusting the values of the parameters and the coesponding probability range. Indeed, it is
often preferable to underestimate the real energgfopmance of the building (and so, use
“pessimistic” values of the parameters, from an rgyeefficiency point of view) instead of
overestimating it. The same conservative appro&ciuld be applied when specifying uncertainty
ranges. Indeed, it is preferable to overestimagauticertainty on a parameter and underestimate it.

When all the influential parameters have been damed for calibration and when the calibration
criteria are satisfied, the model can be considexed'calibrated”. It is critical to consider all
influential parameters, even if, by chance, thebcation criterion is satisfied before the end loé¢ t
inspection phase. Indeed, some “compensation” tsffle@n occur and hide remaining discrepancies.
The only way to avoid such trap is to consider gafibhential parameter one after the other in ayver
systematic approach and to stick to an “evidensediaapproach.

As a summary, one can consider as a general rulleeoproposed evidence-based processtheat
value of a parameter and the corresponding probakily range can be determined only if the
selected values have a physical meaning (i.e. obted by means of observation,
measurements...).

Calibration quality criteria

As discussed above, it is delicate (if not impds$ilbo define a general criterion, ensuring proper
calibration of a given building energy simulatiooael to a given existing situation.

As a first approach, it is proposed to consider thecommonly used criteria proposed by
ASHRAE-14 (2002) as well as proceeding to additiohaalibration quality verifications. This
criterion, based on two statistical indexes (MBHE &V(RMSE)) evaluated on a monthly or hourly
basis is one of the most robust among the critesially considered in practice. In addition to this
mathematical criterion, it is necessary to consitier following points to check the validity of the
calibration:

1. Computed peak heating and cooling loads have tm lgwod accordance with the installed
heating/cooling capacities;

2. If available, the recorded whole-building hourledticity load should be compared to the
computed values;

3. Simulated daily/hourly energy use profiles (conaggninternal gains, system operation,
chiller load,...) should be visually checked, ciited and confronted to the operating patterns
observed (or measured) during the inspection phase;

4. End-use energy consumption should be faithfullpcated (use short-term measurements to
check the end-use energy consumption)
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4.4. ENERGY USE ANALYS'SAND ECOSEVALUATION

Once calibrated, the baseline model can be usedaloate some selected ECOs, envisage continuous
performance verification and diagnosis, etc. Thiect®n of ECOs remains purely heuristic and
results from the analysis and observations. Typieshther data sets (Typical Reference or Mean
Years, TRY or TMY) should be used to evaluate tROE after their implementation in the baseline
model.

Calibrated
baseline model

Energy use
_>ActuaIWeather_’ analysisand |

Data disaggregation

Uncertainty on
results/predictions

Uncertainties on

inputs
TRY/TMY Evaluation of Uncertainty on
g Weather Data ™ ECMs g savings
Selectionof | |
ECMs

Figure 12: Step 4 - Use of the calibrated baselimaodel for energy use analysis and ECOs
evaluation

Continuous performance verification (or on-goingmeooissioning) will consist in periodically
comparing predicted values of the whole-buildingrgy performance to the corresponding values
recorded on the existing installation. This process be based on monthly energy bills but can be
improved by using additional energy meters insthiilethe facility.

In both situations, uncertainty issues will be tadkn the same way. It is proposed to accompaay th
final set of input parameters with uncertainty @smdn order to allow performing an uncertainty
analysis (Figure 12). Of course, uncalibrated gngl@imated/guessed parameters are characterized
by wider variation ranges (higher uncertainty) thidentified (or measured) parameters (lower
uncertainty).

As an example, normal distributions characterizgdnigan values (the calibrated baseline value or
best-guess value) and corresponding standard deviaglues (defining the uncertainty on the

adjusted value and representing the “measuremendt en the considered value) can be used to
characterize calibrated parameters. For uncalitbhaénown parameters, a uniform distribution

between two realistic limits could be used to chemdze uncertainty. Once the range of variatiod an

the probability distribution are defined, the sédeicsampling method (e.g. Latin Hypercube Monte
Carlo) is used to quantify the uncertainty on treei’'s outputs.

5. SUMMARY

The calibration of a forward building energy sintida model remains a complex and highly
underdetermined problem. Even if a special attentias been paid to select easily identifiable
parameters with a physical meaning, the numberapmeters to calibrate remains important in
comparison with the limited amount of availableadét.g. monthly energy bills). In practice, even if
the “net effect” of all the “knobs” yields to a sitated output close to the measured one, there is n
guarantee that all individual “knobs” are propdtiyed.
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Because of the complexity of the problem, the tHadlewing issues are considered as crucial when
performing a calibration:

- Sensitivity issues, consisting in distinguishinfiluantial and non-influential parameters

- Uncertainty issues, consisting in characterizinggoantifying the final uncertainty on the
model’s outputs

- Accuracy issues, related to the definition of ttadibration criterion that will be used to
estimate the quality of the calibrated model

In practice, manual iterative (heuristic) caliboatimethods are the most popular ones. Unfortunately
these methods are generally highly dependent onges experience and skills and not systematic or
easily reproducible. Moreover, such methods rarelude sensitivity and uncertainty issues.

Numerous automated methods have been developée ipatst. In general, these methods are quite
attractive because they propose to use an optiimizatgorithm to automatically adjust the values of
the parameters of the model. However, becausedlitation problem is highly underdetermined, it
is hard (if not impossible) to define a well coilited optimization algorithm (and the corresponding
objective function) able to find the correct answerthe problem (i.e. the actual values of the
parameters). Moreover, such methods are generatlyflexible enough to be adapted to situations
characterized by variable degree of complexityjalde amount of available billing or monitoring
data...

The question of the definition of a criterion tsess the quality of a calibration has been stuljed
several authors. It appeared that it is delicdtedi impossible) to define a general criterionsuing
proper calibration of a given simulation model tgigen existing situation. Usually, statisticalteria
computed on annual or monthly basis (MBE and CV(E))Sare used as calibration criteria.
However, such criteria are often considered asctmd or not representative enough of the quality of
the calibrated model. Currently, it seems thatdbst way to evaluate the quality of a calibratedi@ho

is to conduct additional visual verifications tceck the ability of the model to predict the eneugg
behavior of the building.

In the present work, a systematic evidence-bas¢karenaking intensive use of sensitivity and (non-
intrusive) measurement issues is developed. Thisaadibration methodology relies on the definition
of two types of hierarchy:

- A hierarchy between influential and non-influenti@rameters: sensitivity analysis is used to
distinguish influential and non-influential paramest (non-influential parameters are then
fixed to their best-guess value following a facfoting approach) and to classify the
influential parameters by order of importance (snneg)

- A hierarchy between the source of information eptbto identify the parameters: Priority is
given to physical observation and measurementadhustment of a parameter is done only if
the value consists in an “improvement” of the dyatif the model (i.e. the updated value has
a physical meaning and has been obtained from a rnetiable source of information than the
previous one).

After the end of the evidence-based process (e physical” identification of the most influentia
parameters), iterative (manual or automated) adjeist is envisaged only as a last possibility toneef

the calibration of the model and to adjust the ealof the parameters that have not been calibrated
(because of the impossibility to measure them duttie evidence-based process)
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Finally, three categories of parameters can bedéfi

- Non-influential parameters set to their “best-gliesdue at the beginning of the calibration
process and not adjusted during the calibrationgs®

- Influential parameters concerned by a (evidencedjasalibration based on collected
information (as-built, metering...)

- Non-calibrated parameters subject to iterative sid)ent in order to refine and finalize the
calibration of the model

Specifying (and updating/narrowing) probability/entainty ranges for the parameters all along the
calibration allows characterizing the quality oé tbalibrated model at each step of the processeg(sin

specified ranges “translate” the quality of theommfiation used to adjust the value of the parameter)
At the end of the calibration, an uncertainty asglyis run to quantify the final uncertainty on the

model’s output.
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CHAPTERA4: INTEGRATING SENSITIVITY AND
UNCERTAINTY ISSUESWITHIN THE CALIBRATION
PROCESS

1. INTRODUCTION

Statistics textbooks generally recommend that nmagiieal modeling of a given system should be
coupled to a “sensitivity analysis” (Saltelli andhidoni, 2010). In practice, within the global concep
of “sensitivity analysis” one can distinguish:

- Uncertainty analysis (UA) aimed at characterizing empirical probability density function
and the confidence intervals of a given model autphis corresponds to measurement error
for physical experiments.

- Sensitivity analysis (SA) aimed at identifying faxst which are the source of the uncertainty
in the prediction.

These two tasks, while having different objectiva® often coupled and called by the generic term:
“sensitivity analysis”.

As a prerequisite of the calibration process, apretmensive sensitivity analysis is carried outhia t
present chapter. The implication in the developneérihe calibration methodology is explained. The
application of this sensitivity analysis method dosynthetic case and its integration within the
calibration process are presented below. Findtly,groblem of the uncertainty on the outputs of the
calibrated model is also tackled.

2. SENSITIVITY AND UNCERTAINTY ANALYSIS IN BUILDING
SIMULATION

Simulation models can be used in practical apptinatwhen they are within acceptable ranges of
reliability, accuracy and repeatability (Corson929 These three characteristics are directly edltd
program sensitivity which depends of three facttre: investigated building, the modeling approach
and the considered simulation software. Even if @edinterpretations and choices commonly appear
to be the most significant factor influencing siatidn results (Diamond et al., 1985; ASHRAE,
1994), sensitivity analysis of a given building Egyesimulation model is needed for the user, (1) to
evaluate how confident he can be with the results €) to identify the most influential parameters
that should be given particular attention. Morepwarch an analysis will contribute to add to the
user’s understanding of the building energy simoaimodel, which is a critical factor to perform
accurate simulation work (Waltz, 1992).

Sensitivity analysis is commonly used for desigtirojzation (Lam and Hui, 1996; Roujol et al.,
2003) and assessment of ECMs (Mottillo, 2001; Lamal.e 2008). However, sensitivity, accuracy and
uncertainty issues have also been pointed out pgrtant issues by Reddy and Maor (2006). Because
the calibration remains a highly undetermined poblsensitivity analysis should be coupled to the
calibration process in order to identify the masituencing parameters. Finally, calibration should
result in a plausible solution where the most iafiial parameters are addressed. Of course,
uncertainty analysis methods are also useful tatifyahe uncertainty on the results predicted tby t
calibrated model.
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Westphal et al. (2005) present a calibration methapplied to the EnergyPlus software, combining
audit techniques and sensitivity analysis. Thigbcalion method starts with the adjustment of lgght
and plug loads, followed by a short sensitivity lgsig (using design days simulations) allowing
identifying the most influential parameters to adjin priority. The main advantage of this sequanti
approach is the integration of a simple sensitigitglysis into the calibration process.

Corson (1992) has evaluated the sensitivity of rhufation software (from bin-type programs to
hourly simulation programs) to 25 input variables 2 difference base cases (one small and one large
office building), resulting in 10 building energyokels. Surprisingly, considering that BES models
have been originally devoted to accurate evaluatin building loads rather than system
consumptions, it appeared that HVAC&R issues (HVA&GmMponents performance, set points,
operating profiles...) are more likely to impact tlesults than building envelope characteristicss Thi
confirms that BES models adapted to energy auditE@Ms evaluation should not neglect neither
envelope nor HVAC&R issues but should integrateéhadse influences into an homogeneous way.

Sensitivity analysis has also been used for optingidesign of office buildings (Lam and Hui, 1996).
More than 400 simulation runs have been performigd a/DOE-2 model of a typical all-electric base
case building located in Hong Kong. The impact #rel correlation between input design variables
and selected outputs have been examined. Buildinglepe characteristics and some control set-
points (supply air temperature and chilled watengerature set-points) and HVAC components
efficiencies (fan efficiencies and chiller EER) kabeen identified as having significant impact lom t
whole electricity consumption.

The building energy simulation software ConsocliBolper et al., 1999), based on the simplified
lumped dynamic building model described in ISO1372007), has been developed for design
purposes and submitted to a sensitivity analysmuj® et al., 2003). The impact of 20 parameters on
chiller electricity consumption has been studieduasing Gaussian distribution and relative
uncertainties at 90% of level of confidence. Thesmiafluential input variables appear to be the
indoor set-point temperature, the glazing solartofacthe internal gains density, the part load
performance and the rating EER of the chiller. Mlatibn rate, infiltration rate and walls U-valukad

no significant impact on the cooling demand andl@htonsumption.

Mottillo (2001) has performed a sensitivity anasysising a DOE-2 based Canadian code compliant
program applied to 10 different all-electric basgse buildings. 14 parameters (from envelope
characteristics to HVAC system rating performanice aperation) have been investigated to identify
the most sensitive parameters (and so, the lessthenanost efficient ECMs).The walls thermal
resistances, internal gains densities and minimutdoor rate were found to have the largest impact
on predicted energy savings. The less influenaahmeters are orientation, building thermal masss an
supply air flow rate.

Lam et al. (2008) have applied sensitivity analyschniques to a set of 10 DOE-2 calibrated models
in order to study implications for energy conseimatmeasures (ECMs). These models have been
manually calibrated to 10 office buildings locaieadHong Kong by following the ASHRAE (2002)
criteria. Only global monthly electricity uses wensidered to perform the calibration. 10 key giesi
parameters were selected to perform sensitivityyaizsaby means of the calibrated models. The total
electricity consumptions computed given more th&0 4imulation runs were examined. It was
possible to see that the influence of some inpuialbes (e.g. building envelope parameters) was
largely different from case to case and for a sgm@aeameter, no clear general pattern could be
identified. The results of this sensitivity anafysivere then used to assess 4 different energy
conservation measures.

4-3



Chapter 4: Integrating Sensitivity and Uncertaiisgues withing the Calibration Process

It appears that some findings provided by the verigensitivity analyses mentioned above are similar
whatever the initial objective (design optimizati@@CMs evaluation or calibration). However, it is
still difficult to draw some general conclusionglgable to the entire office building stock, alley

the world. Indeed, the results of a sensitivitylgsia seem to be highly dependent to the model used
to run simulations, the type of building and HVAg&m considered as “base case”, the location (and
the weather) of the considered base case builtiegsampling method used to perform the analysis,
and, once again, the modeler’'s skills. So, considethe high number of variables and influences
occuring in such an analysis, it seems rationahtegrate some sensitivity issues in each building
simulation work, including calibration.

3. SELECTIONOFA SENSITIVITY ANALYSIS METHOD

Various sensitivity analysis methods are availdhldghe literature. The selections of a sensitivity
method, as well as the sensitivity measure hale tsuited to the goal of concern in order to previd
relevant information about the relative influenééhe parameters.

One can distinguish local and global sensitivitglgsis methods:

- Local methods, relying on one-at-a-time samplirsfingate the sensitivity indices (such as the
influence coefficient IC) at a single data pointle parametric space (i.e. the set of possible
combinations between the potential values of thesiciered parameters), known as “baseline”
value. These techniques are efficient in terms avhguting time but do not provide any
information about the part of the parametric spabih remains unexplored unless the model
is proven to be linear (Saltelli and Annoni, 2018yeed, varying the values of the considered
parameters from a pre-defined base case doesloat tal identify the potential interactions
between them (i.e. the non-linearities of the mpdel

- Global methods are generally preferred if the priypaf the model is a-priory unknown. Such
methods generate sampled points in the whole paranspace (hypercube) according to a
given sampling strategy, such as, for instancanltidygpercube Monte Carlo sampling method
(LHMC) or “elementary” factorial sampling methods.

In the field of building performance simulationettwo most common methods are:

- The “local” Differential Sensitivity Analysis (DSAnethod: each parameter is varied, one at a
time. Results can be expressed in terms of vadousnsional or non-dimensional influence
coefficients.

- “Global” Monte Carlo Analysis (MCA): all parameterare varied simultaneously (in
accordance with a pre-defined distribution, gemgra normal distribution) for each
simulation run

Lomas and Eppel (1992) have applied the DSA and Mc&tree detailed BES models. It is shown
that both DSA and MCA methods can be applied tacewange of BES models (from simple steady-
state models to complex dynamic models). CompacedCA, DSA produces both individual
(influence of variations in each individual input predictions) and total (due to variations iniatiut
data) sensitivities. DSA is often used in the frashevalidation and uncertainty analysis but also to
identify most influential parameters in buildingeegy simulation models. It is interesting to ndtatt
the results obtained by the authors using MCA a8é Wvere in good agreement even if the results of
the MCA method are considered as more accurate #iey include the potential interactions between
parameters. In their study, Lam and Hui (1996) hawenpared different forms of sensitivity
coefficients. For building energy studies, the moseful one appears to be the non-dimensional
influence coefficient (also known as elasticity):
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Ic="
IPpc
OP: output
IP: input

bc: base case

For limited ranges of inputs, building energy siatidn models are often roughly considered as linear
and the value of the influence coefficient is gatgrconsidered as representative of the “average”
sensitivity of the model to the considered inpubrflas and Eppel, 1992), in the considered range.
Generally, the linear regression coefficient (R2aiso computed in order to check the validityhis t
hypothesis.

However, when considering larger variation rangeg.(when having to calibrate a totally unknown
parameter), the hypothesis of linearity is highlestionable, and interactions have to be considered
Moreover, Saltelli and Annoni (2010) have shownt teAT (One-at-A-Time) methods are often
inadequate because of their “local” characteristicdeed, reverting to the baseline point in order
compute any effect is the reason of the poor efficy of such methods and the inability to explboee t
parametric space in a satisfying way. Local OAT hods may be attributed to (Campolongo et al.,
2007):

- Alack of knowledge about other and more sophitit@ampling techniques;
- The lower computational cost;
- The simplicity of the sampling design.

MCA methods are commonly applied to BES models @tav exploring all the parametric space,
taking into account individual and interaction ettee The main drawback of such methods is related
to the fact that they require to pre-define thebplulity density function for each parameter.
Moreover, unlike local OAT methods, MCA-based methodo not allow deriving individual
sensitivities and separately assessing the eftddfse different parameters. However, these methods
present the advantage to be considered as “quamitaince they allow determining the combined
impact of input uncertainties on the model outputsertainties (Struck and Hensen, 2007).

A better application of the OAT principle used itoc¢al” methods would consist in defining
trajectories, i.e. varying each parameter one #fieiother without coming back to the baseline &alu
This is the principle of “Elementary Effects” metlsy such as the “Morris” screening method (Morris,
1991). This last method has been applied a fewstitaebuilding performance simulation codes (De
Wit, 1997; Heiselberg and Brohus, 2007) in ordesdpport design process but its applications are
still rare in the literature (Campolongo et al.0ZR Corrado and Mechri (2009) applied both MCA
and OAT-EE methods to simplified building simulatisoftware. Probability density functions were
assigned to 129 parameters grouped into threeddetsitic data, envelope data and building use.data
MCA was used in order to quantify the uncertaintytbe predicted energy performance class while
the OAT-EE method was used to identify the 10 nioffential parameters responsible of the main
part of the computed uncertainties.

The screening method proposed by Morris was foarizktsuitable for identifying the most influential
parameters of BES models by De Wit (1997) singe ot dependent on the properties of the model
and does not require any assumption regardingrligear correlations between the inputs and the
outputs of the model. Heiselberg and Brohus (2@056 highlighted other advantages:
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- The method can handle large number of parametersegires a relatively limited amount of
simulation runs;

- The parameters are varied globally within the raagé the whole parametric space can be
explored without pre-defining the probability dapdinction of each parameter;

- The results are easily interpreted and visualizeg@lgcally as prescribed by Morris (1991).

The sensitivity of the output is characterized byatue called “Elementary Effect”. The effect of a
given parameter is calculated several times, ataiaty selected points of the parametric space. The
mean value of the effect is then compared to thpedsion (standard deviation) in order to allow the
selection of the most influential parameters areldistinction of parameters with linear effectaniro
parameters with nonlinear effects (i.e. interac)o\ drawback of the Morris analysis is that iedo
not allow uncertainty analysis due to the fact ihdbes not take the shape of the probability dgns
function of the parameters into account (De Wilet2002). Indeed, the method cannot be considered
as quantitative and the value of its measures nnbe used to rank the studied parameters by order
of influence and characterize the structure (he.ibteractions) of the model but cannot be inttgat

as percentages of the output variance.

Ideally, a sensitivity analysis used in the framheaibration methodology should have the following
properties:

- Being global in order to explore the whole parametpace and lead to significant results and
sensitivity measures representative of the modedhtier;

- Being flexible, reproducible and model-free in arde allow providing significant results
whatever the model structure (linear or non-lineawnotonic or non-monotonic...);

- Being appropriated for factor fixing, meaning thhé results should help in distinguishing
non-influential parameters from critical ones ahdwdd allow to appreciate individual effects
and first and higher-order interactions;

- Being reasonably cheap in terms of computation.time

For these various reasons, the Morris method iduated as the most interesting method for
supporting factor fixing setting. Indeed, the Msrmethod is often considered as one of the best
screening method when having to screen a subsetfloent factors among a large number of
variables contained in a model. Since it is s#liywcommonly used in practice, the DSA method will
also be applied and results of both methods wilifi@lyzed and compared.

3.1. IMPLEMENTATION OF THEMORRISMETHOD

The “Elementary Effects” method proposed by Mof1i891) is based on the OAT sampling principle.
This method initially aims at recognizing a few ionf@ant parameters among a larger amount of
parameters using two sensitivity measures: the nagmhthe standard deviation of the computed
Elementary Effect (EE). Later, Campolongo (2007praved the sampling strategy proposed by
Morris and refined the definition of the sensiyvmiheasures.

3.1.1. Elementary Effects

Considering a parametric space where khgarametersX; (i=1,...,k) are uniformly distributed in
between 0 and 1 following the set {0, 1/(p-1), 2L{p...,1}, the region of experimentatidn of the
Morris method is defined as a part of the parameface that is a k-dimensional p-level grid (Fégur
1).
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Figure 1: 3D graphical representation of the paramgic space (k=3; p=5)
The “Elementary Effect” (EE) of th& paramete; at a given pointX’) is defined as:

v(x), .., X, x) +0x] . X)) - Y (X))

i+1’

A
where Y is the system output evaluated before died the variation of the"i parameterA is an

incremental effect that is a multiple of 1/(p-1pamhere(x?, ...,Xij_l,Xij + A4, Xij+1, ...,X,{) andX’ are
particular points in the region of experimentatton

EE(X)) =

3.1.2. Sensitivity Measures

By computing the value of elementary eff&f, of each of the&k parameters at random pointsX
(=1, ..., r) of the region of experimentation, aolgtain a sample af values ofEEi for each of the
parameters.

Based on that sample of values, Morris proposesiapute the meam, and the standard deviatien

of each of the distributions of values dEE;. The mean|() is a measurement of the overall effect of
the inputX; on the outpuY while the standard deviatiog, is an expression of the interactions effects
(i.e. high-order or curvature effects).

ST EE(X))
r

J T [BE(X) — ]?
O'i =

i

r

Because of the possible compensation (cancellatibpdsitive and negative values of the elementary
effect EE) of a given parameteX;, the mean value is not always a reliable measndeed, in non-
monotonic models, parameters characterized bynaltigely positive and negative effects on the
output Y can lead to lowmu values. However, parameters having non-monotoffects will be
characterized by a high standard deviation.

Both mean and standard deviation values are thesh tasrank the parameters by order of importance.
Morris proposed to graphically represent the resoyt plotting the measures of each parameter in the
(o, W) plane (Figure 2).
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Figure 2: Example results of a Morris experiment pbtted in the (6, 1) plane

The zone “B” represented in Figure 3 includes tlaeameters characterized by high mean and
standard deviation values. Those parameters apgaaitical for the calibration problem: they have
high influence on the considered output and areacterized by important interactions with other
parameters since their influence is highly depehdgthe value of the other parameters.

The parameters located in the zones “C” and “D”draracterized by low standard deviation values
(i.e. low high-order effects) but, high and low mealues, respectively. During a calibration praces
for instance, the first ones will have to be coastd as important parameters while the other ones
could be fixed to estimated values without altetimg capabilities of the model.

The parameters located in the zone “A” are alscomamt parameters since they are characterized by
high standard deviation values. The low mean vadudue to the cancellation of the positive and
negative values dEE due to the non-monotonic behavior of the modehwétspect to the considered
parameter.
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Figure 3: Example analysis of the results of a Moiis experiment
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In addition to the two first sensitivity measuresand u, Campolongo et al. (2007) proposed to
calculate a revised version of the second one, tddno*, consisting in the mean value of the
distribution of the absolute values of EE

L r

Unlike the original meany, p* is a reliable measure of the importance of the rpatar since the
cancellation effect is avoided. Moreover, the corigoa between the two mean values (Figure 4) is
useful to study the effect of the sign changinghef computed elementary effects. Equal or almost
equal values of both values correspond to a moimmtoehavior of the model with respect to the
considered parameter while different values cooedgo a non-monotonic behavior.

200
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J* 100 1
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0 20 40 60 80 100 120 140 160 180 200
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Figure 4: Example results of a Morris experiment pbtted in the (u, u*) plane

Finally, three sensitivity measures should be asrsid when analyzing the results of the Elementary
Effects method (or Morris method). The main effeta given parameter, as well as its interactions
with the other parameters (i.e. the high orderwwature effects) or the monotonic behavior of the
model can be highlighted by meangfi* ando.

3.1.3. Sampling Strategy

As mentioned above, the sampling strategy propbgedliorris (1991) is based on an OAT design.
When studying the effect ¢&f parameters on the outpdt a series of “trajectories” (generally 10 to
20 trajectories) ofk+1) steps are randomly generated within the paramgpaceQ with the property
that two consecutive points differ in only one cament by an elementary variation#f (Figure 5).
The computational cost is thenrd(k+1) runs.
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Figure 5: 3D graphical representation of a seriesf@® trajectories generated within the parametric spceQ
(k=3; p=5)

As explained above, it is crucial to ensure a higiel of exploration of the parametric space ineord
to highlight first-order and higher-order influescavithout involving a too high number of model
evaluations (especially in models with a high numbg parameters). Campolongo et al. (2007)
proposed to improve the original sampling stratefyMorris (1991) by selecting the “highest
spread” trajectories among a larger numidéy,of randomly generated trajectories. As explained
hereunder, the spread of the selected trajectiebaracterized by a specific metric, such as the
Euclidian distance or the Manhattan distance.

The first step of the selection of the best seoies trajectories among the M generated trajecsorie
consists in constructing th&,; combinations of trajectories. Following Campoloregal. (2007), the
best combination is the one that maximizes the roean squar® of the Euclidian distances; d
between the trajectoriesind].

The Euclidian distance between two trajectoriefeitned as:

k+1 k+1
=1 m=1

wherea,, is the geometric distance between the pbift thei" trajectory and the poimn of thej"
trajectory (Figure 6).
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Figure 6: 3D graphical representation of the distane between two trajectories (k=3; p=5)

As an example, when selecting the best 4 trajexdoi = 4) among 10 randomly generated
trajectories {1 = 10), the best combination corresponds to the maxualale of theC}, = 210 values
of the root mean square distarizedefined as:

di, +di; +di, +d3s +d3, +di,
D1,2,3,4 = 6

The improvement due to the use of the “Campolongarhpling strategy instead of the original
strategy of Morris has been highlighted (Campolomgoal., 2007) by comparing the empirical
distributions for 4 inputs parameters obtainedrafte selection of 20 trajectories among a verhhig
number of generated trajectories (500 to 1000).

Morris (1991) and Campolongo et al. (2007) provddene guidance to define the paramegers and

r. It has been judged as convenient to fix the patarp to an even value anklto 2*(5_1). Of course,

the size of the sample of trajectoriesis linked to the value gf since. Ifp has a high value, a high
number of trajectories is needed to explore adefit number of points within the considered p-leve
grid.

Saltelli et al. (2008) mention that the followinglues have proved to produce valuable resplts4,
A =2/3 and = 10 to 20. These values of the parameters willdszl in the following.

3.1.4. Implementation of the Method

The implementation of the enhanced Morris methalldeen made on MATLAB (2009) and includes
the following steps.

Construction of the M random trajectories

The enhanced design of Morris is based on the aitigtn of M random trajectories with the key
property that, within each of them, two consecugieats differ in only one component b+

Morris (1991) proposes the following formula foettk+1)-by-k dimensional orientation matric&s
including the values of tHeparameters for thiet1 points of a given trajectory.
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A
B = Peersx + (5) (2B = Jrri)D* +Jinse)| P
Where

- X* is a random point of the parametric spa@ewhose components belong to the set

{o,ﬁ,...@ —A};

- Jij Is a unitaryi-by-j matrix;

- Bis astrictly lower(k+1)-by-krectangular unitary matrix;

- D is ak-by-kdiagonal matrix in which each diagonal elememttiser 1 or -1;

- Pis ak-by-krandom permutation matrix in which each row anlimm contain one element
equal to 1 (the other ones being equal to 0).

Calculation of the C}; values of the root mean square distance D

A brute force approach (consisting in generatimgha&l possible combinations and comparing two-by-
two) is used to compute the values of D and allow the selection of the best trajectories
(Campolongo et al., 2007). Tldg; of the root mean square distafizeefined above are computed for

all the possible combinations ofrajectories out of thil randomly generated trajectories.

The main drawback of this implementation reliestiom use of the brute force method to solve the
combinatorial optimization problem of finding theddt combination of trajectories. Indeed, values of
M =100 and r = 10 lead to 1.7E13 values of D.

Recovery of the r best trajectories
The combination of trajectories corresponding to the maximal valuB of selected.
Going from the unit hypercube to the orthotope of he real parametric space

The unit hyper-cube used to design the samplinghen converted into the hyper-rectangle
corresponding to the real parametric space byatiitat, contraction or translation according to the
imposed variation ranges of all the parameters.

Computation of the sensitivity measuresi, u* and ¢

For each of the*(k+1) simulation run, the elementary effect valleE)( is computed for each
considered output (e.g. annual whole-building eieity consumption...etc) using the following
equation:

AOP
AIP
(Ipmax - IPmin)
The values oEE are stored in anby-k matrix in order to allow computing the previouslgfined
sensitivity measures for tlkgparameters on the available sample edlues.

EE =

3.2. PARAMETERS ANDUTPUTSSELECTION
The general procedure used by Lam and Hui (1996ges in the present study. It includes:

- Describing a base case reference;

- Identifying parameters of interest and ranges agtian;

- Determining what simulation outputs are to be itigased,;
- Introducing perturbations to the selected pararapter

- Studying the corresponding effects of the pertuobat

- Expressing the sensitivity for each parameter.
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As the present sensitivity analysis is performesli@gw of a calibration method, a careful selectidn
the considered parameters and outputs has to lee don

The outputs to investigate are the factors whiehcammonly encountered and essential to perform
good quality model calibration. So, it has beenidisgt to study impact of the selected input variable
on the outputs that are directly used to checkvHielity of the calibration (i.e. energy billing @&
and on the intermediate heating and cooling logdadrally unknown during the calibration process)
in order to see if the set of influential parameter the same for both global consumptions and
intermediate loads.

So, the following outputs will be considered durthg sensitivity analysis described below:

- annual and monthly whole-building peak and off-pekdctricity consumption (in kwh);
- annual and monthly fuel oil/natural gas consump(inrkWh);

- annual and monthly whole-building annual heating emoling demands (in kWh);

- Electricity, heating and cooling peak loads (in kW)

4. APPLICATION OF THEMORRISMETHOD

4.1. BASECASEBUILDINGSDESCRIPTION

Studied input variables can be classified into éhneain groups (Lam and Hui, 1996): building
characteristics (including construction characties3, HVAC system performance and building use
(internal loads, occupancy, system control and atjmar). Building location (Uccle, Belgium) and

orientation (Table 1), weather data (TMY Uccle vineatdata provided by IWEC), building geometry
and basic HVAC system configuration will be consitkas fixed (i.e. known) for both base case
buildings.

Table 1: Base case buildings general characteristic

BC1 | BC2
Location Uccle (Belgium)
Climate Energy Plus IWEC
Latitude 50.8° N
Longitude 4.333 °E
Main orientation N/S E/W
Building footprint | 36 x25=900m% 75x12=9080 m
Number of storeys 10 5
Ceiling height 3m

Both base case buildings have been defined in dodee representative of the actual building stock.
The geometry, as well as the floor area distributiod the envelope and HVAC system characteristics
have been fixed based on field observations madeneedium-size office buildings case studies
(Andre et al., 2010) and on survey data collected-femish office buildings (BBRI, 2001) in order t
obtain realistic energy use behavior.

4.1.1. Geometry

In a first step, two building types and two typdsH¥AC systems have been considered. Figure 7
shows a typical floor of each building type:
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- BCL1 building has a double corridor “core-periphecainfiguration on 10 floors for a total net
floor area of 9000 m2 (Table 2). Offices are lodaie peripheral zones. Central zones are
storages/archives and meeting rooms. Circulatiocisde stairs and elevators.

- BC2 building has a single corridor configuration®foors (for a total net floor area of 4500
m?) with offices on the two main facades only.

1 to 4. Offices
5: Meeting rooms
6: Archives/storage

36m
A y
45m 1
v
2m
S
BC1 9
4 5 6 2
3
v
—> ——>
75m 11.25m
_ 75m R
| 15m 1 | 2
BC2 12m 6
pma | 3 |
+—> +—> —>
75m 23.4m 11.25m

Figure 7: Building Types BC1 and BC2

Table 2: Base case buildings floor area distributio

BC1 BC2
Type Use Floor Floor
surface | % of total surface | % of total
area (m2) area (m?)
Usable floor area Offices 4680 52 2340 52
Meeting 900 10 450 10
Functional floor | Archives/Storage/Print 1350 15 675 15
area Other (no AC) 510 5.67 236.25 5.25
Circulations 1560 17.33 798.75 17.75
Net floor area 9000 100 4500 100

4.1.2. Envelope

The main envelope characteristics are given ind@bBase case values of the various input vasable
have been determined according to available gueeliand standards (ASHRAE, 2009,
1ISO13790:2007, Hauglustaine and Simon., 2006).
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Table 3: Base case buildings envelope and environmal characteristics

Building characteristic Value
Window-to-Wall ratio 0.5
Frame-to-Window ratio 0.1
Opaque walls U-value 1 W/m?-K
Roof slab U-value 0.6 W/m2-K
Glazing U-value 2.83 W/m2-K
Normal SHGC 0.75
Frame U-value 2.3 W/m2-K
Specific thermal mass 165 kJ/m2-K
Infiltration rate (night only) 0.4 ACH
Exfiltration rate (operating hours) 0.1 ACH
Walls emissivity 0.9
Walls absorbance 0.6
Outdoor combined heat transfer coef. 23 W/mz2-K
Indoor radiation heat transfer coef. 5.13 W/m2-K
Indoor convective heat transfer coet. 3.16 W/m2-K
Ground albedo 0.2

4.1.3. Internal loads and building operation

Internal loads densities and operation profilesehlbgen selected according to ASHRAE (2009) and
based on rule of thumb values (Table 4 and Table 5)

Table 4: Base case buildings internal loads

Load Density
Occupants density — Offices 12.5 m#/occ
Occupants density — Meeting 2.5 m?/occ
Occupants — Metabolic rate 1.2 met (50% convective)

Lighting Power Density — Offices 12 W/m2 (40% coatiee)
Lighting Power Density — Meeting 14 W/m? (40% coctvee)
Lighting Power Density — Archives 9 W/m? (40% cootiee)
Lighting Power Density — Circulations 6 W/m2 (40%neective)

Lighting Power Density — Other 10 W/m? (40% conuest
Plug Loads Density — Offices 10 W/m?2 (75% convestiv
Plug Loads Density — Meeting 10 W/mz2 (75% convextiv

Table 5: Base case buildings - operation profiles

Item Schedule
HVAC system operation time 7:00 — 21:00
Maximal occupancy rate — Offices 75%
Maximal occupancy rate — Meeting 50%
Minimal occupancy rate 0%
Occupants presence time — Offices 8:00-18:00
Occupants presence time — Meeting 14:00-17;00
Minimal lighting rate — Offices/Meeting 10%

4-15



Chapter 4: Integrating Sensitivity and Uncertailssues withing the Calibration Process

| Minimal plug-loads rate — Offices/Meeting 10%

As proposed by Reddy and Maor (2006), occupancyogadation/use schedules are defined by the
four values given in Figure 8. The A and B valuepresent the day-time and night-time operation
rates respectively. The night-time rate is mairgdinonstant during the weekend too. The parameter
C represents the day-time operation in hours pgr dantred on noon. The last parameter (D)
corresponds to a time shift (in hours) with respectnoon. In the present study, HVAC system
operation is supposed to be set within the BEM8ependently from the occupancy. Lighting and
appliances gains in offices and meeting rooms appased to be directly related to the occupancy,
except for the night-time rate which representsfthetion of appliances/lighting fixtures which are
not switched off at the end of the day.

A
A
) v
2 4
£ C
o
= D
©1 B ‘ + >
>
Hour of Day

Figure 8: Typical operation/use schedule
4.1.4. HVAC System
Two arbitrary types of HVAC systems have been aersid:

- CAV system + Fan Coail Units (FCU) = AHU (heatingyating and adiabatic humidification)
+ Terminal unit (heating and cooling fan coil upits

- VAV system + Terminal Reheat = AHU (with air econimer, heating, cooling and electrical
steam humidification) + (water) Terminal reheat &®x

Hot water production is ensured by a natural gaketbm both cases. Chilled water production is
ensured by a large plant composed of water coaesschillers and indirect contact cooling towers
in BC1. A scroll air cooled chiller ensures chilledter production in BC2 (Table 6).

Temperature, humidity and ventilation needs hawnlzetermined according to recent standards and
guidelines (EN15251:2007, ASHRAE, 2008). HVAC coments performance has been defined
based on typical performance data (Eurovent, 2A6HRAE 90.1, 2007, EN15316:2006).

Table 6: Base case buildings HVAC system main chacteristics

Building case 1 2
HVAC system type VAV + terminal reheat CAV + fanilaanits
Heating indoor setpoints 16/21 °C — 50% 16/21 ¥D%
Cooling indoor setpoints 24°C 24°C
Maximal ventilation rate — Offices 15 ACH 1.2
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Minimal ventilation rate — Offices 3 ACH 1.2 (45 m3/h/occ)
Maximal ventilation rate — Meeting 6 ACH 4
Minimal ventilation rate — Meeting 4 ACH 4 (30 mhc)
Maximal ventilation rate — Archives 5 ACH 1
Minimal ventilation rate — Archives 1 ACH 1

Humidification system efficiency 85 % (electrictéam generator 85 % (adiabatic)

Nominal specific fan power 1625 W/m3/s 1625 W/m3/s
Fan drive efficiency 75 % 75 %
Supply air temperature at 5°C outdoor 18°C 18°C
Supply air temperature at 15°C outdopr 14°C 18°C

Boiler type

Natural gas boiler (forced draught)

nominal efficiency 90% 90%
Boiler standby losses 1% 1%
Chiller type Water cooled screw chiller Air coolscroll chiller
Chiller nominal EER 4 2.5
Hot water pump specific power 300 Wil/s 300 Wil/s
Chilled water pump specific power 350 Wi/l/s 350 M/
Condenser pump specific power 300 W/l/s -
Hot water network thermal losses 3% 3%
Chilled water network thermal losses 3% 3%

4.2. BASECASHENERGYUSE

The energy consumptions computed for the two base buildings are given below. As expected, the
base cases considered in the present work arecttidzad by very typical energy performance and
end-use (Figure 9), in good accordance with valeslable in the literature (Adnot et al., 2007;
Perez-Lombard et al., 2008). Annual electricity (B/BNVhole-Building Electricity) and natural gas
(WBG: Whole-Building Gas) consumptions (Table 7@ aery similar to sector average values in
Belgium (between 70 and 150 kwh/mz/yr of fuel/gad alectricity; BBRI, 2001).

Table 7: Base case buildings energy use
BC1 BC2

WBE WBG WBE WBG

kwh kwh kwh kwh
Jan 115361 | 206962 25158 109871
Feb 109186 | 174675 22081 94082
Mar 105223 | 135202 24484 73757
Apr 91306 97212 24873 5143(
May 86942 57673 27874 30807
June 75172 36511 30627 1072(
July 74520 39190 29104 12457
Aug 81847 39385 31358 10934
Sep 66938 38638 26673 1026%
Oct 70210 88974 25084 41411
Nov 92626 158722 23783 83482

! Due to technical limits, the inferior boundary fie minimal flow rate corresponds to 20% of theximal

flow rate
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Dec 107826 | 209145 23821 111692
Total [kWh/mZ] | 120 143 70 142
5 LCPs CTs  HWB aux. LC I:s HV(‘)’%;UX-
éfi'lis 58% 0-1% Plug Loads Pumps 4% =% Plug Loads
AHU aux. 11.5% . 20.1%

2.1%

Lighting
16.8%

AHU hum.
37.0%

Other Loads
8.3%

BC1
Figure 9: Whole Building Electricity Consumption Disaggregation (BC1 & 2)

AHU fans
17.0%

Other Loads

Lightin
14.4% o o

29.4%

BC2

Computed gas and electricity signatures also slypwdl patterns (Figure 10). For the first baseecas
building, the use of electrical steam humidificati@ads to an electricity signature with a negative
slope. The slope of the electricity signature & #econd base case is slightly positive due to the
operation of the liquid chilling packages in summer
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Figure 10: Gas and Electricity Signatures (BC1 & 2)

4.3. RANGES OFVARIATION

More than fifty parameters will be considered fbwe tpresent sensitivity analysis. This set of
parameters includes parameters usually consideredafibration (such as walls U-value and main
HVAC equipments performance and schedules) as agseflarameters characterized by an important
uncertainty (surface heat transfer coefficientsedb...). Since the two configurations are supptsed
be known, the climate, the geometry of the building the composition of the HVAC system do not

vary.
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As shown in Table 8, some of the parameters hase bermalized in order to be able to use the same
variation matrix for both building cases and sevisit methods (e.g. P5: relative walls U-value).

The ranges of variations for the considered pararsetre given in Table 8. These ranges have been
defined according to the information availablelia titerature. In this preliminary sensitivity dyss,
extremely wide variation ranges (e.g. albedo betm@85 and 0.9) are used in order to cover most of
the possible cases and to lead to the most ger@rusions.

Parameters #1 to #15 are characteristics of thdibgiit-self (envelope physical characteristicgl an
air-tightness) and of the location of the buildi(@bedo). In order to evaluate their influence,
combined heat transfer coefficients are considase@arameters in this sensitivity study and are not
computed by means of the empirical correlationstroered in Chapter 2. Parameters #16 to #22 are
related to the use of the two buildings (occupaameg internal gains). Parameters #23 to #27 include
temperature, humidity and ventilation setpoints aledcribe the comfort level of the buildings.
Parameters #28 to #43 correspond to the nomin&drpaaince of the HVAC components. Parameters
#44 to #52 deal with the operation/use of the amrsid buildings. In the present cases, lighting and
appliances loads during occupancy hours are sugposee directly related to the occupancy rate
(parameters #46 and #47).

Table 8: Ranges of variation for the parameters cosidered for SA

# Variable Description Unit Min Max Reference
1 . Outdoor combined surface heat transfe=rW/m2_K 16.7 333 ASHRAE 2009
: coef.(massive walls)
5 Mostud Outdoor combined surface heat transfe=rW/m2_K 16.7 333 ASHRAE 2009
' coef. (windows)
ASHRAE 2009;
3 h; Indoor radiation heat transfer coef. W/mzK 057 .564 | IEA-BESTEST
1995
ASHRAE 2009;
4 he; Indoor convective heat transfer coefficignt W/mzK1.57 3.73 IEA-BESTEST
1995
2 Massive walls U-value multiplication i Hauglustaine,
5 Kum factor 0.2 1.8 2006
. Hauglustaine
- 2_ !
6 Ug Glazings U-value W/mz-K 1 5.9 5006
7 SHGG Glazings Solar Heat Gain Coef. - 0.13 0.86 ASHRAR9
8 PsHac Solar Heat Gain Coef. exponent - 2.37 4.06 ASHRAB9
9 Us Windows frame U-value W/mz2-K 1.8 6 Haug(l)uoséame,
10 ks,ir3 Walls emissivity multiplication factor - 0.95 1.05 Lomaiggg Eppel
11 ko Walls absorbance multiplication factor - 0.75 1_25L0mai§\;§ Eppe]
12 Crvme Specific thermal mass J/m2-K 80000 370Q00 1ISO1379(
13 Albedo Ground albedo - 0.05 0.9 Lomaiggg Eppe]
14 ACHiq¢ Infiltration rate ACH 0.1 0.8 ASHRAE
15 Xt Exfiltrated fractu;lr(l) \(I)Vf supply ventilation i 0 0.2 Estimation

2 Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
3 Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
* Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
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16 k.GFRJighf Lighting density multiplication factor - 0.75 1.259 ASHRAE 2009
17 k.GFR,app? Appliances density multiplication factor - 0.5 1.5 ASHRAE 2009
18 Knt.oce Occupancy density multiplication factol - 0.4 1.2 EN15251
19 Met,e. Occupants metabolic rate met 1 2.1 ASHRAE 20
20 feiight Lighting gain convective fraction - 0.1 0.6 ASHRAB09
21 fe.appl Appliances gain convective fraction - 0.4 1 ASHR2HD9
22 fe.occ Occupancy gain convective fraction - 0.4 0.4 ASHRZ009
23 Tiseth.occ Indoor heating setpoint temperature C 21 28 EN15251;
SELT, ASHRAE 2007
24 T i cotmnoe Indoor heagrggus;;ﬁg;nth Leurpsr;erature (non C 16 18 AsiNRlsézlcio7
25 Tiset.c.occ Indoor cooling setpoint temperature C 23 25 ASiNRl:ézlc;W
26 RHmin Indoor humidification setpoint - 0.3 0.5 ASHRAE®O
27 Kach,out Air renewal rate multiplication factor - 0.5 1.5 NE5251
28 €hum.n Humidifier efficiency - 0.75 0.95 Estimation
29 TNdrive fan.n Ventilation fans drive efficiency - 0.5 0.86 EN137
30 SFRa, Ventilation fans specific power W/ms-5 500 4500 1BM79
31 | Taexanusetmax| Supply air temperature setpoint (winter) °C 18 22 Energie Plus RW
32 | Taexanusetmin| Supply air temperature setpoint (summer) °q 12 16Energie Plus RW
33 T hw,max Hot water temperature setpoint °C 6( 8Q Energis RW
34 Nhwboiler.n Hot water boiler nominal efficiency - 0.8 0.97 EDRIL6
35|  fhwboiler,sbloss Hot water boiler standby losses factor - 0.005 20.0 EN15316
36 Tewmin Chilled water temperature setpoint C 7 1Q Estiomati
37 kEER,Chmer,nS Chiller nominal EER multiplication factof - 0.71 .2b Eurovent 2011
38 SPRw Hot water pumps specific power W/kgls 200 400 ASHR0.1
39 SPRy, Chilled water pumps specific power W/kgls 250 450 ASHRAE 90.1
40 SPRy Condenser water pumps specific power W/kg/s 2p0 0 40 ASHRAE 90.1
41 SPR, Cooling tower water pumps specific poweW/kg/s 200 400 ASHRAE 90.1
42 fhioss Hot water network loss factor - 0.01 0.0% Estimati
43 feloss Chilled water network loss factor - 0.01 0.05 mstiion
44 Cesched, AHU AHU daily operation time h/day 12 15 Estimation
45 Cosched,set H&C system daily operation time h/day 12 15 Estiora
46 kA,sched,ocg Occupancy rate multiplication factor - 0.667 1.333 Estimation
47 Casched,occ Daily occupancy time h/day 8 11 Estimation
48 Bsched,light Lighting operation rate (night time) - 0 0.2 E sdithon
49 Bsched,app! Appliances operation rate (night time) - 0 0.2 ifBation
50 | Aschedaddioad | Additional loads operation rate (day-time - 0.5 1 Estimation
51 | Beschedaddioad | Additional loads operation rate (night-time) - 0 0.5 Estimation
52| Csched,addioad Additional loads daily operation rate h/day 12 15 Estimation

4.4, RESULTS

The variations of the selected outputs computedfplying the DSA method are studied in terms of
influence coefficient (IC; Lam et al., 2008) andaldisplayed as bar charts (Lomas and Heppel,

® Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
® Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
" Multiplication factor used to vary the value oétharameter in the same proportion for the differenes
8 Multiplication factor used to vary the value oétharameter in the same proportion for the diffectillers
° Multiplication factor used to vary the value oétharameter in the same proportion for the differenes

4-20



-1.25

Chapter 4: Integrating Sensitivity and Uncertailssues withing the Calibration Process

1992). The results of the Morris method will bedséal using the three sensitivity measures described
above (U4, u* and).

The parameters of the Morris method were fixedrapgsed by Saltelli et al. (2008): r=10 to 20 and
p=4. Two samples of 10 trajectories (r=10) and eample of 20 trajectories (r=20) have been
generated and used to perform the analysis. Tlee $ets of results were found similar and only the
last one is detailed below (r=20). This confirnfaia adjustment of the value of r to the imposelliga

of p.

4.4.1. DSA Method

The influence coefficient (IC) used to analyze tbgults of the DSA method has been defined in order
to provide normalized results (in %/%):

AOP
0P,
AIP
TPy,

IC =

The influence of temperature setpoints (#23, #25, #31, #32, #33 and #36) cannot be expressed in
%/% and are given in %/K:

AOP
OPy.
AIP

I Ctemp =

44.1.1. Base CaseNr1l
The main results provided by the DSA method for B@4 shown below (Figure 11).

Annual Gas Consumption Annual Electricity Consumption
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Figure 11: DSA results for BC1

As expected, the whole building gas consumptiordirectly influenced by the main envelope
characteristics (#5, #6, #7 and #14). Indoor teatpee, humidity and ventilation setpoints and
schedules have also a direct influence on the am@asaconsumption (#23, #24, #27, #44 and #45).
The most influential parameter is the hot watetdsa@fficiency (#34). Due to its link with the imteal
heat gains, the occupancy rate has also a difhotiite on the heating demand (#46).

Because of the important ventilation rates andutke of electrical steam humidification, humidifier
and ventilation system setpoints (#26 and #27)opmance (#28 and #30) and schedules (#44 and
#45) have a major influence on the electricity econgtion. Internal gains densities and schedules
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have also a direct impact on the whole-buildingteileity consumption (#16, #17, #46 and #47). The
heating temperature setpoint has also a non-nbiiginpact on the electricity consumption. This
effect could be explained by the physical link &rig between the relative humidity level (and $@, t
humidification needs) and the temperature of thedn air.

4.4.1.2. Base Case Nr 2
The main results provided by the DSA method for B@2shown below (Figure 12).

Annual Gas Consumption Annual Electricity Consumption
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Figure 12: DSA results for BC2

Influences noticed for BC2 are similar to the oabserved for BC1. The main difference is related to
the HVAC system configuration: due to the use aélbatic humidification system, the humidification

system performance (#28) and setpoint (#26) nodomgfluence the electricity consumption in an
important manner but have an impact on the nagasiconsumption.

4.4.2. Morris Method

44.2.1. Base Case Nr1l
The results of the Morris method for the annual gassumption are plotted in Figure 13. The Morris
method confirms the first list of influential paratars evidenced by means of the DSA method.
However, additional parameters, previously considexs less influential, are also highlighted.

Annual Gas Consumption [MWh]

Annual Gas Consumption [MWh]

120
.6 e— 46
100 . 44
*7 27
32 I 34
80 - —
*34 12, =— %
30
b 60 = ) 27
PR P =, B
40 . * =
30 *14 — 14
e N E 1
* |
20 - 3 3 £ 7 .
(I = 5
0 % E
-400 -200 0 200 400 600 800 0 100 200 300 400 500 600 700

p

P

Figure 13: Morris results for BC1 - Gas consumption

The results shown in Figure 13 clearly show thatuke of the sensitivity measure p* is convenient
when trying to identify the important factors ofitaoset of parameters.
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As already shown by the DSA method, walls therrhalracteristics (#5, #6 and #7) have an important
influence. The infiltration rate (#14) has also @nsiderable impact on the gas consumption. In
addition to those parameters, the present metlsadhaghlights the building thermal mass (#12) and
the ground albedo (#13) as important parameters.

Indoor temperature, humidity and ventilation seatg®iand schedules have once again a direct
influence on the annual gas consumption (#23, #24,and #44).

The @, W) plot is also of a great help for identifyimgdractions and non-linearity. It appears the most
influential parameters (high values of u*, #6, #27 and #34) are characterized by the highest salue
of standard deviations}. This appears more clearly in Figure 14 wheretmfthe parameters lies
around a straight line what demonstrates that tier@ link between the level of influence of a
parameter and its involvement in the curvatureogdtelt is also important to note that none of the
influential parameters have purely linear effecttio@ outputs since the standard deviation is always
strictly positive.
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Parameters #4 (indoor convective coefficients)#8@2i (minimal supply air temperature) have reduced
average impact (small p and p* values) but higtendard deviation values. This indicates that these
two parameters can have important effects in soangcplar situations. It is also interesting to enot
that these two parameters are involved in non-nanioteffects since their values of u and p* are
significantly different (red points in Figure 15RIl the other parameters (including the most
influential ones) are characterized by a monotbeitavior in the considered experimental plan.
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Figure 16: Morris results for BC1 - Electricity consumption
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When studying the variations of the whole-build&lgctricity consumption, the trends identified by
means of the DSA method are again reproduced (Eibol):

- Humidifier and ventilation system setpoints (#2@l &27), performance (#28 and #30)
and schedules (#44 and #45) are among the moseintfhl parameters

- Internal gains densities and schedules have aldioeat impact on the whole-building
electricity consumption (#16, #17 and #46)

- The indoor heating temperature setpoint (#23) hasimpact on the electricity
consumption due to its influence on the humidifmaneeds.

Comparing to the results of the DSA method, additigparameters can be added to the list of the
influential parameters:

- The solar heat gain coefficient (#7) and the groalteédo (#13) have direct impacts on
the electricity consumption due to their effecttba calculation of solar gains,

- Night-time operation rates of lighting fixtures aetectrical appliances (#48 and #49)
have a non-negligible impact on the global eleityriconsumption.

It is interesting to check if the parameters inflci@g the most the final energy consumptions have a
similar effect on the intermediate heating and icgptlemands.

Since the natural gas consumption is directly eeldb the hot water use, simulation results for gas
and hot water demands are very similar (Figure Of)course, the only differences rely with the
characteristics of the distribution and productaystem which has no influence on the hot water
demand.
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Figure 17: Morris results for BC1 — Hot water demard

It is believed that the situation can be signifibadifferent when looking at the chilled water demal.
Indeed, since the relative importance of the dthilleater production system is quite limited (chiller
consumption is about 6% of the whole-building eieity consumption), once can expect that some
important influences have not appeared when loo&trtge final energy consumption.
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Figure 18: Morris results for BC1 — Chilled water demand
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While the impact of the parameters #7 and #13 enstilar gains (and so, on the cooling load) was

already identified by looking at the whole-buildiegectricity consumption, this is not true for e
parameters influencing the chilled water demandufé 18).

Indeed, it appears that some envelope charactsristiuch as walls U-values, #5 and #6) have atdirec

impact on the chilled water consumption but onkeduced impact on the whole-building electricity
consumption. Looking specifically to the chilled tea consumption allows also to highlight the
impact of the building thermal mass (#12), indoooltg temperature setpoint (#25) and supply air
temperature summer setpoint (#32).

4.4.2.2. Base Case Nr 2
As observed with the DSA, the results for both same very similar and the main differences rely on
the fact that the HVAC system configuration is eliéint between BC1 (electrical steam humidifier)
and BC2 (adiabatic humidifier). In other words, thensitivity to the parameters related to the
humidification of the indoor air (#26: humidity peint, #28: humidifier efficiency and #24: indoar a
temperature setpoint in a second time) is “tramségrfrom the electricity consumption to the “natur
gas consumption”.

Except this fact, most of observations made for B still valid, as shown in Figure 19, Figure 20,
Figure 21 and Figure 22.
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Figure 19: Morris results for BC2 - Gas consumption

4-25

400



Chapter 4: Integrating Sensitivity and Uncertailssues withing the Calibration Process
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Figure 20: Morris results for BC2 - Electricity consumption
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5. SENSITIVITY AND UNCERTAINTY ISSUESIN THE CALIBRATION
PROCESS

As discussed before, during an energy service pspamplementary data on the building under
study can be progressively obtained by means diuds-data analysis, site inspections, energy
management staff interviews, spot or short-termsueaments... Progressing in data collection and in
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the analysis of the building allows narrowing thelable range of variations of the parameters to be
calibrated.

The example presented hereunder illustrates hositséty and uncertainty issues can be addressed in
the frame of a calibration process. Probable (‘"eable”) ranges of variations have been arbitraty s
for a series of 19 parameters considered for adprst in order to represent an intermediate step in
given calibration process (Table 9).

5.1. EXAMPLE OFPRELIMINARYSENSITIVITYANALYSIS
Table 9: Ranges of variation for considered parametrs
# Variable Unit Min Max
1 U_hopw W/m2-K | Vertical walls 0.8 1.2
- W/m2-K Roof slab 0.48 0.72
2 U gl w W/mz2-K 0.68 5.9
3 SHGC gl_0 - 0.13 0.86
4 p_SHGC - 2.37 4.06
5 | C_mm2_user| Jm2K 115500 | 214500
6 | ACH_inf_user - 0.2 0.6
W/mz Offices 9 15
7 IGFR_light W/mz Meeting 10.5 17.5
W/mz Storage 6.75 11.25
8 IGFR_appl W/m2 7.5 12.5
9 | tiseth occ °C 19 23
10| t_i_set c_occ °C 22 26
11 RH_min - 0.4 0.6
- Offices 1.08 1.32
12 ACH_vent - Meeting 3.6 4.4
- Storage 0.9 1.1
13 SFP_sufan W/m3-g 1218.75| 2031.21
14 eta_hwb _n - 0.828 0.972
15 EER Icp_n - 2.125 2.875
16 | C_sched AHU h 13 16
17| C_sched_set h 13 16
18 | C_sched_light h 9 12
19| C_sched app h 9 12

The present example is based on the second buitdisg presented above (BC2) and focuses on the

calibration of the building model parameters ralateglazing:

- Parameter #2: The glazing U-value in W/m2-K
- Parameter #3: The glazing normal solar heat gagfficent (SHGG)

- Parameter #4: The glazing solar heat gain coefficengular dependency coefficient

(PsHed

While the data collection progresses, more detailddrmation are made available about the
characteristics of the glazing and it is possibl@drrow the ranges of variation of the paramet@rs
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#3 and #4. The values given in Table 10 are bagetthe glazing data library available in ASHRAE
(2009).

Table 10: Levels of investigation of glazing type

: U-value
Step Glazing type (W/m2-K) SHGG, Pshec
A Unknown 0.68-5.9| 0.13-0.86 2.37-4.p6
B Double glazing 1.26-3.12 0.13-0.76 2.52-3/89
C Double glazing 3-12.7-3 (air) 1.7-273 0.41-60{72.98-3.34
D Double glazing 3-12.7-3 (air) + low-e coating  1.7.99 0.41-0.7| 2.98-3.18
E Exact glazing type: 21¢3 (ASHRAE, 2009 1.82 +/- 59%0.6 +/- 5% | 3.13 +/- 59

Initially, no information is available on the glagi type (step A) and large ranges of variations are
used in order to cover all the possibilities (freingle to high performance triple glazing systems).
Progressively, as more detailed information iseztéd about the glazing type (e.g. by means of on-
site inspections), ranges of variations are nardoggeeps B to D). The final variation range (stgp E
corresponds to the final estimation of the glazth@racteristics based on the data provided by the
glazing manufacturer. These last values includarbitrary uncertainty range that will be considered
for studying uncertainty issues on the predictadlts (i.e. 5% in the present case).

In order to illustrate how sensitivity issues canhandled in the frame of a calibration process, th
Morris method will be applied five times with thenges of variation given in Table 10. The ranges of
variation the other parameters will be maintaineshstant (Table 9). A sample of 10 Morris
trajectories has been judged as sufficient and teskehit the number of simulation runs to 200.

Since two different Morris samples are randomlyegated, two application of the Morris sampling
method can lead to different values of the ElemgriEfects. Even if different tests have shown that
the main conclusion stay true (i.e. hierarchy dfuential and non-influential parameters), differen
results make direct comparison difficult. Therefol@ allow highlighting effects of the ranges of
variation and of interactions between parametersaimnivocal way, a unique Morris unitary
orientation matrix (or hypercube) has been genératel adapted to the varying ranges of variation
given in Table 10.

Figure 23 shows the results for the step A. Refarerumbers of the parameters correspond to the list
given in Table 9.

As expected, results are similar to the ones obtapreviously even if the variation ranges havenbee

narrowed. Two of the three parameters related ¢odfmaracteristics of glazing appear as highly
influential. This can be explained the large vasiatranges considered at this stage (step A). The
angular dependency of the SHGC does not seem &m l&fluential parameter and the adjustment of
this parameter is not crucial.
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Figure 23: Morris method results - step A

80

10. As expected, narrowing the range of variateadb to a decrease of the effect of the considered
parameters in terms of bothandp values. It appears that few parameters (#9, #1D,ahd #14)

seem to be involved in interactions with the paramserelated to glazing characteristics. When
looking at the effects on the annual electricithgamption, the most important interaction is the on
with the indoor temperature cooling setpoint (#1Dgspite of the identified interactions, it is

interesting to notice that, in the present case réisults of the initial screening (Figure 23) staiid

and that the other parameters are not displacdebi@, 1) plan in an important manner.
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Once the glazing type is known and the correspanpgarameters are adjusted, the user can focus on

another influential parameter such as the vertitatiate (#12) or the indoor temperature cooling

setpoint (#10).
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5.2. POSTCALIBRATIONUNCERTAINTYANALYSIS

As proposed above, at the “end” of the calibrapoocess, when all the most influential parameters
are judged as satisfactorily adjusted, the updatexrtainty ranges can be used to perform a global
uncertainty analysis and to quantify the potengiabr on the energy consumptions and demands
predicted by the calibrated model. Two types ofemtainties can be distinguished:

- Uncertainty on the predicted performance resultiog the approximation errors induced
by the model itself.

- Uncertainty on the predicted performance resulfiogn the uncertainties/errors on the
identified input data.

The first type of uncertainty can be estimated mym@ validation process where the accuracy of the
model is analyzed by means of perfectly known patars and the corresponding reference output
values.

At the present stage, in the frame of a calibratimtess, the model is considered as a referebte (a
to accurately represent the considered situatiom) the uncertainty analysis is dedicated to the
quantification of the second type of uncertaintyother words, the computed uncertainty corresponds
to the effect of propagation of uncertainties o plarameters.

Of course, specifying uncertainty on a given patanseis often arbitrary and the estimation of the
uncertainty range has to be based on user’s experieneasurement device accuracy, etc.

In the present work, it has been decided to use.éti@ Hypercube Monte Carlo (LHMC) sampling
(Figure 25). This method has the advantage thgé lamounts of uncertainties can be represented with
relatively small samples (and so limited computaicexpense).
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Figure 25: LHMC sampling

In the LHMC method, the sample size depends onattweiracy of the output standard deviation.
Figure 26 shows the evolution of the standard dieviaof computed annual gas and electricity
consumptions as a function of the size of the M&@uddo Analysis (MCA) sample. Lomas and Eppel
(1992) state that only marginal improvements inugacy can be achieved after 60 to 80 simulations,
independently of the number of variables/unceri@sntonsidered for the analysis. In the preserd,cas
increasing the size of the sample from 80 to 18 roause variations of the standard deviatioess |
than 5% for both considered outputs. Variations lass than 1% when increasing the size of the
sample from 100 to 200 runs. Based on this analifsssize of the sample has been set to 100 runs.
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Annual Energy Consumptions
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Figure 26: Accuracy assessment — Relationship betem Standard Deviation and number of Monte Carlo
Simulations

Normal or uniform probability density functions cha used in the present implementation. However,
since the set up of the uncertainty range and efextson of the probability distribution is gendyal
arbitrary, it is proposed to use uniform distrilbas and consider the estimated uncertainty ranfe to
the boundaries of the distribution of each paramete

Example of uncertainty ranges for monthly gas dedtecity consumptions are shown in Figure 27.
Blue bars represent the mean value while the ddited represent the min/max intervals for the
considered sample.
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Figure 27: Uncertainty on computed monthly gas analectricity consumptions for BC-2
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6. CONCLUSION

Major influences have been highlighted by the DSéthod but it is delicate to consider these results
as representative since they do not take into adcthe non-linearities of the model. Even if the
model is not highly non-linear, the interactioneets have to be characterized in order to providelg
guidance for calibration. Moreover, the IC defirsdzbve and usually used to characterize the results
of a DSA analysis do not allow for a direct compan between the influences of all the parameters:
temperature parameters and others have to be dtadjgarately. To this end, the (global) Morris
sensitivity analysis method has been applied tdvtleeconsidered cases.

All the parameters highlighted by the DSA methogiehbeen identified as influential by the Morris
method and both methods provide similar resultsvéier, the Morris method was able to highlight
additional influences and to characterize intecanstibetween parameters. For the considered cases
and range of variations, interactions (high-ordésats) were non-negligible.

The results of the sensitivity analyzes detailedvabare in good accordance with expectations and
results generally encountered in the literaturg. (8V/estphal and Lamberts, 2005). Natural gas
consumption is directly related to all the parameiafluencing the heating demand of the building
(walls thermal characteristics, air renewal ratel adoor setpoints). As expected, the electricity
consumption is mainly influenced by the parametelated to the main electricity consumers: internal
gains densities (lighting and appliances) and HV@yStem performance. Depending on the type of
humidification system, humidifier performance arep®ints can influence either gas or electricity
consumptionsBehavioral issues have also been highlighted asludntial parameters. Occupant’s
use of artificial lighting and appliances has adireffect on final energy consumptions. It is tair
assume that behavioural issues may have more ceraptk intensive effects in buildings equipped
with manual shading systems or allowing windowsniipg, etc.

While natural gas consumption is generally a good represttion of the heating needs of the
building (no major difference was observed between thatians of gas consumption and hot water
demand), the previous analysis confirms tinat electricity consumption is a too global indexd
allow clear distinction of all the influences and @ analyze the impact of some parameters on the
cooling demand

The results of the present sensitivity analyzesishnot be taken directly as general conclusions or
guidance for calibration since the results desdrileove could be case specific and not necessarily
representative of the whole building stock. Numeradditional simulation runs, for various building
cases, sets of parameters and variation rangesivbeuhecessary to provide exhaustive conclusions
about model sensitivity. However, interesting poirglated to sensitivity and calibration issuesehav
been highlighted:

- The considered variation ranges are quite wideaamdlead to a high dispersion of the
results (i.e. artificially high values ef and p). Indeed, the effect of ground albedo (#13)
or indoor convective heat transfer coefficient (#4) the results is certainly artificially
increased due to the wide variation ranges coresitifer these two parameters. However,
it is interesting to consider thatespite the fairly wide variation range consideredor
the analysis, some parameters have very little infence on final and intermediate
energy demands (e.g. outdoor combined heat transfazoefficients, internal gains
radiation-convective split, walls absorbance...) For the targeted work (energy use
analysis), such parameters should certainly non bemnsidered as a priority when
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proceeding to calibration and could be ignored ruriurther parameters adjustment
works™.

- Since the results of the Morris method are highépehdent of the selected ranges of
variation,it is recommended to pay a special attention to theelection of parameters
to vary and to the corresponding range of variatios when proceeding to sensitivity
analysis as a pre-requisite of a calibration proces These range of variations should
represent the actual “probability range” (or “caldgfnce interval”) for the considered
parameter.

- Interactions between influential parameters could nake the calibration process more
complex It has been shown that the adjustment of a gpemameter can modify the
impact that other parameters have on the modelutitpdeally, the sensitivity analysis
should be run as soon as a variation range is edlatring the calibration process. This
would allow updating the ranking of influential pameters and characterizing the
interactions between them at every time. Howevepractice, it is not realistic to run
such sensitivity analysis an important number wies for each parameter. This would
lead to perform thousands of simulation runs andlevéengthen the calibration process
in an unacceptable way. Moreover, despite of tkeractions highlighted above, it is fair
to believe thathe “hierarchy” between influential and non-influential parameters is
guite stable when adjusting progressively a parameter (i.ezomang its range) and that
the top of the ranking stays valid. It is so recanded to perform a new screening with
updated variation ranges after having adjusted softee most influential parameters
(e.g. the 5 first parameters by order of influence)

These non-linearities of the model also make diffidt the application of any local
automated adjustment method to such a large set gfarameters Indeed, a too early
“blind” iterative adjustment of a given parameteul lead to erroneous value and bad
calibration because of such interactions. This icmsf that the notion of “hierarchy”
between the sources of information is also a chussaue when adjusting the value of a
given parameterlt is believed that blind adjustment of the parameér has to be
considered as a last resort, when the probability anges of the most influential
parameters have already been narrowed. To this endther adjustment possibilities
based on reliable sources of information (inspectig interviews, surveys,
measurements...) have to be considered in priority.

- In the frame of a calibration process, in ordemiake the best use of the commonly
available data (monthly energy bills), it wouldib&eresting to express the results of such
sensitivity analysis in terms of seasonal consumgtdemands. Moreover, a separated
analysis of the variations of both peak-hours affigeak-hours electricity consumptions
would also allow fully exploiting the available arimation. Such issues will be studied
when applying the proposed calibration methodoltmya synthetic and a real building
case.

Finally, it has been shown how the final estimgisabability ranges of each parameter can be used to
run a global uncertainty analysis. The LHMC sangplimethod has been used in order to allow
accurate quantification of the uncertainty on thedjrted energy consumptions.

91n the frame of more specific studies (such aslleomfort analysis and modeling), the influencenafoor
convective and radiation heat transfer coefficiénimportant and should not be neglected.
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CHAPTER 5: ASSESSMENT OF THE CALIBRATION
METHOD USINGA VIRTUAL TESTBED

1. INTRODUCTION

The assessment of a calibration method is vergmifft of simulation model validation process. la th
frame of simulation model (comparative) validati@igure 1), the complete set of inputs and
parameters is known beforehand and used to setathes of the inputs/parameters of the reference
model (assumed to be valid and validated) and efktmplified model (to be calibrated). Simulation
results are then compared in order to assess tiweaay of the simplified model.

Validation Test Case

Reference Reference
model results

i Comparison & evaluation

Inputs & Parameters of the simplified model

Simplified .| Simulation
model "l results

Figure 1: Typical comparative simulation model valdation process

The assessment of calibration methods is genesalyeved by means of a synthetic building case
(Figure 2) or a real building casehe use of real building cases in order to evaluatie robustness

of a calibration process is a complex problenfSince the “true” solution is not known beforehand
and can only be approached by means of humerous amtitailed measurements, only a partial
assessment of the calibration process is possibladeed, the satisfaction of an arbitrary criterio
does not necessarily guarantee the robustnessamatturacy of the method. Moreover, in the case of
operated/occupied building, many variables cannet cbhntrolled and/or measured (occupancy,
infiltration...).

Virtual Calibration Test Bed

Comparison & evaluation of the calibration process

Inputs & Parameters Reference | | Synthetic
» energy use
Random Influences model
data
— ]
Simplified Calibrated parameters
model
z o
1 . N
1 . . .
Calibration S

Calibration criteria

Figure 2: Assessment of a calibration method using VCTB
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Using synthetic cases to evaluate calibration nuthconsist in defining a typical building and
specifying its various construction and equipmemracteristics as well as its operating conditions
and profiles. In general, the “(synthetic) measutath” used to perform the calibration are simafati
data to which a certain amount of white noise heesnbadded (Lee and Claridge, 2002; Reddy and
Maor, 2006). The second step of the evaluationge®consists in applying the calibration method to
the original BES tool (Figure 3, Left) used to gexte the synthetic data and where perturbations in
the parameters have been addsithice the “true” solution of the calibration problem is known
beforehand, the accuracy and the robustness of thealibration process can be evaluated by
determining how the calibrated model fits the geneated energy use dataHowever, the use of
such type of synthetic case does not allow evalgall types of calibration procedures. Indeedneve
if such method can be used to perform preliminagseasment of automated calibration
algorithms/methods, it does not allow evaluatingnua iterative or graphical methods since the
preliminary knowledge of the case by the user wobilas the evaluation. Moreover, numerous
influences and perturbations encountered in pmacie generally not included in the synthetic case
which is generally far from reality so that it igfidult to trust the validity of the calibrationrpcess
even after evaluation.

Weather data Weather data

Global building energy simulation model
with simple control and typical profiles 1

Detailed Building
model

1

! 1

! 1

| |

! 1

1 |
|

‘ Computed energy use ‘ : Stochastic :

1 1

1 t del

Random error (white noise) 1 occupant mode :
5 1

. :

|| Primary/Secondary !

1| HVAC system model (Trnsys environment)

L ——————————— _l ______________ 1

Time

/

Variation (white noise;

! Synthetic (realistic) building
‘ Synthetic building energy use data ‘ energy use data
! |
‘ Calibration of the original BES tool ‘ Calibration of the simplified BES tool

(Matlab environment)

Figure 3: Calibration method evaluation by means o#& classical synthetic case (left) and the proposed
virtual calibration test bed (right)

In the present chapter, a virtual test bed dedictteéheevaluation of calibration method presented
earlier (Chapter 3) is developed and used. Sudhbts consists in a detailed model of a typical
building, its envelope and its HVAC system impleteehin Trnsys (Klein, 2010). Various influences
and perturbations generally neglected in simplddmg energy models are included by means of
probabilistic or deterministic models (e.g. stotttasccupancy profiles, varying infiltration rataad
surface heat transfer coefficients, realistic Phtoallers...) or arbitrary random perturbations (e.g.
assuming a random distribution of thermal bridgegyrder to represent the behavior of a real bogdi
and its highly variable energy use. Unlike cladssyathetic cases (Figure 3, left), perturbationd a
variability is taken into account in a realisticyyat the input level (Figure 3, right). Moreovaryery
detailed simulation model is used to include andrtamt number of physical influences.
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This virtual calibration test bed (VCTB) will be et as a fictitious building case to which a BES
model would be calibrated. Fictitious measuremevilisthen be performed to generate the synthetic
data required for the calibration of the simplifiedodel (billing data, specific and local
measurements...). Similar virtual test beds are ofteed to develop and test control algorithms,
strategies and systems (Mansson & Mcintyre, 199&tt&V, 2011).

Finally, the main objectives of the use of the VCd&eloped and used hereunder are:

- To assess the robustness of the calibration melihgyglpresented in Chapter 3 and integrating
the sensitivity and uncertainty issues, as desgib€hapter 4;

- To study the evolution of the values of the stiaiidtindexes used to evaluate the quality of a
calibration (MBE and CV(RMSE)) and the robustnefghe criteria used in practice (e.g. as
in ASHRAE, 2002);

- To check how physical measurement can help thenpess adjustment process in practice
and see if some measurements are more useful arimgéa than others (i.e. such as in a
“experimental design” process).

2. VIRTUAL CALIBRATION TESTBED (VCTB)

2.1. BASECASEBUILDING

Once again, the base case building consists ipiaatyoffice building as frequently encountered in
Europe. General characteristics (envelope, HVAQesgsand floor area distribution) have been
defined based on survey data collected for offigélings in Belgium (BBRI, 2000).

- 1.500m -

5 i X
- 1.200m - 0.400m

3.200m 3.100m

2.700m

Y I

Y A - 4.500m >

2.000m

-

Figure 4: Facade module geometry (left) and officeone cross section (right)

The building is a five-storey building located iarR® (TMY Paris Montsouris weather file). All the
facades are made of precast concrete modulesoflar§e and 3.2m high (Figure 4) integrating 2cm
of extruded polystyrene (0.034 W/m-K thermal coritty). Each module includes a double glazed
window of 2.4 m2 (U = 2.83 W/m2-K; SHGG= 0.755; p = 3; SHGEm<=0.655) mounted on an
aluminum frame (U=2.27 W/m2-K) whose area is 15%heftotal window area.

Detailed walls compositions are provided in the émgix.
2.2. BUILDING MODEL

The building model has been built in Trnsys (Klea®06). Only one single typical floor has been
represented by 12 peripheral zones, 7 core zonéslacirculation zone (Figure 5) and will be
simulated 5 times in order to generate whole-bngdionsumption data. The top floor and the lobby
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have not been simulated so that roof and slab teffaie not taken into account. The geometrical
description of the floor layout is provided in tAppendix.

45m

46m 2m 3m _25m 3m 4am  2m 3m 3m
| | Il itchen s ductsipipes
T T 4 . Meeting room
B Frinter room
5 335 Archives
[14 150K 16 20 7 18F 194 Elevator
WY sanitary
| | L] onee

Figure 5: Base Case building - internal layout

Thermal bridges have been represented by a figtitimcrease of the opaque wall area of the
peripheral zones. The opaque wall areas of thelpemral zones have been artificially increased by
50% in average with a +/- 25% variation supposingnéorm distribution between zone. This
arbitrary correction leads to an artificial incread approximately 10% of the design global AU ealu
of the floor (Figure 6). Such correction allowsitakinto account thermal bridges in an easy way
(without modifying walls compositions). Unfortunbtethis artificial increase of the opaque wallare
also leads to an over-estimation of the absorbé&t sadiation. However, it is considered that such
influence (supplemental absorbed heat gain) hasnided! impact on the building energy use in
comparison with heat losses through walls and g@lars through windows.

Table 1: Fictitious increase of the opaque walls aa

Initial opaque wall area | Corrected opaque wall area
Zone m2 m2

1 18 25.17
2 18 30.79
3 18 22.89
4 18.85 29.93
5 4.5 6.14

6 23.35 32.58
7 18 28.27
8 18 24.15
9 18 27.35
10 18.85 31.27
11 4.5 7.12

12 23.35 32.24
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100

90

Bl nitial Value

[ "ICorrection

Zone AU value [W/K]

Figure 6: Random thermal bridges distribution betwesn zones

The combined (radiation-convective) and convechieat transfer coefficients of the outdoor glazed
and opaque surfaces are computed as function efititespeed by means of the correlations provided

by Walton (1983).

— 2 2
hout,combined =a + Ay * Vying + asz * Vying (W/m - K)

hout,conv = hout,combined —5.1 (W/mz - K)

Table 2: Coefficients of the Walton's correlation £983)

el a a3
Concrete | 10.79 | 4.192 0
Glass 8.23 3.33 -0.036

Type571 is used to compute infiltration rate oftreperipheral zone as function of the wind speed and
the indoor-outdoor temperature difference by meainshe K1-K2-K3 method (ASHRAE, 1981)
during non-operating hours. Infiltration rate isasied to be null the rest of the time (guessingats
overpressure of the building due to the operatiotn® mechanical ventilation system). The values of
the 3 coefficients have been chosen to corresppmadriedium quality construction.

ACH = Ky + K * |Tip, — Tout| + K3 * Vyina

Table 3: Coefficients of the K1-K2-K3 method

Construction K1 K, Ks Description
Building constructed using
Medium 0.10 0.017| 0.049 conventional construction

procedures

Infiltration rate in the core zones is arbitraiityposed to 0.05 ACH.
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2.3. LIGHTING, APPLIANCES ANDOCCUPANCYGAINS

Design lighting power densities, plug loads andupency loads in the different zones are given in
Table 4.

Table 4: Nominal internal gains

Lightin Appliances ,
Occ (cor?v. Pgrt) (cgﬁv. Part) Profile
mz/occ W/m? W/m2 -
Offices 15 12 (40%) 8.89 (80%) Behavioral (Parys et al1,120
Meeting 3.5 14 (40%) 10 (100%) Behavioral
Archives 0 9 (40%) 0 Fixed
Copy room 0 10 (40%) 110 (100% Behavioral
Kitchen 0 14 (40%) 10 Fixed
Sanitary 0 5 (40%) 0 Fixed
Circulations 0 5 (40%) 0 Fixed
Stairs 0 5 (40%) 0 Fixed

A complete behavioral model (Figure 7) integratoagupant’s presence, lighting and appliances use
has been used to generate stochastic internal gaifites following the methodology proposed by
Parys et al. (2011). Firstly, occupancy pattern dayglight levels in the zones are computed with a 5
minutes time step. Two parameters are used todnte some variability in the occupancy profiles:

- The turn-up (T) multiplies the cumulative arrivalopability and has been set to 0.9 for
“normal” working days (i.e. a peak occupancy rat®@% during a normal weekday). High
turn-up rates leads to higher occupancy ratesesirzdime (Figure 8).

- The mobility (M) multiplies the probability of teropary absence and influences the number
of state transitions during the day (arrival-depiaa and has been set to 0.4 (Figure 8).

Occupancy Zone dayllght Preprocessing
pattern calculations
Lighting |
gains
Appliances _’ Behavioral Behavioral
gains | profile model
Occupancy
gains
v
Zone thermal Building
calculations Simulation

Figure 7: Schematic overview of the behavioral modéadapted from Parys et al., 2011)

These two parameters are critical since occupamiralodecisions are generally made at arrival or
departure. So, the main outcomes of this occuparayel are the number of state transitions during
the day and the total amount of time spent in theezy the occupant. Holidays have been taken into

! Occupant’s total metabolic rate is supposed tadlB@W (50% sensible; 50% latent). A diversity betwee
occupants is considered by defining a normal distion with a 20% standard deviation.
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account by varying the turn-up parameter (T) frofSQnday and holidays) to 0.9 (normal working
days).

S o9 | g
B
5 08 |- 5
£ 06 8
‘s c
E 0.5 =
o
= S >
E 0.2 | 2
-} £
= - =
E 0 a
=
o 5 6 7 8 9 10 11 10 11 12 13 14 15 16 17
Time [h] Time [h]
a) b)
0.8 1 - , 9 -
L]
- 0.7 4~ _g -E 8
I;l d— 7 -
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E- 0.6 5 .6 7
(=]
g o5 82 .|
== "6 Q
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o 33
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< o m© 1
0.1 A [
a8,
>
0 <
0 2 4 6 8 10 12 14 16 18 20 22 0.7 0.5 0.3 0.1
Time [h] Parameter of mobility M
c) d)

Figure 8: (a) Cumulated probability of arrival for different values of parameter of turn-up. (b)
Probability of intermediate departure for different values of parameter of mobility. (¢c) Mean occupanc
level for 10,000 runs of the occupancy model. (d) &n number of occupied-to-vacant events for 10,000

runs of the occupancy model (from: Parys et al., 2Q).

Then, the lightswitch-2002 model from Reinhart (206 used to calculate artificial lighting gains
and related energy consumption. Finally, the gaadrarofiles are used as inputs in Trnsys.

It should be noticed that most of the behavioraldel® available in the literature concern only
occupant’s presence and lighting use in singleceffiells. A few global behavioral mobility/space
utilization models exist in the literature but @@mplex to implement and use (e.g. the USSU model
described in Hoes et al., 2009). So, some assungptiave been done in order to generate realistic
behavioral or fixed profiles for lighting use in eting rooms and common zones (sanitaries,
circulation...) and for appliances.

The average nominal appliances load density isnddfito 8.89 W/mz2 in offices. To add some
variability in the profiles, the value is sampledrh a normal distribution (with a standard deviatad

1 W/m? around the nominal value) every occupied dag value is maintained constant throughout
the working day. At the end of the day, a certancpntage remains. This percentage is also sampled
from a normal distribution (average 15% of nomileald with a 10% stdev).

The printer room is supposed to be equipped with ¢apiers, two laser printers and one fax. Each
device is supposed to be in operation about 5% colugancy time (Parys et al., 2011) which
corresponds to about 30 minutes of operation pgr Tae devices are in idle (standy-by) mode the
rest of the time. Each operation is supposed te &dkeast 2 minutes. An example of profile for one
day is shown in Figure 9.
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1000
900}
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Plug Load [W]
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Figure 9: Appliances stochastic operation profilen print room for a given day

Lighting and appliances use in meeting rooms amgpased to be directly proportional to the
occupancy rate. Stochastic occupancy profiles iretimg rooms are defined by assuming that
meetings can start between 9:00-12:00 and 14:001during normal “working days” (Monday to
Friday). Meeting duration is sampled from a norahatribution with an average of 90 minutes and a
standard deviation of 20 minutes. The “participatiate” of each meeting is sampled from a normal
distribution with an average of 50% and a standdadiation of 25%. A 100% participation rate
corresponds to the capacity of the meeting roomaAsxample, occupancy rates of both meeting
rooms are shown in Figure 10 for two consecutiyesda

1 -
0.9 _
0.8
0.7
06 i
05

%Mee{ing robm‘1
| |

———Meeting room 2

0.4 —

03 - - d
0.2
0.1

0 1 I .
0 4 8 12 16 20 24 28 32 36 40 44 48

Time [h]

Meeting room occupancy rate [-]

Figure 10: Meeting rooms stochastic occupancy prdés for two consecutive days

2.4, SECONDARYHVACSYSTEMMODEL ANDCONTROL

The temperature in peripheral zones and archivekaally controlled by means of heating/cooling 4-
pipes fan coil units. The hygienic ventilation hrese zones is ensured by a constant volume system
supplying air at desired temperature (water headimdj cooling coils) and humidity (electrical steam
humidification system). Hot water and chilled wapmmoductions are ensured by two natural gas
boilers and one air cooled chiller respectively.
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The building is equipped with an air-water heatogling system. The 4-pipes terminal heating and
cooling fan coil units (FCU) have been sized inesrtb have one unit per facade module as it is
generally encountered in real buildings (to maxenizernal space availability and flexibility). lodr
conditions in the core zones of the building areaumtrolled except for the archives room (zone Nr.
17).

The FCU model relies on the coupling of the Trnisydding model (Type56) and its built-in indoor
temperature controller and some Type581 (Multi-disienal interpolation) components and takes
into account the effect of potential condensatioritee cooling coil in cooling operation. Detailsoab
the FCU simulation model are given in the appendix.

Primary indoor temperature and humidity setpoimes faxed by the BEMS system to 16°C/22°C
(Night/Day) in heating mode, 24°C (Day) in coolingpde. Two random variations have been added
to this FCU model in order to represent a moreistal (and non-perfect) control. First, it is
considered that the user is allowed to locally sidibhe daytime temperature setpoint in a limiteg wa
(i.e. +/- 1.5°C around a fixed setpoint). So, anmardistribution with a standard deviation of 0.Z5°
has been defined on a zone basis to represent ssesstivity and preferences in terms of indoor
temperature. A minimal dead band between heatimgcaoling setpoints has been fixed to 2°K to
ensure robustness and avoid cycling. A second rareftect has been added to represent the effect of
the inaccuracy and the sensitivity of the tempeeatensor installed in the unit and consists in a
correction of the setpoint of each zone at eacle tgtep following a normal distribution with a
standard deviation of 0.25°C. As an example, udefied local heating temperature setpoints in
zones 1, 2 and 3 are shown in Figure 11 for a gilsn(zonel: 15/23.3°C; zone2: 15/22.3°C; zone3:
15/20.6°C).

24 T
O 23
T 22| Zone 1 r/V\,‘
o —Zone 2
S 21 ——7one 3 U U N U LR N T S T
& Wy W] "W WAL g b '!"‘JI \'."'v'l\ ] ‘})"le it
2 20
=2 19
©
T 18
£
|2 1,
o Ky
=
®
L 14

0 2 4 6 8 10 12 14 16 18 20 22 24

Time [h]
Figure 11: Heating temperature setpoints for threezones

The central ventilation system consists in a simpbastant volume Air Handling Unit (AHU)
providing heated/cooled/humidifier air by mean®poé water cooling coil, one water heating coil and
one electrical steam humidifier. Design flow ratese been fixed according to EN15251 as shown in
Figure 12. Non-polluted zones (offices, meetingmeacand circulations) and polluted zones (copy
room, kitchen and sanitaries) have been distingdistind have separated extraction systems. The
exfiltration flow is supposed to be 10% of the dypgr flow. All the supply and return flows vary a
each time step following a normal distribution @et on the design flow rate with a standard
deviation of 2.5%. Such arbitrary random variatedlows representing slight flow rate variations
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induced by pressure variations between the zonetlmdsystem (e.g. due to doors opening and
closing) without integrating a complex airflow médsf the building. Other influences (such as
leakages, fouling...) are not taken into accounhegresent model.

654 204 204 204 154
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200 (144) Supply (return) flow rate
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,,,,,,,,,, > Extraction (viciated air, polluted)
——p Exfiltration flow rate

Figure 12: Design ventilation air flows in cubic m&ers per hour

Ventilation fan electrical power demands have bespmosed to represent medium class equipment
(EN13779). Because the ventilation system is atanhglow system, no accurate airflow model is
used in the present model and pressure distribatnehinteractions between ventilation system and
window and doors opening/closing are not representéus, the model does not account for the
interactions between the fan and the building pregair flow rates and equations establishing the
location of the fan running point are skipped. Each fan, the motor nameplate value (i.e. the value
usually available in the as-built file) of the paweas been supposed to be rounded up. In the presen
case, the name plate value of the electrical paweabout 15% higher than the actual power
consumption. AHU components characteristics andetsoate described in the Appendix.

Heat losses/gains in air ducts are computed by snehthe Type709. Ducts dimensions have been
estimated based on the exterior dimensions of thielibg. The ambient temperature in technical

rooms and shafts is equal to a weighted averadgieeobutdoor temperature and the average building
indoor temperature.

2.5. PRIMARYHVACSYSTEMMODEL

Chilled water production is ensured by one air-edathiller of 540 kW cooling capacity and with a
rating EER (including fan power at LWT 7°C and EA%°C) of 3.1. Extended performance maps
used in Type655 have been generated by means efaded semi-empirical model of the chiller

developed in EES (Lemort and Bertagnolio, 2010) ealibrated by means of part load and full load
data provided by the manufacturer.

In a first time, the very simple Type751 boiler rebdtabulated values of efficiency) is used to
simulate the performance of the hot water productigstem because the lack of manufacturer data
does not allow using a more advanced (physical)einod

A detailed semi-empirical model of the boiler implented in EES (Bourdouxhe et al., 1999) has been
used in order to generate the performance map tesée by the Type751 model. The plant includes
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two identical natural gas boilers (with a 92% LH¥i@ency at 60/80°C) connected in parallel and
controlled by means of an ideal cascade algorithonhlysteresis) for a total installed capacity of 49

kW.

Hot and chilled water distribution and productigistems have also been modelled. It is supposed that
the AHU, the FCU of the North and East facades thedFCUs of the South and West facades are
supplied using separated circuits connected to matinvater and chilled water collectors (Figure.13)

| FCU - North Fagade |

f

Pipe
(Type709)

Pipe
(Type709)

!

Pump
(Type743)

3Way valve
(Typet1)

*

By = = ==

Chiller
(Type655)

Collector
(Type709)

Pump
(Type743)

Figure 13: Chilled water distribution and production system

Two different non-dimensional pumping power cunage used for pumps with nominal power
smaller than 375W (considered as “circulators”)goeater than 375W. These curves simulate the
variations of the pumping power when hot and ctilleater vales open and close. These curves are
used to compute the normalized power as functioth@mnormalized flow rate (Figure 14) and have
been identified based on the work of Sfeir et2006) supposing pumps with flat characteristic eurv
and medium efficiency.

Pumps (>375W)
w*—o 13352 +1. 8932 V* - 1.9767-V*2 + 0.96365-V*3

—e fCIrcutators (<375W\ ‘
i W= 0 05424 +1. 9475 Ve -1.5733- V2 4+ 0. 58384 v*3

|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
V* - Normalized Flow Rate

W* - Normalized Pumping Power

Figure 14: Non-dimensional Pumping Power Curves

All the pumps and circulators have been sized basedile of thumb values (in-line pressure drops
estimated to 400 Pa/m, circuits lengths estimatedeth on building main dimensions) and
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manufacturer data (local pressure drops in cdilélec, boiler...). The main pumps and circulators of
the system are listed in the Appendix. As donevéattilation fans, the nameplate value of the pump
power is a rounded value and is about 15% higlser the actual nominal power demand.

3. SYNTHETICDATA

After selecting a building and specifying its varsoconstruction and equipment parameters as well as
its operating schedules, Trnsys has been usedrteraie synthetic billing and measurement data.
Some example simulation results of the Virtual Qafiion Test Bed (VCTB) are presented below.
These selected results correspond to data generadijable (billing data) or measurable (electrical
power demand, indoor conditions...) in real buildinigsorder to evaluate the impact of the stochastic
influences implemented in the model, a comparisaione with simulation data obtained by means of
the same model whose variable input profiles wdalde been replaced by standard “sharp” profiles
(with constant weekly starting/ending schedules gatds) for occupancy, lighting, appliances and
system operation. These standard profiles have texved from the stochastic ones in order to keep
equivalent levels of supplied energy due to integains and air volume due to infiltration and
ventilation on an annual basis.

Table 5: Synthetic building - Monthly consumption cata

Month Natural Gas | Peak Electricity | Offpeak Electricity
MWh MWh MWh
J 63.58 37.63 7.23
F 45.50 33.64 7.12
M 30.42 35.88 6.99
A 14.34 33.51 6.54
M 7.19 33.18 6.47
J 3.19 29.74 6.69
J 1.42 30.08 6.92
A 1.60 30.97 6.48
S 3.90 25.36 6.56
o] 14.45 29.45 5.69
N 41.42 32.98 6.36
D 58.43 32.99 7.90
Total 285.43 385.40 80.94
Year Natural Gas Electricity
kWh/mz kWh/mz
Total 63.43 103.63

Normalized synthetic whole building gas and elediriconsumptions are within the ranges generally
encountered in practice for this category of buidi63 kWh/m2/yr of gas consumption and 104
kWh/m2/yr of electricity consumption.
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Figure 15: Synthetic building - Whole building eletricity consumption disaggregation

The disaggregation of the whole-building electyi@onsumption (Figure 15) is typical for this typle

building:

- Lighting and appliances parts are of the same afieragnitude (about 20% each)
- Electrical Steam Humidification part is about 30%
- Chiller part is between 10 and 15%

Synthetic monthly billing data are shown in Figdi® and Figure 17 and compared. Whole building
gas and electricity consumption have been usedetergte normalized thermal and electrical
signatures. Both synthetic signatures are quitélagirto “real” signatures generally encountered in

practice. It is interesting to note that the linesgression coefficients (R?) are quite high (acb87%
for gas consumption) regarding the values thatccbalencountered in practice (50 to 70%).

The slope variation between the “stochastic” artdridard” synthetic signatures is mainly related to

the calculation of the infiltration rate (varialile the first case, constant in the second one)thed
different time distributions of lighting gains (thigr in winter in the case of behavioral profiles).

Normalized average heating demand [W/m?]

25 <
4 m
20 & : ’ 2
® Synthetic data - standard profiles - R“=87%
AN A Synthetic data - stochastic profiles - R*=87%
RN
15 \A‘\
[ \\\\‘\
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/] \\\\\\\
W
o A ™
0 4 6 8 10 12 14 16 18 20

Average outdoor temperature [C]

Figure 16: Thermal Signature
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Figure 17: Electrical Signature

The same observation can be made for electricitg. d&s it is often encountered in practice, the
electrical signature has a very flat shape andaa parrelation coefficient in all the cases. Connpgr

to natural gas consumption, a very non-significkatrease of the linear regression coefficient @an b
observed when using stochastic profiles (from 275%).

So, despite of the use of a validated building HW&AC system simulation platform, able to take into
account most of the influences intervening in hreptind cooling loads calculation in a very detailed
way (solar gains, internal gains, building dynamigs the dispersion of monthly data is not well

represented. This leads to the following obserwatio

- The use of stochastic profiles does not lead tgelatispersion of the data when looking at
integrated billing data (on a monthly or yearly isasindeed, signatures and data dispersion
are very similar when using standard or stochamtéupancy profiles. Indeed, for equivalent
injected quantities of energy, the stochastic daddard profiles lead to very similar values of
linear regression coefficient.

- The dispersion of the data identified in practidewér values of linear correlation
coefficients) would mainly be due to variationstire operation of the HVAC system (e.qg.
arbitrary switches from automatic to manual opagatnode for technical or comfort reasons)
or errors in the recorded values (exact billingqus are badly known)

However, the effect of variable and stochastic afi@n/occupancy profiles appears more clearly when
looking at the mean and standard deviation valdethe electrical power demand (Table 6). The
impact of stochastic variations on the HVAC-systeonsumption is limited but the variability of the
in-zone electricity consumption (especially duriogerating hours) is increased by using variable
profiles.

Table 6: Synthetic building - Electrical power demad

Electrical power demand (avg + stdev) in kW| Stochdi profiles | Standard profiles
Peak hours 77.5+31.3 78.1+26.5
Off-peak hours 155+ 205 15.8+19.4
HVAC System 21.3+15.3 21.4+14.4
In-zone consumptions (lighting and appliances) 3r3a.1 39.4+£26.1

Figure 18 shows illustrate the impact of variabiefiees when looking at the electrical power demand
for one floor for a given winter period. This “fitbus measurement” (which could be realized in
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practice by logging directly on the main electripahel of the floor) includes lighting and appliaac
consumptions for the whole floor. The two curvesehgery similar shapes but variations due to the
use of the behavioral profile are much more realist

Peak demands predicted by means of stochastic tamdiasd profiles are very different mainly
because of the seasonal variations in the arfiflgating use that are taken into account by the
stochastic profiles and not by the standard prééieastant, all year long).
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Figure 18: Synthetic whole building electricity coisumption data

Another “fictitious measurement” could consist wcél temperature and humidity measurements
performed in one office cell in order to identifyet actual indoor conditions ensured by the HVAC
system (Figure 19). Bold curves represent the maiggsimulation data provided by the synthetic case.
Variations observed on these curves are due tmtbeactions between the dynamic building model,
the HVAC system model and the controllers. Thirvegrhave been obtained by adding a filtering in
order to represent the resolution (e.g. +/- 0.5M@ a/- 5%) of the “fictitious” temperature and
humidity logger. Those two last curves are the doese when assessing a calibration procedure.
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Figure 19: Synthetic temperature and humidity meastements

Other “fictitious/synthetic” measurements couldgegformed in the synthetic building, such as:
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Artificial lighting operation time in offices by na@s of lighting loggers

Appliances power consumption in offices by meanglog-in loggers

Pumps and fans operation time by means of magiielticloggers

Air temperature and humidity measurements at AHHaest and in ventilation ducts by
means of temperature and humidity loggers

HVAC system components electricity consumption ®ans of electrical loggers

Air and water flow rates measurements

The use of such measurement data is illustrateshbel

4. APPLICATION OF THE CALIBRATION METHODOLOGY

The proposed calibration methodology is evaluatgidgisynthetic data generated by means of the
synthetic building case described above.

Comparing to a real application of the calibratpyocess, the use of a synthetic case allow avoiding
some parasitic influences such as:

The uncertainty on the weather data used to rumlation: in the present case, the same
weather data set will be used to generate the sfiattiata and to run the simplified model to
be calibrated;

No measurement uncertainty can bias the calibrgtioness (no error on the billing periods,

etc.)

The uncertainty on building system operation: paesiinterferences due to temporary
modification of the system operation by the buigdiowner/manager (e.g. switch from

automatic to manual operation of the ventilatiostegn during short periods...)

The change/variation of building operation/use leetw the (past) “reference period” used to
develop the calibrated model and the (present)entiroperation period while the energy

service process is going on

No iterative calibration method will be appliedth® present case and only “evidence-based” (ite. da
and information collection), sensitivity and unegmty issues will be studied. The main objectivés o
this application of the calibration methodology sishin:

Assessing the robustness of the proposed systeaaditication methodology and checking its
“applicability”;

Showing how sensitivity and uncertainty issues lbarhandled in the frame of a calibration
process by defining realistic probability ranges “@nfidence intervals”) for the parameters
of the model;

Characterizing the possible levels of calibration ¢iudying how existing measurement
techniques (from spot to short-term measuremerdn) help at the different stages of a
calibration process. This first objective can bensas a first tentative for the definition of an
experimental design;

Characterizing the accuracy of the calibration psscby studying quality criteria issues for
the different levels of calibration.

4.1. DATACOLLECTION ANDCALIBRATIONLEVELS

As discussed in a previous chapter, the notiorhadrarchy” between the sources of information is a
critical issue when adjusting the value model'sapaeters. So, it was decided to define calibration
levels, characterizing the information availabikiyd quality all along the calibration process.
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Four levels of calibration can be considered dejpgndn the availability of building, system and
measurement data. The four levels (Table 7) hawn lefined according to the classification
proposed by Reddy and Maor (2006).

Table 7: Calibration levels as a function of inputdata available (adapted from Reddy and Maor, 2006)

Building description and performance data availablefor calibration
Calibration Utility bills WBE 1 As-built . SpovShort- Long-term
levels demand Inspection term S
(one yead data . monitoring
monitoring
Level 1 X X X
Level 2 X X X X
Level 3 X X X X X
Level 4 X X X X X X

The basic energy data set is common to the foilratibn levels and includes monthly energy bills
and hourly values of the whole-building electriaitgmand (in kW) for one year.

The first level corresponds to the initial “as-turhodel of the installation. This version of thedel

is based on available as-built data (plans, schamésameplate data of main HYAC components...)
and will be used for parameters screening (by meétise Morris sensitivity analysis method). This
model cannot be considered as calibrated since riangodata (e.g. operation schedules...) are
missing.

The second level involves on-site inspection (egnplete inventory of installed appliances and
lighting powers) and BEMS analysis (setpoints, dcifes...). The data collected at this stage
correspond to the information that can be expeateein proceeding to an energy audit/inspection of
an installation.

The third level involves spot and short-term measumts that can be realized as part of a detailed
audit (e.g. short term monitoring of power consumpbf some parts of the installation...). The use
of short-term monitoring data allows identifyingns® “average” trends such as indoor night and day
temperature setpoints, HYAC components power desjaaid.

The last level relies on a detailed measurementpagmn and involves longterm measurements,
occupants’ behavior survey... allowing to better tifging schedules and utilization/operation
patterns. This last calibration level will not bensidered in the present work since it can be asem
improvement of Level 3 calibration or as an evalnéry/on-going calibration. Special attention is
paid below to the early development of a calibratemtiel (i.e. to the three first levels) as it can b
done in the frame of an energy service process.

Table 8: Calibration levels

Level Data availability

- Complete geometrical description

- Maximal number of occupants and “typical” schedditesoccupants and system
1 - Nominal powers for main HVAC system componentslighand boilers)

- Default values for fans and pumps powers

- Nominal (design) ventilation flow rate

)

2 Natural gas, peak-hours and offpeak-hours elégtionsumption (in kwh) provided on a monthly tsasi
¥ WBE demand : whole-building electricity demand \if) provided by the electricity provided on a qeart
hour basis for a complete year
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Detailed envelope composition
Survey of installed lighting and appliances loadsdities

2 - Complete inventory of installed powers of auxikas{pumps and fans)
- Analysis of the BEMS (setpoints and schedules)
Spot and short-term monitoring:
3 - Local temperature and humidity measurements izohes

- Lighting and appliances electricity consumption sugament (zone level)
- Secondary and primary HVAC components electriotigsumption measurement
Long-term monitoring of:
- Chiller electricity consumption
4 - Pumps electricity consumption
- Boiler gas consumption
- Hot and chilled water temperature and flow rates

4.2. CALIBRATIONPROCESS

The calibration process is described below for eaickhe first three calibration levels mentioned
above. The simplified building energy simulation dab described in Chapter 2 is applied and
calibrated to the synthetic case described abow&h8tic energy use data generated by means of the
virtual test bed implemented in Trnsys will be usegerform calibration. The update of the model as
the calibration progresses is detailed hereundata Bathering, sensitivity, accuracy and uncegaint
issues are discussed for each level. At each stagealidity of the calibrated model will be chedk

by means of commonly available data (monthly endiiglg and whole-building electricity demand).

In a second time, predicted and synthetic energy-use data will be compared in order to
characterize the accuracy of the calibrated model.

4.2.1. Level 1

The first level of calibration consists in consting the “as-built input file” of the building unde
study (Calibration Level 1). A simple division dfd building is proposed in Figure 20 and Table 9.
This definition of the building in six zones reli@n a compromise between model complexity,
building geometry and orientation and configuratainthe HVAC system. Offices are consolidated
into zones A and C. Due to their different occupdogeration, meeting rooms are simulated
separately (zones B and D). Due to its “core” lmgatind its ventilation/heating/cooling, the starag
room is simulated as an individual zone. The lasies which are part of the core zone of the bugldin
(kitchen, restrooms, circulations...) are aggregarediform zone F.
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Figure 20: Simple zoning for the Matlab model
Table 9: Simple zoning for the Matlab model
Zone Floor area wall | Orientation External wall area | Window area
m?2 m?2 m?2
1 N 303.75 324
A 1035
2 E 83 72
1 E 83 72
B 225
2 S 33.75 36
1 S 303.75 324
1035
c 2 W 83 72
1 W 83 72
D 225
2 N 33.75 36
E 245 - - - -
F 1735 - - - -

Table 10 lists the 36 input parameters that arenddeinfluential for the considered simple office
building case. In accordance with the conclusidnthe previous chapter, the other parameters (e.qg.
ground albedo, radiation-convective split of in@rigains...) are supposed to be of a secondary
influence and have been estimated or set to defalules following a “factor fixing” approach. These
“secondary” parameters will not be considered femns#tivity/uncertainty analysis and calibration.
Table 10 also includes the “best guess” valuesthadestimated range of variation (representing the
“uncertainty” on the given parameter) for the cdesed parameters. Since, the present case is a
synthetic case, uncertainty ranges have been qthigarily defined in order to be able to highligh
the use of sensitivity and uncertainty analyseshodg and the effect of the narrowing of the
uncertainty of the ranges as the calibration prEggs.

The first calibration level relies on the use ofaigable consumption and as-built data. This first
description of the building corresponds to the tinfation that could be found in basic as-built files
prior to any on-site visit.

The complete geometrical description of the bugdias been done but no detailed information about
walls compositions is available. Information on tR&/AC system was limited to the type of
components (i.e. CAV ventilation system, four-pifa@s coil units...) and nominal capacities of hot
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and chilled water production devices (i.e. nomicapacity of the air cooled chiller and of the gas
boilers). The limited amount of available data dhd poor quality of this information (e.g. non-
necessarily up-to-date information available in @isebuilt file) justifies the relatively broad rargyof
variations considered for envelope (parameters @l#6) and HVAC system characteristics
(parameters #13 to #26).

Default values (and relatively broad variation res)gare used to describe building loads (i.e.
occupancy, lighting and appliances loads densdigs schedules; parameters #7, #8 and #29 to #36)
and HVAC&R system operation (i.e. setpoints ancedales; parameters #9 to #12; #27 and #28) and
performances (e.g. fans and pumps powers; hummglifteoilers and chiller efficiencies...) since no
information about building and system operationaa&ilable.

Table 10: List of influential parameters — Calibration Level 1

# Variable Unit Description Level 1 Min Max
1 Unopw W/mz2-K Vertical walls U-value 2.25 0.6 2.25
2 Uglw W/mz2-K Glazing U-value 3.12 1.26 3.12
3 U w W/mz2-K Window frame U-value 4 1 4
4 SHGG0 - Glazing normal SHGC 0.76 0.13 0.76
5 CGome J/m2-K Thermal capacity 165000 110000 260Q00
6 ACH; - Infiltration rate 0.4 0.2 0.8
W/m? Lighting — Offices 12 10 14
W/mz Lighting — Meeting 12 10 14
T G Re me Lighting — Stora 12 6 12
ghting ge
W/m? Lighting — Circulations + others 12 6 12
W/mz Appliances — Offices 10 6 14
8 IGFRuppi - .
W/m? Appliances — Meeting 10 6 14
9 Ti seth,occ °C Heating indoor setpoint 21 19 23
10 Ti seth.noce °C Heating indoor setpoint (night) 15 14 18
11 Tisetc, occ °C Cooling indoor setpoint 24 23 27
12 RHin - Humidification indoor setpoint 0.5 0.4 0.6
- Ventilation rate — Offices 1.25| 1.1875| 1.3125
13 ACH, - Ventilation rate — Meeting 466 | 4.427 4.893
- Ventilation rate — Storage 0.66| 0.627 0.693
14 €hum.n - Humidifier efficiency 0.85 0.75 0.95
15 SFRutan W/ms-s Supply fan specific power 1750 500 3000
16 SFR.tan W/ms-s Return fan specific power 1750 50( 3000
17 | TaexAHU setma °C Supply temperature setpoint 16 16 20
18 K. 0ss - Hot water network loss coefficient 0.01 0 0.02
19 ke loss - Chilled water network loss coefficient 0.025 0 0.05
20 Thw,set °C Hot water temperature setpoint 80 60 8(@
21 Nhwboiler,n - Boiler efficiency 0.85 0.8 0.95
22 | fhwboiler sbloss - Boiler standby losses coef. 0.005 0.001 0.01
23 SPRw W/l-s Hot water pump power 300 150 450
24 Tew,set °C Chilled water temperature setpoint 7 6 10Q
25 EER.n - Chiller efficiency 3 2.5 3.5
26 SPR, Wi/l-s Chilled water pump power 350 175 525
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27 Ciched AHU h AHU daily operation time 12 10 14
28 Ciched.set h H&C system daily operation time 12 10 14
29 Asched,occ - Occupancy rate (day time) 1 0.5 1
30 Goched,occ h Daily occupancy time 10 8 12
31 Asched,light - Lighting operation rate (day time) 1 0.5 1
32 Bsched,light - Lighting operation rate (night time 0 0 0.5
33 Giched,light h Lighting daily operation time 10 8 12
34 Asched,appl - Appliances operation rate (day time) 1 0.5 1
35 Bsched,appl - Appliances operation rate (night time) 0 0 0.5
36 Giched,appl h Appliances daily operation time 10 8 12

Accuracy and Calibration Criteria

The results of this first version of the model presented below. Computed energy use data shown in
Figure 21 corresponds to the “best guess” valuesngin Table 10. Both monthly natural gas and
whole-building electricity consumptions are alreaglyite well represented. Seasonal effect on the
natural gas consumption is well represented by rtialel but the electricity consumption is
underestimated, especially in summer.

Gas Consumption Electricity Consumption

50000 .
70000 m Synthetic Case m Synthetic Case
45000 -
50000 mModel H Model
40000 -
50000 35000 -
40000 30000 1
= =
= < 25000 -
30000 20000 -
20000 15000
10000
10000
5000
0 0 -
J FMAMJI JAS OND J FMAMUJJASOND

Figure 21: Level 1 - Consumption data comparison

Classical calibration accuracy indexes (MBE and RMGE)) have been computed based on monthly
data for whole-building gas, electricity, peak I®ouelectricity and off-peak hours electricity
consumptions. The two indexes have also been cadput a hourly basis for one winter week, one
summer week and the whole year of whole-buildirgticity demand data (Table 11).

The values of the CV(RMSE) index confirms the gamatch between seasonal trends of synthetic and
computed consumption data and satisfy the ASHRAE2002) criteria (15%). However, the MBE is
over the tolerated value (5%). MBE and CV(RMSH)ea for hourly electricity demand profiles are
also over the tolerated values (respectively, 108630%).

As suggested previously, it is also interestedviduate these criteria based on monthly off-peak an
peak electricity consumptions. The comparison @& tbur values shows that peak-electricity is
relatively well predicted (low MBE and CV(RMSE) uals) but of the off-peak electricity is largely
underestimated (large negative value of MBE).
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Table 11: Level 1 - Calibration errors

Monthly billing data Whole-building hourly power
demand
Errors Gas Electricity Peak Off-peak Week 3 Week 26 1 year
Electricity | Electricity | Electricity | Electricity | Electricity
% % % % % % %
MBE 0.82 -16.73 -1.17 -90.79 -13.03 -26.09 -16.73
CV(RMSE) 7.47 18.42 6.83 95.00 65.81 73.02 80.18

The comparison of the synthetic and computed whallging electricity demand profiles on an
hourly basis is shown in Figure 22. Several obsmmwa can be made when looking at the average
synthetic and predicted hourly profiles (respedivthe blue and red bold curves):

- Off-peak hours electricity demand is underestimated
- Considered operating schedules seem to be wrong daily demand increases and decreases

do not match

- Peak power demands are overestimated in winteredatively well estimated in summer
- Electricity consumption on Saturday is not représeiy the model
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Figure 22: Level 1 - Whole building power demand cmparison - Weeks 3 & 26

Simulation Results and Validity of the Calibrateddél
Despite of the low accuracy of this first versidnttee model and the high uncertainty on the input
parameters, it is interesting to have a look todimeulation results and especially to the eledirici

consumption disaggregation (Figure 23).
overestimated comparing to the other items (36%)tH@ contrary, in temperate climates, the part of
electricity consumption due to steam humidificai®generally higher than 16%.

Howevere tighting consumption seems to be

5-23



Chapter 5: Assessment of the Calibration Methoad)ai Virtual Test Bed

Chiller Boiler
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Figure 23: Level 1 — Annual electricity consumptiordisaggregation

Looking at the values given in Table 12 confirmshsobservations. Indeed, this initial version @ th
model tends to underestimate the chiller and huieidielectricity consumptions in an important way.
On the contrary, lighting consumption is largelyemestimated comparing to the synthetic data.

Table 12: Level 1 - Electricity end-use

Use Synthetic data | Level 1 | Deviation
kWh kwh %

Lighting 107505 140940 31.10%
Appliances 79305 65772 -17.06%
Fans 56225 54445 -3.17%
Humidification 150510 61242 -59.31%
Pumps 19627 29675 51.19%
Chiller 52766 35922 -31.92%
Boiler aux. 405 336 -17.04%

Uncertainty on simulation outputs

The uncertainty on the results is quantified by mseaf Monte Carlo simulations. A LHMC (Latin
Hypercube Monte Carlo) sampling is generated basethe range of variations given in Table 10.
Uniform probability density functions have been iteily considered for each parameter. As
expected, the relatively broad ranges of varialead to considerable uncertainties on the computed
energy consumptions. Results are represented in bakisker mean plots (
Figure 24 and Figure 25). Green bars correspotigetsynthetic values generated by means of the test
bed (Trnsys model). Blue stars correspond to tHeegapredicted by the Matlab model under
calibration already shown in Figure 21.

The results obtained by means of the LHMC uncedstaanalysis are summarized as boxes and
whiskers. Upper and lower edges of the blue bore®spond to the #5and 75 percentiles. The red

line corresponds to the median value of the geedraample of values. The whiskers (dotted lines)
extend to the most extreme values without congideoiutliers. Outliers are plotted separately (red
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crosses). A data point is considered as an oiitlieis larger than " + 1.5%( y*" — y**") or lower

than >;SIh_ 1'5*(y5th_ y25th).
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Figure 24: Level 1 - Uncertainty on predicted montly gas and electricity consumptions

As expected, uncertainty ranges on the predictegsare quite large. Because of the non-lineafity
the model and the fact that variation ranges otctiresidered parameters are not symmetric, the-"best
guess” values (blue star) is sometimes quite fan@Mmedian.
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Figure 25: Level 1 - Uncertainty on predicted elecicity consumption disaggregation

The results shown in Figure 25 confirm that thissian of the model leads to a very high uncertainty
on the predicted results. The quality of such tesid clearly insufficient to allow accurate or
meaningful analysis.

4.2.2. Level 2

The second level of calibration corresponds toitmisspection. No physical measurements are done
in the building but information about building asgstem operation and performance can be obtained
by means of observations, surveys and interviews.

Before starting collecting additional data and eipig it for calibration, it is needed to identifiie
most influential parameters requiring special ditenand priority adjustment. The variation ranges
resulting of the construction of the “as-built ingiile” (Calibration Level 1) will be used as a
reference to generate a sample and run a senstindlysis. As explained before, the intent of such
sensitivity analysis is two-fold:

- Reduce the dimensionality of the calibration byntifging strong and weak variables
- Identify and characterize the variables involved high-order (non-linear) effects (i.e.
interactions)

Preliminary Sensitivity Analysis

The results of the initial sensitivity analysis ateown below (Figure 26). Elementary effects of the
influential parameters have been expressed in t@fmseasonal gas and electricity consumptions
(summer: April to September; winter: January to dftlaand October to December) by means of the
uncalibrated MATLAB model (Calibration Level 1 veas). Influential categories of parameters have
been highlighted. Envelope characteristics, veitifaflow rate, indoor heating temperature setpoint
heating plant characteristics and building use agstem operation schedules have significant
influence on the natural gas consumption. Wintexctekcity consumption is highly influenced by
ventilation rate and humidity setpoint. Summer ®leity consumption is directly related to cooling
plant performance, glazing’'s SHGC and indoor tempee setpoint. Internal loads densities and
schedules have similar impact on both winter amdrser consumptions.
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Figure 26: Results of the preliminary sensitivity aalysis (Morris Method)

Regarding these conclusions, it appears that thetifacation of the ventilation rate, and to a kss
extent of the infiltration rate, are crucial issuefortunately, these parameters are one of thet mo
difficult to adjust since it is hard (if not impadkke) to accurately measure the actual supply flate,

to estimate duct leakages, flow rate distributiorfiltration... So, the current best guess value
(corresponding to the design flow rate and an edton of the infiltration rate) and actual range of
variation (+/- 10% around the best guess valugherventilation rate and +/- 50% for the infiltiati
rate) will not be updated during the calibrationg®@ss.

Calibration process
During Level 2 calibration, the adjustment of thedwal's parameters will be done in four steps and
will focus on the parameters highlighted by thes#tévity analysis (Figure 26):

- Firstly, the envelope characteristics will be cciézl and embedded in the model.

- Secondly, a detailed survey of the actually insthlighting and appliances powers will be
done. Collected information will be used to updateinternal loads densities.

- Thirdly, the analysis of the BEM system will allaw get accurate values of the operating
schedules and conditions of the HVAC system ansbaife of the lighting fixtures (e.g. in the

5-27



Chapter 5: Assessment of the Calibration Methoad)ai Virtual Test Bed

circulations where lighting are directly controllbg the BEMS). Occupancy and building use
schedules will also be updated.

- Fourthly, the collection of nameplate informatiomdéor manufacturer data of some HVAC
system components will allow specifying more actralues of some parameters related to
HVAC components performance (e.g. steam humiddféciency, chiller and boiler nominal
efficiencies, etc.)

2a: envelope

At this level, the first step consists in collegtidetailed envelope data. Such information can be
obtained by collecting detailed architectural plansy physical checking at different places in the
building. The data provided in Table 24 have beseduin order to identify the values of the

ISO13790-2007 model as prescribed in 1ISO13786-20@71SO13789-2007.

Table 13: Walls characteristics

U Cm,|5013786 SHGC
wall WIim2K | Jime-K :

External wall 0.97 81884 -

Floor slab 3.49 73430 -

Heavy internal wall 2.80 66823 -

Light internal wall 2.32 59912 -
Glazing 2.83 - 0.755 (p=3)

Frame 2.27 - -

It is supposed that an arbitrary uncertainty ofutb®/- 10% remains on these values because of
possible measurement errors on layers thicknessease of physical verification or bad practical
implementation of wall layers prescribed on thendectural plans.

2b: envelope + internal loads

The second step consists in collecting informatonload densities in the different zones of the
building. The values proposed in Table 14 are basedorrected nameplate information and do not
necessarily correspond to actual consumptions.nfexample, desktops and screens installed in zone
1 have a total nameplate value of about 900W bykstation. As advised by Hosni and Beck (2008),
the actual consumption in normal operation has lestimated to 10 to 15% of the nameplate value
(i.e. 135W by work station) which gives a load dgnsf 9.8 W/m2.

The calculation of the installed lighting densigymore direct and should include both fluoresceioe t
and ballast powers.

Table 14: Internal loads densities

Lighting Appliances
Zone | Occupants W/mz2 Control W/mz Control
1 75 12 Manual 9.8 Manua
2 65 14 Manual 10 Manua
3 75 12 Manual 9.8 Manua
4 65 14 Manual 10 Manua
5 0 9 Automatic 0 -
6 0 6.15 Automatic 2.6 Manuaﬂ
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The uncertainty of the values given in Table 14upposed to be about +/- 5%. Of course, a larger
uncertainty remains on the operating profiles giifing fixtures and appliances in office and megtin
rooms (zones 1 to 4) but no detailed informatiortrenactual occupants’ behavior are availableiat th
stage.

2c: envelope + internal loads + BEMS

The analysis of the BEMS allows identifying actwahtilation and heating/cooling schedules and
setpoints (Table 15). Lighting operating scheduleirculations is also imposed by the BEMS. The
night-time lighting operating rate in this zoneresponds to 36% of the installed power density.

Lighting and appliances operating schedules irceffind meeting rooms (zones 1 to 4) can only be
estimated based on information collected duringitsvisand interviews of the building
manager/occupants. Appliances operation rate dumiglgt has been estimated to about 10% of the
daily rate because of standby consumption.

Uncertainties on supply temperature and indoor Hiynare related to the accuracy of the sensors
connected to the BEMS. Probability ranges for ind@mnperature setpoints in the occupied zones
during occupancy hours are wider because of tHeamed local temperature adjustment of +/- 1.5°C
around the “base” setpoint imposed by the BEMS.

Table 15: Operating conditions and occupancy schetks

Item Week Saturday Sunday Uncertainty Source
Ventilation 06:00 to 22:00 08:00 to 18:00 - 0 BEMS
Supply setpoint 18°C - +/- 0.5°C BEMS
Heating/Cooling| 06:00 to 22:0@ 08:00 to 18:00 - 0 EMBS
. . 16/22°C . +/- 0.5°C / +/- 1.5°C
Heating setpoint 50% 16°C - 5% BEMS
Cooling setpoint 24°C - +/- 1.5°C BEMS
Occupancy 08:00 to 18:00 - - +/- 1h Hypothesis
Appliances 08:00 to 18:00 - - +/- 1h Hypothesis
Lighting 08:00 to 18:00f 08:00 to 18:00 - +/- 1h téyipesis/BEMS

2d: envelope + internal loads + BEMS + HVAC compon#@s characteristics

Survey of nameplates and manufacturer data shdetdvAC system components are useful to

identify nominal characteristics and performanadeies. Unfortunately, only nhominal capacities and
performance are usually available and the use o salues can lead to an overestimation of the
related energy consumption. Moreover, at this staganformation is generally available about part
load performance.

Table 16: HVAC system components nominal charactestics

HVAC component characteristic| Unit | Value
Supply fan specific power W/im3is 1680
Return fan specific power W/m3is 1316

Hot water pump power Wil-s 293

Chilled water pump power W/l-s 376
Humidifier efficiency - 0.82
Boiler efficiency - 0.91
Chiller efficiency - 3.1
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A residual uncertainty of about +/-5% has been iclemed for the values given in Table 16. The final
complete input file with the uncertainty range atle parameter is given in Table 17. Values noticed
in bold have been adjusted during this phase ota#libration process. The values and the probgbilit

range of the other parameters have not been upsiaies Level 1.

Table 17: Level 2d - Input file with uncertainties

# Variable Unit Description Level 2 Min Max
1 Unopw W/mz2-K Vertical walls U-value 0.97 0.873 1.067
2 Ugl,w W/mz2-K Glazing U-value 2.83 2.547 3.113
3 Ut w W/mz2-K Window frame U-value 2.27 2.043 2.497
4 SHGCy 0 - Glazing normal SHGC 0.755 0.6795 0.8305
5 Crme J/m2-K Thermal capacity Tzigle -10% 10%
6 ACH, - Infiltration rate 0.4 0.2 0.8
W/mz Lighting — Offices 12 11.4 12.6
W/mz Lighting — Meeting 14 13.3 14.7
7 IGFRiignt ——
W/m? Lighting — Storage 9 8.55 9.45
W/mz Lighting — Circulations + others 6.15 5.84 68
W/mz Appliances — Offices 9.8 9.31 10.29
8 IGFRappi W/mz Appliances — Meeting 10 9.5 10.5
W/m? Appliances — Circulations + others 2.6 2.47 23
9 Ti seth.occ °C Heating indoor setpoint 22°C 20.5°C 23.5°C
10 Ti seth.noce °C Heating indoor setpoint (night) 16°C 15.5°C 16°C
11 Tisetc, occ °C Cooling indoor setpoint 24°C 22.5°C 25.5°C
12 RHuin - Humidification indoor setpoint 0.5 0.45 0.55
- Ventilation rate — Offices 1.25| 1.1875 1.3125
13 ACH.ut - Ventilation rate — Meeting 4.66| 4.427 4.893
- Ventilation rate — Storage 0.66] 0.627 0.693
14 €humn - Humidifier efficiency 0.96 0.936 0.984
15 SFRan W/m3-s Supply fan specific power 1680 1428 1932
16 SFPRettan W/m3-s Return fan specific power 1316 1118.6 15%3.
17 | TaexAHU setmax °C Supply temperature setpoint 18 17.5 18.5
18 K oss - Hot water network loss coefficient 0.01 0 0.02
19 ke loss - Chilled water network loss coefficient  0.02b 0 0B
20 Thw,set °C Hot water temperature setpoint 80 79 81
21 Nhwboiler.n - Boiler efficiency 0.92 0.874 0.966
22 | fhwboiler sbloss - Boiler standby losses coef. 0.00b 0.0( 0.01
23 SPRy Wi/l-s Hot water pump power 293 249.05 336.95
24 Tew,set °C Chilled water temperature setpoint 7°Q¢ 6 8
25 EERcpn - Chiller efficiency 3.1 2.945 3.255
26 SPR, Wi/l-s Chilled water pump power 376 319.6 432.4
27 Csched AHU h AHU daily operation time 16 16 16
28 Ceched,set h H&C system daily operation time 16 16 16
29 Acsched oce - Occupancy rate (day time) 1 0.5 1
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30 Csched,oce h Daily occupancy time 10 9 11
31 Asched,light - Lighting operation rate (day time) 1 0.5 1
32 Bsched,light - Lighting operation rate (night time) 0 0 0.5
33 Csched,light h Lighting daily operation time 10 9 11

34 Asched,appl - Appliances operation rate (day time) 1 0.5 1
35 Bsched,appl - Appliances operation rate (night timge) 0.1 0 0.5
36 Csched,appl h Appliances daily operation time 10 9 11

Accuracy and Calibration Criteria

The evolution of the monthly error indexes (MBE &M(RMSE)) for each stage are shown in Table
18 and Figure 27.
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Figure 27: Levels 1 and 2 - Variations of the errcs

As the data collection and the calibration of the radel progress, most of the error indexes
decrease.The evolution of the error indexes confirms the émance of the operating schedules.
Indeed, progressing from step 2b to 2c (adjustrabaperating and occupancy/use schedules) leads to
a significant decrease of the errors between comopw@nd actual (synthetic) monthly energy
consumptions and hourly whole-building power demgarddiles.

It is also interesting to notice the importancectmsider each influential parameter, one after the
other! The successive increases and decreases of the eimalexes highlight the non-linearities of
the model and the possible compensation that can lemcountered during the adjustment of the
model's parameters. The use of a non-systematic apn-evidence-based methodology could lead
to erroneous parameter adjustment and bad represeation of the building under study.

At the end of the Level 2 (2d), computed consunmptiata well matches with synthetic billing data.
Only the mean bias error (MBE) of the natural gasstimption is above the criteria specified by
ASHRAE-14 guideline (2002). The error indexes regay recorded and predicted whole-building
hourly electricity power demands are also withireaneptable range (less or about 10%).
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Table 18: Levels 1 and 2 - Calibration errors

Gas | Electricity | _ o2k | Offpeak | Week3 ) Week26 | Hourly
Step Errors Electricity | Electricity | Electricity | Electricity | Electricity
% % % % % % %
1 MBE 0.82 -16.73 -1.17 -90.79 -13.03 -26.09 -16.78
CV(RMSE) | 7.47 18.42 6.83 95.00 65.81 73.02 80.18
2a MBE -32.66 -16.55 -0.40 -93.44 -14.21 -23.33 -16.56
CV(RMSE) | 42.18 18.56 7.43 97.81 66.18 72.35 81.08
2b MBE -33.50 -21.84 -6.80 -93.47 -19.81 -27.24 -21.84
CV(RMSE) | 43.41 24.23 11.54 97.84 63.12 70.73 77.94
2c MBE 10.13 15.22 20.42 -9.52 15.51 7.63 15.22
CV(RMSE) | 13.72 16.25 21.62 11.94 27.42 31.30 38.76
2 MBE 0.63 12.60 17.70 -11.71 9.77 7.76 12.6(
CV(RMSE) | 12.18 13.68 19.11 13.10 19.94 33.17 36.76

As shown in Figure 28, seasonal variations of thaba energy consumptions
represented by the calibrated model.
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Figure 28: Level 2 - Consumption data comparison
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The comparison of the electricity demand profilegygre 29) is also satisfying. The offpeak-hours
electricity demand is well represented. The synaization of the two profiles has also been largely
improved comparing to Level 1 even if substantiffiecences remain when comparing peak values.
The Saturday power demand is now represented bynéuel due to the correction of the operating
profiles of lighting and HVAC systems.

In winter, the overestimation of the peak values loa due to an overestimation of the power demands
of the HVAC components and an overestimation of lileting and appliances operating rates. In

summer, it is likely that the underestimation oé theak values is due to an underestimation of the
cooling load (and consequently, of the chiller &leity consumption).

5-32



Chapter 5: Assessment of the Calibration Methoah@ai Virtual Test Bed

Whole Building Power Demand - Week 3 Whole Building Power Demand - Week 26
250 200 —NModel
—Model )
225 - —Synthetic Case
—Synthetic Case 175
— 200 = 150 /J
2 175 | L | 3 N
T 150 | I T 125
© [}
£ 125 £ 100
[a] [a]
= 100 5 75
2 75 || ]
[+] [} 50
o
& 50 |
25
25
- | . Ny
336 360 384 408 432 456 480 504 4200 4224 4248 4272 4296 4320 4344 4368
Time [h] Time [h]

Figure 29: Level 2 - Whole building power demand cmparison - Weeks 3 & 26

Simulation Results and Validity of the Calibrateddél

Once again, it is interesting to proceed to a pafibration checking of the results by comparing th
predicted end-use electricity consumptions to ymghetic data. The electricity disaggregation isvno
closer to the actual values (Figure 30), especiallen looking at the humidifiers electricity
consumption. However, it appears that even if fhssical calibration criteria are (almost) satidfie
some substantial differences remain. Lighting, @ppks, pumps and fans electricity consumptions
are largely overestimated while humidifiers elaityi consumption is largely underestimated (Table
19). These results are in good accordance withctimelusions of Westphal and Lamberts (2005)
attesting that “rough” calibration lead to an adebfe representation of the global energy perforean
of the building but a bad prediction of the eneegg-use.

Chiller Boiler

52891kWh 368 kWh

10.07% 0.07%
Pumps Lighting
42374kWh 156879kWh
8.07%

29.88%

Humidification
106758 kWh
20.33%

ppliances
94483 kWh

Fans 17.99%

71331kWh
13.58%

Figure 30: Level 2 - Electricity consumption disaggegation
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Table 19: Level 2 - Electricity end-use

Use Synthetic data| Level 2d | Deviation
kWh kWh %
Lighting 107505 156879 45.93%
Appliances 79305 94483 19.14%
Fans 56225 71331 26.87%
Humidification 150510 106758 -29.07%
Pumps 19627 42374 115.90%
Chiller 52766 52891 0.24%
Boiler aux. 405 368 -9.14%

Uncertainty on simulation outputs
The LHMC sampling method has been applied to trebadility ranges given in Table 17. As
expected, the narrower probability ranges of sonfleiéntial parameters lead to a reduction of the
uncertainties on predicted consumptions (Figurar®l Figure 32). However, the uncertainties remain
significant and express an important variabilitytleé calibrated model. Even if the model seemseto b
able to represent the main trends of the energyabavior of the considered building, the accuracy
of the model is too limited to allow for accuratesgiiction of the energy performance of the building
and accurate quantitative evaluation of Energy €osaion Measures (ECMs).
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Figure 31: Level 2 - Uncertainty on predicted montly gas and electricity consumptions
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Figure 32: Level 2 - Uncertainty on predicted elecicity consumption disaggregation
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4.2.3. Level 3

The third calibration level corresponds to detaikeadit. Additional physical measurements are
conducted in the building in order to obtain detaiinformation about building and system operation
and performance.

New sensitivity analysis

Since the values of numerous parameters have Ipslattad during the second level of calibrations it i
interesting to run a new sensitivity analysis withdated ranges of variations. A new Morris design
has been constructed based on the values givemble L7 in order to study the evolution of the
hierarchy between most influential parameters @fehe results of the screening process) durieg th
calibration process. Running this new sensitivitglgsis leads to the results shown in Figure 33.
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Figure 33: Results of the second sensitivity analigs(Morris Method)

Despite of the update of the variation ranges, thaierarchy between the parameters remains
stable. Parameters initially identified as importar still have a major impact on the predicted
energy consumptions.Unsurprisingly, mechanical ventilation and infltion rates have significant
influences on the final energy consumption. Integaéns schedules and densities have a large impact
on winter gas consumption and on both winter anthnser electricity consumptions. Indoor
temperature and humidity setpoints have also cersiide influence. The last influential parameters
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are the characteristics of hot and cold distributi@tworks and the performance of HVAC system
components (fans, pumps, boilers and chiller). Epe characteristics have now a more limited
impact due to narrowed probability ranges.

Calibration process

Based on the results of the preliminary sensitigityalysis, the adjustment of the model’'s parameters
during Level 3 calibration will be done in threess and will focus on the parameters highlighted by
the sensitivity analysis:

- Firstly, internal loads operating rates and schesiwlill be adjusted based on the analysis of
power sub-metering data.

- Secondly, local temperature and humidity measurémhata will be used to adjust the values
of internal temperature and humidity setpoints

- Thirdly, HVAC components performance will be anagzased on sub-metering data.

3a: Occupancy and operating rates and schedules

Power metering at floor level during the third weakthe year gives the power curves shown in
Figure 34. This measurement includes lighting apgdliances consumptions only. Three distinct
periods have been identified:

- 8:00to 18:00 : Occupancy period — average paeerand is about 10.6 kW

- 6:00to 8:00 and 18 :00 to 22 :00 : pre and postipancy periods — average power demand
is about 3.5 kW

- 22:00 to 6:00: night period — average power denisiadbout 1.7 kW

Base consumption during night period is supposebetalue to lighting fixtures controlled by the
BEMS and to stand-by consumption of appliances. dP@ Post-occupancy periods corresponds to
starting and ending times of the remaining lightiixqures located in core zones. The increase ef th
electricity consumption during occupancy periodupposed to be directly linked to the occupants of
the building (use of lighting and appliances inicd6 and meeting rooms). Based on installed power
densities identified at Level 2, hourly operatirjes have been identified and are given in the
Appendix.
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Figure 34: Synthetic power sub-metering at floor leel (week 3)
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Implementing the values given in the appendix &edcorresponding schedules give the global power
demand profile shown in Figure 35.
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Figure 35: Comparison between measured and identdd electricity demands at floor level (week 3)

Since starting and ending times have been fixedymaertainty is considered on time values. The
maximal uncertainty on operating rates is suppdeebe about +/- 15%. This uncertainty remains
guite important because of the use of a unique éabidrarily selected) week of data to estimates¢he
parameters. Moreover, the use of winter data doéesllow estimating the impact of natural lighting
on the use of artificial lighting in offices and eting rooms. Such identification of the lightingeus
rates should lead to an overestimation of the sotalal lighting electricity consumption.

3b: Indoor temperature and humidity setpoints

Local short-term measurements of temperature atadivee humidity allow identifying achieved
comfort in building zones. In order to identify hdteating and cooling setpoints, measurements have
been conducted on week 3 and week 26 (Table 2@mpbes of measurements are shown in Figure
36. The blue curve is the “synthetic” value of thdoor temperature of room 1 (included in the Zone
A in the simplified model). The red curve represetite “fictitious” measurement done with a
resolution of 0.5°C.
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Figure 36: Indoor temperature synthetic measuremers. Left: week3; Right: week 26
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The measured values are summarized in Table 20fifdleuncertainty on measured temperatures is
supposed to be +/- 0.5°C.

Table 20: Identified heating and cooling setpoints

Zone Winter (heating) setpoints | Summer (cooling) setpois
Temperature Temperature
1 16/22.4°C 25.1°C
2 16/21.3°C 249 °C
3 16/22.3°C 24.4 °C
4 16/225°C 24.6 °C
5 16/22.4°C 23.8°C

3c : puissances composants (ventilos et pompes)

Local (specific) power metering allows indentifyisgme performance indexes of some components
of the HVAC plant. Global power demand of the AHUridg a winter week includes supply and
returns fans and steam generator. Regarding thiheticn measurements shown in Figure 37, two
distinct power levels can be highlighted. The loswer demand (9.6 kW) corresponds to the total
power demand of the two constant-speed fans. Krgpttie nameplate power of the supply fan and of
the return fan (7 kW and 4 kW, respectively), assuaning that the actual-to-nameplate power ratio is
similar for both components, the following rati@de computed:

- Supply fan actual (estimated) power dem%hfde 7=598kW - 1436 W/ms-s (for a
nominal flow rate of 15000 m3/h instead of the jpwes value of 1680 W/m3-s)

- Return fan actual (estimated) power dem&?;ifdwtz 342 kW -> 1125 W/ms-s (for a
nominal flow rate of 10940 m3/h instead of the fwag value of 1316 W/m3-s)
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Figure 37: AHU power demand synthetic measurement Week 3

Assuming that the nameplate-to-actual power rasiosimilar for the additional extraction fan
(extracting vitiated air from the core zones), #itual power demand of this last component is

supposed to bgf *1=0.86kW.

The high level power demand (125.4 kW) correspotmighe full load operation of the steam
humidifier. In these conditions, the actual powemand of 115.8 kW (125.4 — 9.6 kW) should
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correspond to a maximal (nominal) steam flow rdt&5® kg/hr. These values correspond to value of
the wire-to-steam efficiency of 95%, which is inrfagreement with the nominal (nameplate) value
considered above.
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Figure 38: Heating plant power demand synthetic mesurement — Week 3

The metering of the heating plant power demandudes the burners’ auxiliaries (fans) and the
primary and secondary hot water pumps (Figure G8hsidering that the two burners’ fans consume
about 400W each, the maximal pumping power demamncesponds to about 1600W (and so to a
global specific pumping power of 273 W/kg-s for inmary water flow rate of 5.85 kg/s). Such an

estimation of the pumping power demand will ceftailead to an overestimation of the annual
pumping consumption. However, a more detailed dasmn and metering of the plant would be

required to perform more detailed (and accurat&utaions. Using global power metering as done
here does not allow going further in details.

Similar (synthetic) measurements can be performedthe cooling plant side (Figure 39). The
separated metering of chiller and plant power deisaallows distinguishing chiller and pumping
consumptions. The average power demand for pumgpiestimated to 6.8 kW. Considering a primary
chilled water flow rate of 25.83 kg/s, this leadsatglobal specific pumping power of 263 W/kg-s.

Since no measurement of the cooling load is pedadrnit is not possible to deduce any information
about the chiller performance at this stage.
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Figure 39: Cooling plant power demand synthetic mesurement — Week 26
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The final uncertainty on the estimated values ippssed to be about +/- 5% because of the
measurement error and of the assumptions introdtmexhalyze the recorded data (estimation of
specific values based on non-measured values ahdiwater flow rates, etc.).

The final Level 3 input file with the correspondingcertainty range of each parameter is given in
Table 21. Values noticed in bold have been adjudtethg this phase of the calibration process. The
values and the probability ranges of the otherrpatars have not been updated since Level 2.

Table 21: Level 3c - Input file with uncertainties

# Variable Unit Description Level 3c| Min Max
1 Unopw W/mz2-K Vertical walls U-value 0.97 0.873 1.067
2 Ugiw W/mz2-K Glazing U-value 2.83 2.547 3.113
3 Ut w W/mz2-K Window frame U-value 2.27 2.043 2.497
4 SHGG 0 - Glazing normal SHGC 0.755 0.6795 0.830%
5 Cme J/m2-K Thermal capacity Table 13 -10% 10%
6 ACH,¢ - Infiltration rate 0.4 0.2 0.8
W/m? Lighting — Offices 12 11.4 12.6
W/m?2 Lighting — Meeting 14 13.3 14.7
7 | IGFRign —
W/m? Lighting — Storage 9 8.55 9.45
W/m? Lighting — Circulations + others 6.15 5.84 ®.4
W/m?2 Appliances — Offices 9.8 9.31 10.29
8 IGFRyppi W/mz Appliances — Meeting 10 9.5 10.5
W/m?2 Appliances — Circulations + others 2.6 2.4 732.
9 Ti.seth.occ °C Heating indoor setpoint
10 Ti.set.h.noce °C Heating indoor setpoint (night) Table 20
11 Tisetc, occ °C Cooling indoor setpoint
12 RHuin - Humidification indoor setpoint
- Ventilation rate — Offices 1.25] 1.1875 1.3125
13 ACH, - Ventilation rate — Meeting 4.66| 4.427 4.893
- Ventilation rate — Storage 0.66| 0.627 0.693
14 €humin - Humidifier efficiency 0.95 0.926 0.974
15 SFRan W/ms-s Supply fan specific power 1436 1364 1508
16 SFRetfan W/ms-s Return fan specific power 1125 1069 1181
17 | TaexAHU.setma °C Supply temperature setpoint 18 17.5 18.5
18 K loss - Hot water network loss coefficient 0.01 0 0.02
19 ke loss - Chilled water network loss coefficient 0.025 0 0D
20 Thw,set °C Hot water temperature setpoint 80 79 81
21 Nhwboiler.n - Boiler efficiency 0.92 0.874 0.966
22 | fowboiler,sbloss - Boiler standby losses coef. 0.00p 0.001 0.01
23 SPRy W/l-s Hot water pump power 273 260 287
24 Tew,set °C Chilled water temperature setpoint 7°0 6 8
25 EER.n - Chiller efficiency 3.1 2.945 3.255
26 SPRy W/l-s Chilled water pump power 263 250 276
27 Ciched, AHU h AHU daily operation time 16 16 16
28 Ciched,set h H&C system daily operation time 16 16 16
29 Asched occ - Occupancy rate (day time) Table 28
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30 | GCched,occ h Daily occupancy time

31| Asched,ight - Lighting operation rate (day time)
32 | Bschedlight - Lighting operation rate (night time)
33 Csched,light h Lighting daily operation time

34 Asched,appl - Appliances operation rate (day time)
35 Bsched,appl - Appliances operation rate (night time)
36 Csched,appl h Appliances daily operation time

Table 29
Table 30

Accuracy and Calibration Criteria
The evolution of the calibration error indexeshiswn in Table 22 and Figure 40. The evolution ef th
error indexes between steps 2d and 3a confirmktbe impact of the internal loads schedules on the
quality of the calibrated model. The two last st¢ps and 3c) allow reducing the uncertainty on
indoor temperature setpoints and on the performahtiee main HVAC components but do not lead
to an important reduction of the errors. At the ehdlevel 3 (step 3c), all the error indexes argyve
low for both monthly consumptions and hourly densadd the criteria defined in ASHRAE 14-2002
are satisfied (except the natural gas consumptiBi Mlightly over 5%). The calibrated model seems
able to reproduce the energy behavior of the dgldlh an acceptable way at seasonal, monthly, daily
and hourly levels.

25
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3a 3b

3c

—+—GAS - MBE

—4¢- GAS - CVRMSE
—&-PEAK - MBE
- PEAK - CVRMSE
—4—QFFPEAK - MBE
—i- OFFPEAK - CVRMSE

Figure 40: Levels 2 and 3 - Variations of the errcs

Table 22: Levels 2 and 3 - Calibration errors

Gas Electricity Pe"?‘k. Off-pggk Wee.k .3 Weel.< .26 Hourly
Step Errors Electricity | Electricity | Electricity | Electricity | Electricity
% % % % % % %
2 MBE 0.63 12.60 17.70 -11.71 9.77 7.76 12.6(
CV(RMSE) | 12.18 13.68 19.11 13.10 19.94 33.17 36.7¢
3a MBE 9.90 7.09 8.94 -1.71 8.57 2.27 7.08
CV(RMSE) | 13.37 7.99 9.84 4.22 16.93 25.42 25.63
3b MBE 11.43 9.34 11.28 0.11 12.50 4.58 9.34
CV(RMSE) | 15.00 10.62 12.51 491 20.81 25.03 26.81
36 MBE 7.02 3.94 5.30 -2.52 8.40 -2.28 3.94
CV(RMSE) | 10.83 6.05 7.05 6.16 17.50 23.33 24.22
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Both monthly gas and electricity consumptions aedl vepresented by the model (Figure 41). In both
case, the calibrated model leads to a slight osgmation of the gas consumption, especially in
winter. This might be due to a bad estimation efitifiltration flow rate (not measured).

The remaining errors should be put in perspectiik the discrepancy noticed between the simplified
model and detailed simulation models during theidation of the former (see Chapter 2). As
reminder, the prediction errors on predicted hgadind cooling demands were of a few percents (2 to
8%).

The electricity consumption is also overestimatedrd) cold months (e.g. January to March) and hot
periods (July and August). These overestimatioms i@ explained by the rough estimation of the
pumping electricity consumption (more importantidgrthe months requiring intensive operation of
heating and cooling systems), by the supposed aainase of artificial lighting and by the lack of
information about actual building occupancy (n@mfation about holidays...etc).

Gas Consumption Electricity Consumption
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Figure 41: Level 3 - Consumption data comparison

Whole-building power demand profiles are satisfliyngproduced by the calibrate model. In winter
(week 3), peak electricity consumption is slighalyerestimated and the MBE is about 8%. In summer
(week 26), the agreement is better and the MBElaw 3%.
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Figure 42: Whole building power demand comparison Weeks 3 & 26
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Simulation Results and Validity of the Calibrateddél
The post-calibration checking of the results isvalmdn Figure 43 and Table 23. The electricity
disaggregation is again closer to the actual values

As mentioned above, an overestimation of the Iighglectricity consumption remains due to the use
of a constant lighting use profile, not taking irtccount of the less intensive use of artificighting
during summer. Appliances, fans and boilers auiéléa consumptions are in a fair agreement.
Humidifier and chiller electricity consumptions amew quite well estimated (errors of 10 and 13%,
respectively). As expected, the adjustment of inaging powers allowed reducing the gap between
actual and predicted consumptions. However, theatlem remains significant and can mainly be
explained by the very simple pump model used inMfatlab code (use of constant Specific Pump
Power values and no simulation of the pumping a)iv@& better adjustment would need more
detailed and specific monitoring in order to idgntactual power consumptions and operating
behavior of each pump. These results also confiahdn evaluation of the uncertainty of the model’s
outputs is absolutely necessary.

Chiller Boiler

45683kWh 392 kWh
Pumps 9.42% 0.08%  Lighting
32149kWh 130058 kWh
6.63% 6.83%

Humidification

135546 kWh
27.96%
Appliances
80060kWh
16.52%
Fans
60831kWh
12.55%

Figure 43: Level 3 - Electricity consumption disaggegation

Table 23: Level 3 - Electricity end-use

Use Synthetic data| Level 3c | Deviation
kWh kWh %
Lighting 107505 130058 20.98%
Appliances 79305 80060 0.95%
Fans 56225 60831 8.19%
Humidification 150510 135546 -9.94%
Pumps 19627 32149 63.80%
Chiller 52766 45683 -13.42%
Boiler aux. 405 392 -3.21%
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Uncertainty on simulation outputs

At this stage, it is hoped that uncertainties oedmted energy use is small enough to allow
considering the model as able to predict the eneoggumptions of the building and to allow accurate
enough evaluation of some ECQO’s. Error ranges astichby means of the LHMC method and using
uniform probably density functions and the uncetiaranges given in Table 21 are shown in Figure
44 and Figure 45. In general, computed uncertairtges are approximately two times smaller than
the ones estimated at Level 1.
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Figure 44: Level 3 - Uncertainty on predicted montly gas and electricity consumptions

When looking at Figure 45, it appears that theaghumping consumption is not within the predicted
range. This can be explained by the very simplifeggtesentation of the pumps operation integrated i
the simplified model used to perform calibratiomrfps are consolidated and supposed to operate as
soon a heating/cooling demand appears). So, itaapgbat the considered uncertainty range is too
small and that the variability of the pumping poweehigher than expected in the present case.
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Electricity End-Use
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Figure 45: Level 3 - Uncertainty on predicted elecicity consumption disaggregation

As mentioned in a previous chapter, such errorgargye quite pessimistic because of the use of
uniform probability density functions. Indeed, histstage, the best guess values (representeceby th
blue stars) might be considered as the mean ofraatdistribution. In order to set the shape of the

normal distribution, the uncertainty ranges of eaenameter could be supposed, for example, to
correspond to 99.7% confidence intervals.

5. CONCLUSION

Advantages and limits of the Virtual CalibrationsT&ed

The development of a virtual calibration test bexs been detailed in the present chapter. Such
synthetic case is dedicated to the evaluation &edirhprovement of the calibration methodology
described in Chapters 3 and 4. A detailed sub-iadyhamic building simulation model including
numerous influences (variable infiltration rateernal bridges...) is coupled to a detailed HVAC
system model controlled by realistic control loopgriable stochastic internal gains and operation
profiles have been generated and supply the sifonlatodel in order to obtained realistic energy use
profiles.

Synthetic energy use profiles have been comparddtamdard energy use profiles (generated by the
same model supplied with standard “sharp” operapiorfiles). It was interesting to note that the
detailed simulation model was able to reproductste@aenergy consumption data, whatever variable
stochastic profiles were used or n@hriable stochastic profiles appeared to be very @ful in
order to generate realistic sub-hourly energy use rpfiles but have very little influence on
globalized energy consumption data (e.g. monthly engy bills). It should be noticed that it is
believed that occupancy and operating profilesvareh more chaotic in reality.

Using such synthetic case to evaluate a calibratiethod allowed avoiding some parasitic influences
which are often encountered in practice such as:

- The uncertainty on the energy billing/recorded data
- The uncertainty on the weather data (the same weeddia file were used in both models)
- Potential (manual/stochastic) changes in the ojperat the building/HVAC system

Other issues that have to be tackled in generalarlthe control of the HVAC system that has been
modeled in an ideal way in the present virtual best (e.g. no hysteresis, etc.).
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Finally, we have to keep in mind that the resutsarated by such virtual test bed remain synthetic
and are not physical/actual data. However, whatédvemumber of influences and variations taken
into account, the data generated by means of fsthbed can be considered as representative of a
given reality that it intends to emulate, everhi generated data are exactly similar to the dmes t
could be collected in real building under operation

Quality of the calibration and data collection i€su

Errors between predicted and actual monthly eneogygumptions have been significantly reduced all
along the calibration progres$he initial as-built model (Level 1) already prodiced interesting
results but was not reliable.

The Level 2 calibration produced also an acceptablepresentation of the energy behavior of the
building but uncertainties remained too important to allow true quantitative analysis of the
building energy use. At this stage (corresponding to a typical energgit@inspection), it was
estimated that the calibrated model was not abidloéav accurate quantitative evaluation of ECOs but
was able to represent the main trends of the ermrlggvior of the building.

Additional (synthetic) measurements performed tiddbilne Level 3 model were useful and allowed
refining the values of some critical parameteks.the end of this third calibration level, the
calibrated model was able to predict the building eergy performance with a satisfying
accuracy.

It is also important to note that, in real buildnghe base load consumption is generally higheer ih
the present synthetic case, so that uncertaintiegadable loads (weather and occupancy dependent
loads) have less influence on the final energy eomion.

Even if the Level 3 model provides satisfyinglyiable results, it has to be mentioned that some
influences initially integrated in the virtual tds¢d were not detected during the calibration @mece
Thermal bridges and condensation in terminal unéd a too limited impact to be highlighted by
means of the available information and measuremiatat. However, such influences are “integrated”
within the uncertainty ranges.

It is interesting to note that even if classical eor indexes were useful to characterize the quality
of the calibrated model at the beginning of the c#diration process (steps 1 to 2c or 2d), these too
global indexes were not helpful when having to refie the adjustment of the modellndeed, as
soon as these global criteria are satisfied (aabéptvalues of the errors since step 2d), the srend
(increase or decrease of an error indexes comptoiagother) were no more significant in the last
steps of the calibration process. Indeed, evdmeifctassical/global statistical indexes were lawas
shown that the predicted energy performance (étégtconsumption disaggregation) was not in good
agreement with the (synthetic) realityhis can be explained by the definitions of the twindexes
themselves. Indeed, with a very limited amount of @ata points (12 monthly in the present case),
the information provided by the CV(RMSE) is not “rich” enough to characterize the accuracy of
the model. However, the study of these indexes stay relatiirgteresting when working with more
values (24 or 36 monthly values or 8760 hourly gaju
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Figure 46: Levels 1 to 3 - Variations of the errorgmonthly consumptions)

This confirms that, in addition to such global/staistical criteria, additional practical/direct
comparisons, verifications and critical analyses athe predicted results are needed to assist the
modeler and characterize the quality of the calibréed model.

The study of the whole-building electricity demamofile (generally provided on a quarter-hourly or
hourly basis) was of a great help to check theityual the calibrated model. Even if seasonal effec
on this demand profile are generally limited (thegkr part of the demand is generally due to lighti
appliances and base loads), the use of such pisfitery helpful to check the good adjustment of
operating schedules (steps 2b to 2c and 2d tor8h}aidentify potential discrepancies (such as in
Figure 22 at Level 1) between the model and thityea
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Figure 47: Levels 1 to 3 - Variations of the errorWBE demand profiles)

Additional/local measurements were also of a gredtelp to identify more accurate values of
some parameters of the model and to allow verificain of the simulation results produced by the
calibrated model. Local electricity demand metering at floor levedsva very valuable measurement
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since it allowed identifying more accurately buildioccupancy/use schedules and operating rates.
Local temperature measurements were also helptllexhto a better representation of the achieved
levels of temperature and humidity.

Sensitivity and uncertainty issues

In general, one can say that, in parallel with quatitative mathematical evaluations of the
calibrated model, modeler's experience remains imptant. Whatever the mathematical criteria
used to quantify the quality of the calibration, itappears as crucial to criticize the outputs of the
model in order to identify discrepancies.

However, in order to avoid exclusively relying omdeler's knowledge and experience, it was shown
that the use of a sensitivity analysis (or scregninethod such as the Morris method was of a great
help to guide the user during this complex procésshe beginning of the calibration process, the
first application of the sensitivity method wasywéelpful in order to screen the model parametads a
identify influential ones. As the calibration praseprogressed, the uncertainty ranges were narrowed
and it was possible to up-date the classificatietwben influential and less-influential (secondary)
parametersThe conclusions of these sensitivity analyzes wevery helpful to focus on critical
issues and orient the data collection workit is also interesting to note that, despitehaf harrowing

of the range as the calibration was progressihg; main conclusions of the screening method
remained valid all along the process.

Specifying uncertainty ranges for the parameters alo allowed applying the LHMC method in
order to compute the global uncertainty on the simlation results. At the end of each stage, it was
possible to run an uncertainty analysis by considea probability distribution for each parameteér.
was decided to consider the most pessimistic ssuand to use uniform distribution. Indeed, since
the final uncertainty ranges are (almost) symmetraund the identified “best guess” values, it doul
be convenient to consider that the uncertaintyoisnally distributed around this value. In this case
the boundaries of the uncertainty range could ba ss the boundaries of the 95 or 99.7% confidence
intervals. Of course, following such idea, the cated uncertainties are smaller than the ones
obtained by means of uniform distributions.

Finally, this calibration exercise allowed highlighing the complexity and the limits of calibration
as it is used today Global energy consumption data do not allow Batig adjustment of relatively
detailed dynamic building energy simulation modéifluences and interactions are aggregated in
such a way that very global data (monthly final enegy bills) cannot be used to study the energy
behavior of the installation under study. Accurateenough calibrated models can be developed
only after additional measurements and significanefforts and work.

Further work

Next improvements of the test bed would consiseplacing some of the arbitrary stochastic profiles
(e.g. random correction of indoor temperature setppmeeting room occupancy and use) used in the
present model by deterministic or probabilistic dgbral models (e.g. occupant’s comfort model).
However, only little information is available indHiterature. Other improvements could consist in
adding physical effects such as ducts and pipdmfpunore realistic and detailed dynamic boiled an
chiller models... A better representation of the flows in the building (by means of a dynamic
interzonal flow model) would also help in represemtheat and mass transfers between zones in a
more realistic manner.

A fourth calibration level might be investigateddazould consist in a continuous improvement of the
model developed at Level 3. This fourth level caoddhelpful to refine some parameters by means of
continuous monitoring of lighting, appliances andAC components consumptions. More specific
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metering should be envisaged at this stage (suetater flow measurements) in order to check the
performance of some HVAC components (chiller, bsile). This last stage is out of the scope of this
work since it has been decided to focus on th&alrdevelopment of a calibrated model.

Finally, it could be envisaged to express the cafibn criteria on shorter periods by collectingegy
consumption data at a higher frequency (weekly atyd Short-time step energy metering and
data should allow to check the validity of the cabrated model in a more accurate waybut
require long-term and more detailed monitoring tbatild be out of scope of the first steps of an
energy efficiency service process.

The definition of new calibration criteria could btudy in parallel with the possibility to implenten
an automatic adjustment process in order to refeecalibration of the model at the end of the
evidence-based process. Inde#itt application of the evidence-based process (sted to 3c)
allowed to considerably reducing the dimension ofte calibration problem so thatthe use of an
optimization-based methodto adjust the values of the influential but nonasigrable (or not “easily”
measurable) parametarsuld be envisaged
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7. APPENDIX
7.1. WALLSCOMPOSITION
Table 24: Walls layers (outside to inside)
thickness | Cond. Spec. heat  Density
wall L
a ayer m W/m-K J/kg-K kg/m3
External wall Light concrete 0.07 0.37 840 1200
Extruded polystyrene 0.02 0.034 1470 35
Reinforced concrete 0.15 2.2 840 2400
Plaster 0.01 0.42 840 1200
Heavy internal wall Plaster 0.01 0.42 840 1200
Reinforced concrete 0.15 2.2 840 2400
Plaster 0.01 0.42 840 1200
Light internal wall Plaster 0.08 0.42 840 1200

7.2. BUILDING FLOORGEOMETRY
Table 25: Building floor geometry
Ext. Wall area Window area
Floor area| Volume ) )

# Type m2 m3 m m

N E S W N E S W
1 Office 54 167.4 18 - - - 19.p - - -
2 Office 54 167.4 18 - - - 19.p - - -
3 Office 54 167.4 18 - - - 19.p - - -
4 Office 315 9765 6.7 121 - - 72 9/6
5 Office 13.5 41.85 - 4.5 - - - 4.8 - -
6 meeting 45 139.5 - 166 6.75 144 7.2 -
7 Office 54 167.4 - - 18 - - - 19.p -
8 Office 54 167.4 - - 18 - - - 19.p -
9 Office 54 167.4 - - 18 - - - 19.p -
10 Office 31.5 97.65 - - 6.7 12]1 - - 712 9.6
11 Office 135 41.85 - - - 4.5 - - - 4.8
12| meeting 45 139.5| 6.7 - - 166 7|2 - - 14.4
13 stairs 21 65.1 - - - - - - - -
14 kitchen 17.5 54.25 - - - - - - - -
15 copy 21 65.1 - - - - - - - -
16 | sanitaries 28 86.8 - - - - - - - -
17 storage 49 151.9 - - - - - - - -
18 kitchen 175 54.25 - - - - - - - -
19 stairs 21 65.1 - - - - - - - -
20 | circulation 221 685.1 - - - - - - - -

7.3. FANCOIL UNIT SMULATION MODEL

The FCU model relies on the coupling of the Trnisydding model (Type56) and its built-in indoor
temperature controller and some Type581 (Multi-aisienal interpolation) components. This
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solution has been preferred to a detailed phy$§i€4) model coupled to external controllers in order
to ensure robustness and reasonable computatien Aindetailed heating coil model (Lemort et al.,
2008) and a detailed cooling coil model (Morisoakt 2002) implemented in EES (Klein, 2011) have
been calibrated by means of manufacturer dataderdo simulate the full load performance (maximal
air and water flows) of the two coils. Figure 4&wai3 some example results of the calibrated water
cooling coil model. Then, a realistic FCU contriaithm (with simultaneous fan speed and water
valve control) has been implemented in order tcegate performance tables covering large range of
part load operation. The inputs of this sub-modelthe heating and cooling loads and the supply air
and water conditions. The main outputs of the madel(1) the latent heat transfer rate due to plassi
condensation in cooling mode, (2) the requireddnathilled water flow (opening of the valve), (Bet
return hot or chilled water temperature and thefgd)consumption (Figure 49). Due to the relatively
high temperature of the supply chilled water (10%G¥ impact of condensation remains limited and
represents about 5 to 10% of the integrated toialirg load of the FCU'’s.
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Figure 48: FCU Cooling Coil Detailed Model Calibraion
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7.4. AIRHANDLING UNIT SMULATION MODEL

Realistic controllers are used to control the congmds of the Air Handling Unit (AHU). lterative
feedback controllers (Type22) have been used ttralotme supply water flow of the water cooling
coil (Type697) and the water heating coil in orderrespect the supply air temperature setpoint
(18°C). A PI controller (Type23) has been usedawtio| the steam flow injected in the ventilatian a

to reach a 50% relative humidity on the return s@iece again, additional random variations (normal
distributions with standard deviations of 0.25°C2d5%) have been used to emulate the sensitivity of
the sensors connected to these controllers. Temperaensors are supposed to be installed at the
outlet of the coils but the humidifier is contrallén order to maintain a constant relative humidity

the main return duct (collecting the return flowsming from the non-polluted zones). The nominal
characteristics of the main AHU components arerginel able 26.

Table 26: AHU nominal characteristics

Building Supply Air Flow m3/h | 15000
Building Return Air Flow ms/h | 10940
Building Extraction Air Flow m3/h | 2610
Building Exfiltration Air Flow m3/h | 1450
Supply Fan Actual Power Demand wW 6200
Return Fan Actual Power Demand W 340(
Extraction Fan Actual Power Demand w 830
Supply Fan Motor (nameplate) Electrical Power w @00
Return Fan Motor (nameplate) Electrical Power W 100
Extraction Fan Motor (nameplate) Electrical Powgr ~ W| 1000
Heating Coil Water Flow m3h| 7.5
Cooling Coil Water Flow m?/h| 17.4
Steam Humidifier Flow kg/h| 150
Steam Humidifier Efficiency % 96

The performance maps used to simulate the behakiibe water coils have been generated by means
of similar models as the one used for the FCU modigrated using real manufacturer data.

7.5. CHILLED ANDHOT WATERPUMPS
Table 27: Chilled and Hot Water Pumps

Pump Nominal Power Demand| Nominal Flow rate | Nameplate Power
w m3/h w
Chilled Water — AHU 990 17.4 1100
Chilled Water — FCU (North) 1860 30.32 2000
Chilled Water — FCU (South 2130 34.66 2400
Chilled Water — Chiller 3920 93 4200
Hot Water — AHU 315 7.5 400
Hot Water — FCU (North) 315 51 400
Hot Water — FCU (South) 360 5.81 450
Hot Water — Boiler (2x) 445 10.55 500

7.6. LEVEL3A—IDENTIFIED INTERNALLOADSOPERATINGPROFILES
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Table 28: Internal loads operating rates - night-time period

Zone Floor Installed power Operation
area Lighting Appliances Lighting power | Appliances Power
m2 W/mz w W/mz W w w
1 207 12 2484 9.8 2029 0 0.1€x2029 = 325
2 45 14 630 10 450 0 0.1€#450 =72
3 207 12 2484 9.8 2029 0 0.1€2029 = 325
4 45 14 630 10 450 0 0.1€450 =72
5 49 9 441 0 0 0 0
6 347 6.15 | 2134 2.6 902 | 0.3€*2134 =768| 0.1€*902 = 144
Total power demand 1706 W
Table 29: Internal loads operating rates - pre/posbccupancy period
Zone | Floor area Installed power Operation
Lighting Appliances Lighting power | Appliances Power
m2 W/mz W W/mz W W w
1 207 12 2484 9.8 2029 0 0.1€2029 = 325
2 45 14 630 10 450 0 0.16#450 =72
3 207 12 2484 9.8 2029 0 0.1€2029 = 325
4 45 14 630 10 450 0 0.16#450 =72
5 49 9 441 0 0 1*441 = 441 0
6 347 6.15 | 2134 2.6 902 1*2134 = 2134 0.1€*902 = 144
Total power demand 3513 W
Table 30: Internal loads operating rates - occupancperiod
Zone | Floor area Installed power Operation
Lighting Appliances Lighting power | Appliances Power
m2 W/m?2 W W/m?2 \W W \W
1 207 12 2484 9.8 2029 | 0.67%2484 = 1664| 0.67*2029 = 1359
2 45 14 630 10 450 0.67630 = 422 0.67450 = 302
3 207 12 2484 9.8 2029 | 0.67%2484 = 1664| 0.67*2029 = 1359
4 45 14 630 10 450 0.67*630 = 422 0.67*450 = 302
5 49 9 441 0 0 1*441 = 441 0
6 347 6.15 | 2134 2.6 902 1¥2134 = 2134 0.67902 = 604
Total power demand 10674 W
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CHAPTER 6: APPLICATION TO A BUILDING CASE
STUDY

1. INTRODUCTION

The whole calibration methodology presented eadi@pplied to a real office building located irth
city center of Bruxelles, Belgium. The building wlagilt in the 70’s and was largely refurbished in
1998. The refurbishment includes a complete maatificn of the HVAC system and a renovation of
the facade and of the indoor space. The building reaently awarded with an energy performance
certificate (see Appendix) with a mark of D+ (ijast above the average for similar buildings in
Brussels area), corresponding to an annual priagygy consumption of about 316 kWh/m?2/yr.

Figure 1: Case study building (South-West facade)

In 2008, the as-built data and some energy perfocmdata for the last few years have been collected
and analyzed as a pre-requisite of an energy addite building and its installation. During the
inspection, detailed information on building usel aperation (control laws, installed internal loads
densities and schedules...) were collected. Thidyshas been carried out in cooperation with an
engineering company based in Bruxelles. In Decer2@9, a detailed monitoring campaign was
started in order to extend the analysis initiatedytear before.

Main results and conclusions of Chapter 4 and % Ivél used to make the calibration process as
efficient as possible.

2. BUILDING DESCRIPTION

2.1. GEOMETRY ANDORIENTATION

The net floor area of the building is about 10109 distributed over 9 floors and includes mainly
office cells and meeting rooms. The building hageatterior) foot print of about 54.8m * 22.9m and a
ground-to-roof height of 30.9m. The fully enclosa@a (including the three levels of basement and
parking of about 2534 m2 each, the 9 levels deélit&d occupancy and the technical rooms of about
750 m? located at the roof level) is about 18700rh® main orientation of the building is near SW-
NE.



Figure 2: Building external dimensions and orientaion

The effect of the shading from the urban surrougdire relatively limited. The SW and SE facades
are poorly influenced by the surrounding buildirsgsce they are quite small (1 or 2 storeys houses)
and distant. A similar building surrounds the NWedde and a small hill surrounds the NE fagade.

2.2. BUILDING FACADES

Building facades are composed of 6 types of prefegstde modules. Figure 3 and Figure 4 show
schematic representations of the front facade drgpel facade module. As described in Table 1,
opaque parts of the fagades vary in both concretersulation thicknesses.

0.396 m?

15 cm corcrete
4cm rockwool

<
[INIENINN N nnnn e e
[Ny nnnnnnn poble glazing
IR nnannnannnnnnannunin d
0,496 m2
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[ININNINNnnnnnnnnnnnnnnnnannnnnnnnnnnnnnnnn 4
IR R n N nnnnnnnnnnnnnnnnnnnin .
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Dpague double glazing
Figure 3: Case study building front facade (SW) \ 0280 m?

15 cm concrete
4cm rockwool

Figure 4: Type 1 facade (window) module



Figure 5: Glazed module with external shading (lejtand glazed opaque panel (right)

Glazed modules are composed of a clear surfaceaandpaque surface. Manual external textile
screens can be operated by the occupants (FiguTd&)bottom of the window sill is partly insulated
on the indoor side to reduce thermal bridges (Eid)r

Figure 6: Window sill (indoor)

The composition of the four fagades of the buildamgl the characteristics of the different types of
facades modules are given in Table 1 and Table 2.

Table 1: Case study buildings facades modules chantgristics

Facade . Surface area
Composition
module m2
Double glazing 1.37
Opaque double glazing 0.27
Type 1 Frame . PVC 0.52
Heavy opaque (side) 0.4 m concrete + 0.02 m rockwoo 0.99
Heavy opaque (top — bottom)  0.15 m concrete + th@dckwool 0.69
Total 3.84




Glazed 12.40
Type 2 Frame PVC 1.02
Heavy opaque 0.5 m concrete + 0.05 m rockwpol 8.56
Total 21.97
Glazed 12.10
Frame PVC 1.47
Type 3
Heavy opaque 0.5 m concrete + 0.05 m rockwpol 8.33
Total 21.90
Glazed 3.82
Frame PVC 0.47
Type 4 Heavy opaque (center) 0.15 m concrete + 0.02 maock 10.24
Heavy opaque (side) 0.5 m concrete + 0.04 m rockwoo 7.38
Total 21.90
Type 5 Heavy opaque 0.4 m concrete + 0.03 m rockwpol 5.36
Total 5.36
Type 6 Heavy opaque 0.4 m concrete + 0.03 m rockwpol 6.11
Total 6.11
Table 2: Case study building facades composition
Floor X
Facade level Type 1| Type 2| Type 3| Typed Type3 Typeb
0 0 8 1 0 0 0
SWifron) 8 | 45 0 0 0 0 0
0 15 0 0 0 0 2
SE (lateral) 3775 15 0 0 0 2 0
0 0 0 0 9 0 0
NE (back) 7708 45 0 0 0 0 0
NW 0 15 0 0 0 0 2
(lateral) 1to 8 15 0 0 0 2 0

Manufacturer data of the glazing have been obtailbdse glazing are composed of 2 glazing layers
and include Argon. Since the exact thickness ofAhgon layer is not known, a small uncertainty
remains about the actual performance of the gladihg considered glazing should correspond to type
1 or type 2 glazing given in Table 3.

Table 3: Glazing characteristics

Type Composition U-W/m2K | SHGC - %
1 4 — 15 (Ar 90%) — 4 1.3 67
2 4 — 12 (Ar 90%) — 4 15 67

The roof slab is composed of approximately 0.5roavicrete and 0.04m of rockwool.

2.3. INTERNALLAYOUT

Basement levels mainly include parking areas. Tioeirgd floor mainly includes the entrance hall, a
library, some meeting rooms and offices. Levelsta-#8 mainly include office cells. At each level,



the core zonés split in two parts ar has a similar composition and includes some utdigas (stair¢
elevators, sanitary, storage, kitchen, copy room Peripheral zones arseparated by light wal
(plaster boards) while core zones walls are maielvy concrete wal

The gross internal surface area of each leveldsital121 mz2,

The entrance hall of the ground floor is ab142 m? of floor area. At this level, the remaini
circulation area(corridors and elevators areirepresents about 13#2. The peripheral zon
(including meeting rooms, offices and libre of the ground floor represent a floor area of al683
mz2 (Figure 7).The two core zones including utility rooms (sandsy kitchen, technical rooms.
represent about 162 nkhe total indoor height is 3. m. Lighting fixtures and technical compone
(pipes and ducts) are hidden behind ceiling panstalled at 2. m from the floor

Slorage OMmce | Office ArcFeves Cifice | Office Wetrsy Lieetng Heetrg

Figure 7: Ground floor layout (Level 0)

Levels +1 to +8 include about z m? of circulations (corridorsra elevators are and 159.8 m? of
utility areas located in the two core za (Table 4). Two additional storage/archives rooms25.2 m2
each aralso attached to the core zoi

Archives Stairs Sanitaries Copy Sanitaries | Stairs Archives

Elevators
Elevators

Figure 8: Typical intermediate floor layout (Level 5)

The remaining floor area is dedicated to officdscef various sizes (depending of the number
status of employees ocatipg the considered office) and is abou3 m2 igure8). A typical office
cell encloses two window modules and is therefod m wide and 5.95n deep. The total indoor

height is 3.2n while the ceiling height is 2. m.



Table 4: Core zone composition

Core zone Unitary area — m? Number | Total — m?
Archives 25.2 2 50.4
Sanitaries + kitchen 26.8 2 53.6
Stairwells 134 2 26.8
Copy 8.8 1 8.8
Elevators 11.1 2 22.1
Technical 1 3.1 2 6.2
Technical 2 4.9 2 9.9
Technical 3 10.8 1 10.8
Technical 4 1.8 1 1.8
Total area 1904

3. HVAC&R SYSTEMDESCRIPTION

HVAC components equipping the buildings have bewstalled in 1998. A classical BEMS system is
used to manage the whole technical installatiothefbuilding (from lighting to heating, cooling and
ventilation).

3.1. VENTILATIONSYSTEM

Five main Air Handling Units (AHUSs) serve the thmeain conditioned zones of the building (Figure
9):

- The Entrance hall

- The ground floor peripheral zones (meeting zon#iges and library)
- The offices located at Levels +1 to +8

Office cells located at levels +1 to +8 are serligdAHUs #1 and #2. Both units are Constant Air
Volume (CAV) units and include an adiabatic humddifion system, a cooling coil, a postheating
coil, a supply fan and a return fan. A fractiorttoé air extracted by these two units is sent badke
parking levels -1 and -3. The AHUs #3 and #4 areidlde Air Volume (VAV) units and serve the
peripheral zones located at the ground floor. Tiie AHU (#5), serving the entrance hall, consists

a small ventilation unit supplied with vitiated &ixtracted from the zone and a small fraction eslfr
air coming from the AHU3.

AHU # Scheme

Return Fan
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Preheating Adiabatic Cooling Postheating Main
Cail Humidifier Coil Coil Fan
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3and 4
------------ §----_-!--_------------_%--_----@----------b
Economizer Preheating Adiabatic Cooling Postheating Main
Coil Humidifier Coil Coil Fan
e
i
i

Preheating Cooling Main
Coil Coll Fan

Figure 9: Composition of the main AHUs

Nominal supply and exhaust air flow rates of theerwentilation units are summarized in Table 5. In
addition to the five main AHUs shown in Figure 8uf ventilation units work in extraction mode
only. About 8200 m3/h are extracted from sanitaokkevels 0 to +8 by means of AHU #6. The AHU
#7 extracts a mix of vitiated and fresh (infiltrdteair from the three parking levels in order to
maintain them at an acceptable temperature argliality level. The intermediate parking level (i)
also equipped with two large hot water fan coiltsifr0.5 kW each) in order to avoid freezing rigk o
the fire safety piping system (Figure 10).

Figure 10: Parking fire savety piping network



Figure 11: AHU #1

The small AHU #8 is used only to ventilate the highsion transformer with fresh outdoor air and is
directly controlled by a thermostat. The AHU #%asally dedicated to the printshop located at the
ground floor.

Table 5: AHUs setpoints

Min
AHU Zone Type SuFlow | ExFlow Fresh Tsu -10 Tsu +10 RH
m3/h m3/h % °C °C %

1 Offices CAV | 12660 9000 100 25 20 50
2 Offices CAV | 12480 8960 100 25 20 50
3 Ground floor | VAV | 12565 8430 30 25 19 50
4 Ground floor | VAV | 11890 10250 30 25 19 50
5 Hall CAV 3500 3500 6 (AHU3) Thermostat (min. 16°C) -
6 Sanitaries CAV 0 8200 0 - -
7 Parking CAV 0 37600 0 - - -
8 Elec. Box CAV - - 100 - - -
9 Printshop (0)| CAV 0 2700 0 - - -




The main characteristics of the AHUs componentdahle in the as-built documents are summarized
in Table 6.

Table 6: Air handling unit components and sizes

AHU ExFan Econo PreH Humid. Cool PostH SuFan
kw - kwW - kw kw kwW

1 2.2 No 182.5 85% eff. 98.5 23 5.5
2 2.2 No 180 85% eff. 97 23 5.5
3 2.2 Yes 25.5 85% eff. 64 20 5.5
4 3 Yes 23 85% eff. 60 20 5.5
5 No No No No 14 17.5 1.1
6 2.2 No No No No No No
7 11 No No No No No No
8 0.5 No No No No No No
9 0.75 No No No No No No

Total 24.05 - 411 - 333.5 86 23.1

3.2. LOCALHEATING ANDCOOLING

The peripheral zones located at the ground floereguipped with VAV boxes controlling the supply
air flow rate. Hot water convectors are installécbpng the external walls (one per 2.4m of fagade
provide local heating to the peripheral zones. {Dgobf the zones is ensured by increasing the suppl
air flow. In a few zones, some electrical reheatdsohave been added to ensure backup heating if the
capacity of the hot water convectors is insuffitiéhhas to be noticed that these additional el=ait

coils operate a very limited number of hours perye

Table 7: Ground floor VAV boxes

VAV Boxes Supply Exhaust Electrical coll
Ground floor AHU Min Max Nbr Min Max Nbr Pwr Nbr
m3/h m3/h - m3/h m3/h - W -
Office 1 3 28 280 1 23.2 232 1 - -
Office 2 3 139 1390 2 1155 1155 2 - -
Meeting 30 3 202 2020 2 167.5 1675 2 4000 2
Office 3 3 26.5 265 1 22 220 1 - -
Printshop 3 120 1200 2 - - - - -
Storage 1 3 222 2220 1 195 195D ] - .
Storage 2 3 60 600 1 50 500 1 - -
Office 4 3 67.5 675 1 56 560 1 - -
Total 1326 — 13260 m3/h 912.2 - 9122 m3h 4000 2
. 121 1210 1 106 1060 1 2500 1
Meeting 40 4| 182 | 1820 | 2 160 | 1600 | 2 | 4000 | 2
Meeting 20 4 222 2220 1 195 1950 1 4500 1
Meeting 4 165 1650 1 145 1450 1 - -
Meeting 4 67.5 675 1 59 590 1 1500 1
Meeting 4 67.5 675 1 59 590 1 1500 1
Meeting 4 162 1620 1 142 142( 1 - -
Total 1169 - 11690 m3/h 1026 - 10260 m3/h 18000 6

Peripheral zones at levels +1 to +8 are equippéid vartical concealed 4-pipes heating/cooling fan
coil units (one per facade module of 1.2m width).
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Figure 12: Concealed vertical fan coil unit

3.3. HEATPRODUCTION

Hot water production is ensured by three naturallyalers (Table 8) of 465 kW each. Two classical
boilers (#1 and #2) provide hot water to the AHWating coils and to the two air heaters located in
the parking space. The third boiler is a condensioder and provides hot water to all the FCUs
installed in the office zones (levels +1 to +8).normal operation, the two hot water networks are
decoupled (Figure 14) and the isolating valvesdweed. Boilers nominal efficiencies are given in
Table 8. Since the manufacturer provides only rantiee average value will be used as a best-guess
value but the ranges will be used for sensitivitg ancertainty analyses.

Table 8: Hot water boilers

LHV
Effic.
Boiler 1 | Natural gas| Ygnig Optimagaz E465 - Classic 465 kW 92 — 95%
Boiler 2 | Natural gas| Ygnig Optimagaz E465 - Clagsic 465 kW 92 — 95%
Boiler 3 | Natural gas| Ygnis TBT E465 - Condensing 5 &gV 96 — 104%

Name Fuel Brand Type Nominal Pwr

The characteristics of all the hot water pumps sumenmarized in Table 9. Once again, the

manufacturer provides different values of the absdmpower depending on the operation of the pump
(speed level 1, 2 or 3). At the beginning, thedeesawill be used to define the probability rande o

the installed pumping power. Later (i.e. during tmenitoring campaign), these values will be

measured.

g S —,._.
Figure 13: Hot water production plant
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Figure 14: Hot water production plant components
Table 9: Heating plant water pumps
Name Type Flowrate (m3/h) Power (W) Description
PC1 WILO TOP-S 50/7 22.2 375-470-610 Boiler 1
PC2 WILO TOP-S 50/7 22.2 390-500-650 Boiler 2
PC3 WILO TOP-S 50/10 22.2 495-660-850 Boiler 3
PC4 WILO TOP ED 40/1-10 10.2 30-570 FCUs
PC5 WILO TOP ED 40/1-10 10 100-600 FCUs
PC6 WILO TOP-S 65/13 32 1450 AHUs & others
PC7 WILO TOP-S 30/10 9.67 205-290-395 AHUL PreH ¢oi
PC8 WILO TOP-S 30/10 9.46 205-290-395 AHU2 PreH coi
PC10 WILO RS25/50 r 1.12 38-48-60-74  AHU3 PreH doil
PC11 | WILO TOP SD 32/7 2.05 90-130-20p  Convectoys (D
PC12 WILO RS25/50 r 1.03 18-31-48 AHU4 PreH coll
PC13 WILO TOP SD 32/7 1.6 90-130-185  Convectors (0)

12



3.4. CoLD PRODUCTION

Chilled water production is ensured by two watesled chillers of 512.4 kW of cooling capacity each
(Figure 15). The nominal EER of these componentsbisut 4.27 (Table 10). Two indirect contact
cooling towers equipped with two speeds fans engweooling on the condenser side (Figure 16).
The main characteristics of all the pumps and tatous ensuring chilled water circulation are given

in Table 11.
Table 10: Cooling plant components
Name Brand Type Compressor / Fan Temperatures Nominal | Absorbed
Power Power Power
Chiller 1| Trane RWTA 215 2 x Screw 7112°C 5124 120.1
29/34°C ' '
. 7/12°C
Chiller 2| Trane RWTA 215 2 x Screw 29/34°C 512.4 120.1
Tower 1| BAC | Balticare VFL 963-C Two speeds 34/29°C| 665 kW 7/30 KW
Tower 2| BAC | Balticare VFL 963-C Two speeds 34/29°C| 665 kW 7/30 KW
Figure 15: Water-cooled chilling package
Table 11: Cooling plant water pumps
Name Type Flowrate (m3/h) Power (W) Description
PF1 WILO IPn 100/200-3/4 87.5 3100 Chiller 1 — Ewagpor
PF2 WILO IPn 100/200-3/4 87.5 3100 Chiller 2 — Ewagpor
PF3 WILO IPn 100/160-7.5/2 123.8 7500 Chiller lon@enser
PF4 WILO IPn 100/160-7.5/2 123.8 7500 Chiller 2en@enser
PF5 WILO IPE 65/4-20 55.4 3900 FCUs
PF6 WILO IPE 65/4-20 49.9 3800 FCUs
PF7 WILO IPE 80/125-3/2 49.7 3800 AHUs
PTR1 Balticare 87.12 2200 CT1 — spray pump
PTR2 Balticare 87.12 2200 CT2 — spray pump

13




Tower 2
650 kW

Chiller 2
512 kKW

Chiller 1
512 kW

\4

A

Figure 16: Chilled water production plant componens

4. BUILDING USEAND OCCUPANCY

During the inspection of the building, the diffetditoors of the building were scouted around to
visually find and note down electrical appliances #ighting fixtures. This building contains seVera
hundred office cells, and therefore, to make thierkw faster and more effective, the
observations/inspection were/was limited to thetfftoor, the ground floor and the parking levels.
Because occupants are not always available, mafige®fwere not scouted. Assumptions had
therefore to be made. A relation between visitdites and number of occupants, computers and
lighting fixtures seemed to emerge (Figure 17):

» For each window module on the facade, there aighfirig fixtures;
* There is one occupant per 1.5-2 window modules;
* Thereis (at least) one computer with a flat scigEmoccupant.

Figure 17: Typical office cell (1sth floor)

4.1. OCCUPANCY

The total number of occupants of the building ipragimately 350. Numerous office cells are shared
by two, three or four employees. No official infation is available on the occupancy rate of the

14



building and indirect estimation methods (lightiagd appliances consumption measurement) will
have to be used to tackle this issue.

4.2. LIGHTING

Lighting fixtures installed at the first floor atested in Table 12. The computed average lighting
power densities are typical for this kind of buildi In the offices, lighting fixtures are manually
controlled by the occupants by means of two sepawaitches: one for the lighting fixtures on the
window side and one for the lighting fixtures oe ttorridor side.

Lights in the elevators area and circulations allg flutomated and controlled by the BEMS and lead
to a global lighting power density of about 9.98nW&//

At the ground floor, the lighting power densityantrance hall is similar to the one in the cirdolat
area (8.7 W/m2). These lighting fixtures are algntmlled by the BEMS.

Table 12: List of lighting fixtures in use at the frst floor

Area Average
Zone ) Type # Density Operation
m
W/mz

Offices (peripheral zones 712 Fluorescent tube FB38W | 192 10.25 Occupant

[°2)

Fluorescent tube TL5 — 38W P Occupants
95.2 | Fluorescent tube TL5 — 36W 7.82 Occupants
Economic lamp — 36W BEMS

Archives/Storage and
utility rooms (core)

Fluorescent tube TL5 — 38W P Occupants

Archives/Storage and

1
2
6
1
2
Economic lamp — 36W 6 BEMS
36
15
6

utility rooms (core) 95.2 [ Fluorescent tube TL5 — 38W 7.82 Occuparts
. : Economic lamp — 36W BEMS
Circulation 200 —— 7.83
reuiat Emergency lighting — 18W ON
Fluorescent tube TL5 — 38W BEMS
Elevators area 18.5 Economic lamp — 36W 8 33.13 BEMS

Spotlight — 7W 14 BEMS

Each of the three parking levels is lighted by d@lB&ilighting fixtures of 39W each (i.e. 10296W in
total). These lights are controlled by the BEMS apdrate between 06:00 and 22:00, from Monday to
Friday.
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Figure 18: Lighting fixtures in elevators area (lef) and circulations (right)

4.3. APPLIANCES

Electrical appliances are present in offices (caiews,) screens and printers), in the copy room
(copiers, printers...) and in the kitchen. All thaugunents are listed in Table 13. All these applenc
are controlled manually. Average power demandsngineTable 13 (and the corresponding power
densities) have been estimated based on availsdtlire and/or manufacturer data. Such hypotheses
can be cross checked by means of local monitoring.

Table 13: List of electrical appliances in use orhe first floor

Nameplate | Average Power
Area . Total .
Zone m2 Appliance Power Power # Power Density
w w W/m2
Fax Lanier 4560 = 80 1 80
HP laser 8150DN 685 110 1 110
Copy 88 Xerox 8560 230 80 1 80 89 10
room ' Nashuatec MP750( 1850 305 1 305 '
Nashuatec MP250( 1450 135 1 135
Lexmark 7654DN 740 74 1 74
Microwave 1150 11 2 22
. Coffee machine 1450 15 2 30
Kitchen, 26.8 Water boiler 2400 24 1 24 3.58
Fridge - 20° 1 20
Computer - 60° 57 3420
. Computer screen - 65 66 4290
Offices | 712 Fax machine - 80 1 80 1115
Laser printer 520 50 3 150

! http://h10010.www1.hp.com
2 http://www.office.xerox.com
3 http://www.copiersuk.com

“ http://gg.nashuatec.com

® http://www1.lexmark.com

® http://www.samsung.com

7 http://iwww.senseo.be

8 Http://shop.philips.be

® http://www.beko.co.uk

19 Hosni et al. (1999)
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The building also includes four IT rooms whose thil installed electrical power is about 30kW.
These rooms are cooled by means of fan coil unpglgéed by chilled water produced in the neighbor
building.

4.4. BUILDING SYSTEMSOPERATION

Most of the technical equipments (lighting fixturasd HVAC&R components) of the building are
controlled by a central BEMS system.

The lighting fixtures installed in the occupancynee (offices and meeting rooms) can be switched
ON and OFF by the occupants during the followingitsh-on allowance period™:

- Between 06:00 and 22:00, from Monday to Friday,
- Between 10:00 and 19:00, during weekends and halida

Out of these periods, the BEMS does not allowitited of the offices to be switched ON. During the
“switch-on allowance period” defined for the offigethe lights that are not controlled by the
occupants (i.e. installed in circulations and comraceas) are switched ON. Lighting fixtures near th
elevators area are supposed to be switched ONeallime (24h/day and 7days/week) while only a
fraction (about 16 fixtures on 36) of the lightifigtures located in the circulation stay on durimgn-
occupancy periods. This information should be cbhdakuring the monitoring campaign.

In the entrance hall, the lights are totally auttedaand are switched ON:

- Between 06:00 and 22:00, from Monday to Friday,
- Between 10:00 and 19:00, during weekends and halida

All the AHUSs are controlled by the BEMS system. AHB (entrance hall) operates between 6:00 and
22:45 from Monday to Friday and from 10:00 to 19dd0Saturday, Sunday and holidays. The AHU
#8 (electrical box) is directly controlled by a tim®stat located in the high tension transformere Th
other AHUs (#1 to 4, 6, 7 and 9 supplying office®eting rooms, sanitaries, parking lots and that pri
shop) operate between 08:00 and 20:00 five daysek and are switched off the rest of the time (i.e.
during weekends and holidays).

The adiabatic humidifiers equipping AHUs #1, 2n@l@d and serving the offices (levels +1 to +8) and
the occupancy zones of the ground floor are cdettdb maintain a relative humidity of 50% on the

return side. Supply temperature setpoints vary fametion of the outdoor temperature (temperature
reset between -10°C and +10°C outdoor temperafimagrding to the values given in Table 5.

The two large air heaters (70.5 kW each) instailhethe partially opened parking area operate once
the outside temperature goes below 2°C in ordendammtain a temperature of 12°C within the area.
Due to the location of the temperature sensorsétpoint temperature cannot be reached and the two
air heaters operate at full load as soon as thdooutemperature is below 2°C.

The operation of the fan coil units (FCUs) instali the levels +1 to +8 is controlled by the BEMS
following the setpoints given Table 14 but allowoaal adjustment of the temperature of +/-1.5°C
around the setpoint. In each zone, the temperaansor is located on the bottom of each unit.

Table 14: Indoor local heating/cooling setpoints

Zone Heating setpoint (°C) Cooling setpoint (°C)
Occupancy hours Night-setback Occupancy hours Nighdetback
Offices (+1 to +8) 21.4 15 23 -
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Ground floor 21.4 15 23 -
Entrance hall 17 15 26 -

The “occupancy” indoor setpoints given in Table aé maintained between 08:00 and 20:00, five
days a week except in the entrance hall whereghértg/cooling is ensured by the AHU #5 operating
following an extended schedule (06:00 to 22:45 fidwnday to Friday and 10:00 to 19:00 during
weekend and holidays). These values were obtainedvieraging the values implemented and
measured by the BEMS (Figure 19).

6 8 10

Gl 154
=] [=1 {3

22.5

N
o

Figure 19: Print screen of the BEMS software for tle left side of the first floor (temperature
measurements)

The supply hot water temperature is controlled oth lzircuits as function of the outdoor temperature
(Figure 20). The heating plant is stopped when @atdemperature goes over 16°C (summer limit
temperature). The three boilers and all the citoutaand pumps are started (24/7) when outdoor
temperature goes below 3°C to avoid freezing.
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Figure 20: Hot water temperature setpoints

The cooling plant is automatically switched offsa®n as the outdoor temperature is below 14°C. The
chilled water network is constant and set to 9°Glevthe temperature setpoint at the exhaust of the

cooling towers is set to 29°C. The two water ahjlipackages operate in cascade, as well as the two
cooling towers.

An “optimizer” algorithm is implemented in the BEM®B order to control the re-start of the
installation during very cold and very hot perions order to ensure proper indoor conditions
achievements in the morning. Re-starts of the liasian may occur during weekend or during night.
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Except the main control laws, it was not possiblal¢termine the exact operation and identify the
algorithms composing this so-called “optimizer”.

5. ENERGYBILLING DATA

Monthly natural gas and electricity bills are ashle from January 2008 to, respectively, November
and September 2011. The electricity bills provits® alistinct values for peak and off-peak periods.
The original energy bills were used to check thilingi periods. Billing periods for electricity
consumption correspond to the calendar months \billleg periods for gas consumption vary.

Normalizing the annual consumptions by means ofréeindoor area (about 10100 m?) give the
values provided in Table 15. The natural gas copsiom varies between 74.7 and 90.8 kWh/mz2/yr
while the total electricity consumption is includeetween 103.9 and 107.5 kWh/m?/yr. These values
are very near the average values provided at thierral and national levels for the tertiary sector
(Gas: 40 to 150 kWh/m?/yr and Electricity: 100 &0XkWh/m?/yr; BBRI, 2001).

Table 15: Monthly electricity billing data

2008 2009 2010 2011
PK! | opP* PK OoP PK OoP PK OoP
Mwh | MWh [Mwh [Mwh [Mwh [Mwh Mwh  [Mwnh
Jan 64288 20440 60687 31145 603p8 32172 60p45 4127
Feb 60864 | 26580 57642 25747 584p8 24993 56898 4523
Mar 529053 28670 62114 28042 66266 257147 67P97 1385
Apr 61490 24899 60021 24435 623p4 24437 57053 2824
May | 61446| 27874 55685 26340 57654 27951 63773 7184
June | 68992| 26161 71042 27290 78063 232398 60[731 8123
July 71988 258694 75909 2714 784p1 26358 57[193 4385
Aug 60326 27879 71261 321948 63068 24429 60472 7883
Sep | 70269| 24507 71135 238746 65711 25(¢32 67658 3023
Oct 67329 25831 6458) 248J9 595B1 26485
Nov |55741| 317600 56101 26636 548p6 27§37
Dec | 55857| 27913 61249 31745 609p3 28 (22
TOT | 751.54| 32737 767.44 32945 76565 31736
kwh/m2 | 72.40 | 31.54| 7393 3174 7376 3047

Table 16: Natural gas billing data and correspondig mean outdoor temperature

Mean Outdoor

Billing period Consumption®® Temperature™®
Start End kWh °C
4/01/2008 | 23/01/2004 88544 7.70
24/01/2008| 20/02/2008 142340 5.10
21/02/2008| 19/03/2008 118125 7.63
20/03/2008| 24/04/2008 143141 7.32
25/04/2008| 21/05/2008 21149 1541
22/05/2008| 19/06/2008 11514 15.88
20/06/2008| 23/07/2008 10978 16.88
24/07/2008| 26/08/2008 5412 18.52
27/08/2008| 24/09/2008 17860 15.16

M peak-hours electricity consumption

12 Offpeak-hours electricity consumption

B HHV kWh

4 Mean outdoor temperature in Uccle (Belgium) fa torresponding billing period
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25/09/2008| 24/10/2008 34678 11.63
25/10/2008| 20/11/2008 90954 8.45
21/11/2008| 18/12/2008 174073 2.61
19/12/2008| 22/01/2009 249767 1.35
23/01/2009| 19/02/2009 195818 2.19
20/02/2009| 25/03/2009 142618 6.53
26/03/2009| 23/04/2009 56054 11.48
24/04/2009| 22/05/2009 26635 13.04
23/05/2009| 29/06/2009 14799 16.43
30/06/2009| 29/07/2009 5001 18.97
30/07/2009| 20/08/2009 1255 19.60
21/08/2009| 22/09/2009 9215 16.87
23/09/2009| 30/10/2009 48621 12.05
31/10/2009| 20/11/2009 65183 9.80
21/11/2009| 4/01/2010 259940 4.21
5/01/2010 | 26/01/201( 177551 0.50
27/01/2010{ 19/02/2010 179061 0.72
20/02/2010| 24/03/2010 145317 5.83
25/03/2010| 27/04/2010 75012 9.69
28/04/2010| 25/05/2010 44869 1151
26/05/2010| 23/06/2010 12942 15.39
24/06/2010| 3/08/2010 1246 20.45
4/08/2010 | 23/08/201( 3524 17.60
24/08/2010| 30/09/2010 19608 14.47
1/10/2010 | 22/10/201( 36866 11.44
23/10/2010| 26/11/2010 116708 7.63
27/11/2010| 27/12/2010 227077 -1.04
28/12/2010| 27/01/2011 165124 451
28/01/2011| 22/02/2011 133605 4.22
23/02/2011| 30/03/2011 128206 7.19
31/03/2011| 26/04/2011 30943 14.02
27/04/2011| 27/05/2011 18914 14.60
28/05/2011| 30/06/2011 13541 16.65
1/07/2011 | 20/07/2011 6088 16.36
21/07/2011| 29/08/2011 12973 16.96
30/08/2011| 27/09/2011 17229 16.00
28/09/2011| 27/10/2011 42523 12.62
28/10/2011| 28/11/2011 69169 9.38

As shown in Figure 21, the electricity consumpti@my in a very limited way and the 48 monthly
values (4 years of data) are included within +/-1&und an average consumption of 90 MWh per
month. Off-peak consumptions are not characterlzgdignificant variations either (27 MWh +/-
20%). It is hard (even almost impossible) to dedaisignificant seasonal behavior from this profile.
This consumption behavior is typical for this typiebuildings where an important part of the whole-
building electricity consumption is due to normailling operation (lighting, appliances, ventilatio
system...) and not strongly related to the outdoionate.
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Figure 21: Whole-building monthly electricity consumption (green: offpeak)

The original files (i.e. from the energy providedf) whole-building electrical power demand are
available on a quarter-hour basis from 2008 to 2@@arter-hourly profile of the whole building
electricity consumption may also be of a great laeipng calibration since it allows to checkingh
calibrated model is able to represent:

- The nighttime electricity demand (base load);
- The daytime winter and summer peak demands;
- The starting and ending time of operation of thénnatectricity consumers in the building.

The demand profile shown in Figure 22 has been fieadiin order to hide the shift due to
summer/winter time change. This profile allows teacly identifying different daily or weekly
operation periods (e.g. from 06:00 to 22:45 ananfi@8:00 to 20:00 from Monday to Friday). As
expected, winter daytime peak consumption is cquotestant from weeks to weeks and is between 200
and 250 kW. The summer daytime peak consumptidiréstly related to cooling plant operation and
reaches about 400 kW.

Whole Building Electricity Demand 2009 - kW
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Figure 22: Whole-building electricity demand (2009)
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Figure 23 shows the recorded values of the nagaal consumptions. These values are not actual
“monthly” consumptions since the billing period mhag shorter or longer than the corresponding
calendar month. Despite this fact, the trend iy wear and the natural gas consumption is strongly
related to the outdoor climate. The seasonal effectery clear. peak consumptions occur in
December/January while the summer consumptiong/Alugust) are almost null.
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Figure 23: Whole-building (not corrected) monthly ratural gas consumption

The values given in Table 16 have been used torgenthe thermal signature shown in Figure 24. A
HHV to LHV ratio of 90.28% and an average heat gatien (LHV) efficiency of 95.6% were used to
compute the mean values of the heating demand shoWwigure 24. It is important to notice that a
first signature had been built using the same ampsion values but supposing that billing periods
corresponded to calendar months. This led to a @gfgrent slope coefficient (-16.31 kW/K instead
of -21.61kW/K) and a larger dispersion of the pwi(dorrelation coefficient of about 83% instead of
96%). This confirms that it is crucial to check thadidity and the accuracy available billing datéop

to any analysis or modeling work.

After the adjustment of the billing periods, thexaishown in Figure 24 was obtained. The data are
separated in two groups: data points corresportdiagperiod with a mean outdoor temperature above
15°C and points corresponding to a period with am@utdoor temperature below 15°C.

Below 15°C, the dispersion of the points aroundlithear regression is quite limited (high corredati
coefficient: 96%). This confirms the very strongrretation existing between the natural gas
consumption and the outdoor climate. Above 15°€ dbnsumption is very low and corresponds to an
average (and almost constant) heating demand ot 4008 kW.

It is hard to identify a global loss coefficient fihe building and compare it to the slope of thertnal
signature; however, the following verification iegsible. For a mean outdoor temperature of -10°C,
the total heating demand can be computed as givéable 17.

Table 17: Building peak heating demand

Contribution Calculation Corresponding demand
AU value (walls and roof): 7006 W/K
Average indoor temp.: 17.1*C

Heating (levels 0 to 8 189.9 kW

1521°C during 60 hours per week and 15°C rest ofithe
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Temperature difference: 27.1 K

AU value (floor slab): 7840 W/K

Heating (level 0) Average indoor temp.: 17.1*€C 55.7 kW
Temperature difference: 7.1'K
Parking (level -2) Parking air heaters: 141 kW v
. . é
Ventilation Fresh air flow rate: 32500 T fh 1205 KW
Supply temperature: 21°C
e Fresh air flow rate: 32500 m3h
Humidification Supply conditions: 21°C/50% 6L.7 kW
Total Heating Demand 568.8 kW

This value can be compared with the value “predicby the thermal signature generated by means of
the billing data. For a mean outdoor temperaturel@fC, the thermal signature gives a total heating
demand of about 556.5 kW. The fact that the twoeslare in a fair agreement (difference of less tha
3%) confirms that the global heating demand oftiding consumption is mainly due to heating and

humidification.
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Figure 24: Thermal Signature (2008-2011)

1621°C during 60 hours per week and 15°C rest ofithe
7 Average temperature in the first basement levepssed to be of about 10°C

18 Ventilation is operating 60 hours per week anadfisest of the time> operation factor: 60/168 = 0.357
9 Ventilation is operating 60 hours per week anadfisest of the time> operation factor: 60/168 = 0.357
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6. MONITORING  CAMPAIGN: EQUIPMENT  AND DATA
COLLECTION

The study of the present building involved on-siteasurements. The objective was to refine the
values of the parameters of the computer-basedladiimu tool by collection and analysis of actual
data about building operation and consumptions.

For logistical simplicity, self-recording loggersere used. A “logger” as such can be any kind of
sensor or measuring tool delivered with built-inmnagy. In this way, this relatively small object can
be placed alone anywhere to measure and recorgvdatah can be transferred later to a computer for
analysis. The loggers which were used are deschbkxv.

In a building like the present one, with hundrefieffice booths with different climates and intelrna
loads, as well as operation, it is not reasonabbsible in a study of this kind to place loggers
everywhere. Therefore, to gather as much reprasemtand data as possible, the monitoring
campaign was realized progressively, accordinghto rieeds of the calibration process. Available
monitoring equipment and data collection technigaies presented below. Measurement results will
be presented in a following section, during thébcation process.

6.1.1. Power Loggers

Three-phase power loggers can be installed on aleekctrical panels (Figure 25) to measure the
electrical power demand at different levels (onseaxeral floors, groups of components of the HVAC
system...). The data logging system include one lodigeluding built-in memory and battery), 3
current clamps (one per phase) and four croc dgdicated to voltage measurement. The local
network is supposed to be balanced and the cutheatigh the common line is supposed to be
negligible.

N ‘FWW
‘Mp\mijmmm

Figure 25: Power loggers installed on two electridganels

Brand and model: DENT ElitePro
Quantity: 2
Measurements: true-RMS 3-phases AC electrical power and energiuéh, reactive
and apparent), power factor, frequency
Range: 0-500 or 1000 A, depending on the current clampssin
Record time step: 5 or 10 minutes

24



Usage: power and energy usage of main electrical panels
Error: less than 1% on reading ar@.2% for sensors.
6.1.2. Plug-load loggers

Plug-load loggers are socket-mounted loggers (Eig@6) used to measure voltage, current, actual and
apparent power of one or several classical apigéeqg. computer, copiers...). Data is available with
a 1 minute time step and stored on a SD memory &arch loggers can be used to estimate the actual
consumption of some typical appliances.

Figure 26: Socket plug load logger

Brand and model: Voltcraft Energy Logger 4000F
Quantity: 5
Measurements: voltage, current, frequency, power factor, actuad apparent power
consumptions
Range: 1.5-3500 W
Record time step: 1 minute
Usage: placed in series with the appliances on the walkesb(Figure 26), they
record their power consumption as a function oktim
Error:  1to 2%

6.1.3. Local Temperature and Humidity Loggers

Temperature and humidity loggers (Figure 27) cannbtalled in various locations and are able to
measure temperature and relative humidity with mifutes time step. Measured values can be
compared to the values of temperatures and humgpdayided by the BEMS in order to check the

accuracy and the influence of the location of #ssrs used to control the HVAC system.

Figure 27: Indoor temperature and humidity logger

Brand and model: Lascar EL-USB-2-LCD+
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Quantity: 6
Measurements: temperature (°C) and relative humidity (%)
Range: -35to 80°C, 0 to 100% RH
Record time step: 5 minutes

Usage: measure the indoor comfort and cross-check the @satyre in
offices with the Building Energy Management Sys{&BMS)

Error:  temperature error is of the order of 0.3°K and Iggm is 0.5°K,
humidity error can reach 4 points% but is typicalfy2 points%

6.1.4. Lighting and appliances operating time loggers

Lighting loggers (Figure 28) do not provide a measof the lighting intensity but record the time
when the surrounding lighting intensity goes belowabove a predefined level. These loggers are
very useful to check the operation of artificiaghting fixtures. However, the location and the
sensitivity level of the sensor have to be cargfdéfined to obtain exploitable results.

ENT  ©

Photo-sensor e -
Sensitivity ‘Fé\r
adjustment SENSTMITY LIGHTINGlogger™ 4G

Figure 28: Lighting operating time logger (left) installed in the elevators area (right)

Brand and model: DENT Lighting SMARTLoggers
Quantity: 5
Measurements: on-time and on/off transitions of artificial lights
Sensitivity: manually adjusted to react to artificial lightingly
Record time step: on/off transitions only
Usage: check when lights are on or off in the offices atiger rooms of the
building
Error:  Sensitivity is manually adjusted. The error willpgad on the
adjustment and whether the logger sees other soustdight
(natural or artificial) than the one intended

Magnetic field loggers (Figure 29) operate in aisimway than lighting loggers. These loggers are
very useful to check the operation of electric gppules (such as pumps, fans, motors, computers...).
Once again, the location and the sensitivity l@fahe sensor have to be carefully defined to obtai
exploitable results.
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Figure 29: Magnetic field logger (left) installed © monitor the operating time of a pump (right)

Brand and model: DENT Mag SMARTLoggers
Quantity: 5
Measurements: on-time and on/off transitions of magnetic fields
Sensitivity: minimum 40 mGauss — 4 uT
Record time step: on/off transitions only
Usage: Check when electric motors (fan, pumps) are orffosrothe HVAC
system.
Error:  Sensitivity is set manually at its minimal level naake sure the
logger only “feels” the field it monitors.

6.1.5. Building Energy Management System (BEMS)

The Building Energy Management System (BEMS) carb® operation of the HVAC system and the
lighting system. To successfully achieve thesestaskmperature, humidity and operation (e.g. valve
opening sensors) sensors are placed in many straiagts of the HVAC systems operation.

Most of these values can be easily recorded by BEbf8vare and then, compared to the physical
measurements realized by means of the monitoringpetent described above. In the end, BEMS
data can be confronted to:

- Theoretical (supposed) operation in order to chibakthe system is working according to the
implemented schedules and setpoints.

- Loggers measurements in order to check that meddamperatures, humidity values and
operating times correspond to actual (measuredgsal

6.1.6. Occupancy Survey

Energy monitoring can be used in order to chareetddVAC systems, on one hand, and internal
loads (lighting, appliances...), on the other haBdth aspects, and especially the second one, are
greatly influenced by the occupant’s behavior. Measients may quantify the impact of the actions
of the occupants on the building systems, but iangeld to some aspects (appliances use, lighting
use...), and to a small sample of offices.

In regard to that, the establishment of an occupaunirvey can be considered as a way of gathering
data that could not be measured with the availldggers, such as actual daily occupancy of the
building, but it is also a way to virtually extetiee amount of offices that were monitored.
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One of the expected results of such survey is thpqgtion of active and passive occupants, whether
he/she interacts with the artificial lighting, wimal blinds, the fan coil units’ thermostats on aulag
basis.

The first step to submitting a survey to the ocaitpavas to pin-point the data that are expecten fro
it. Understanding the building operation from armgzant’s point of view is a first stage to figuring
out what he/she has control over (e.g. lightingufi& in his/her office, local thermostat...) andvho
his/her behavior can affect energy and power coptiom

In the present case, a questionnaire designeckifrdme of the IEA-ECBCS Annex 53 project was
designed and sent to the building’s occupants. dndor quality, space and comfort, as well as
lighting quality are not considered relevant issuesrder to limit the length of the questionnaire.
Indeed, a compromise has to be found between iafitom needs and survey length. As many
guestions as possible, questions have to be memngddimplified to be answered more quickly. So,
the questionnaire designed in the frame of thigyst(and given in the Appendix) focuses on
occupants’ presence, lighting use, appliances nddéogal thermostat setting.

6.1.7. Measurements uncertainty

The uncertainty on the available monitoring datairectly related to the accuracy of the sensors.
However, the sampling error (amount of inaccuracgstimating the value a given parameter based
only on a limited amount of data) is also importantl can be due to:

- A partial monitoring of the installation (e.g. maming of the lighting consumption of a
unique floor in order to estimate the global liglagticonsumption of the building);

- A time-limited monitoring period (e.g. estimatiofi the winter indoor temperature setpoint
based on 3 or 4 weeks of measurements);

- Non-measured seasonal variations (e.g. estimafitimedighting use rate in offices based on
measurements performed during winter period).

In order to reduce the sampling error (or estinméoror), it is necessary to:

- Carefully select the components/parts of the ifaiah that will be monitored and to make
sure that the selected components/parts are repaéise of the actual situation in order to
allow extending the conclusions of the monitorirgedanalysis.

- Carefully choose (if possible) the monitoring peede.g. winter, summer or swing season) in
order to catch the variations of the time-behaymg. seasonal variations of lighting use,
setpoints change...) of the monitored system.

Both measurement and sampling errors will be takém account when updating the uncertainty
ranges during the calibration process.
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7. AVAILABLE WEATHERDATA

Several sets of weather data are available to perfois case study and are summarized in Table 18.
These sets of data are characterized by:

- The geographical location of the measurement eqeripm
- The availability of the data (starting date, endilaga and data frequency),
- The measured values (temperature, humidity, satliation, atmospheric pressure, wind...).

Table 18: Weather data sets

Réf. | Location Coordinates Elevation Source Typé Availability
M1 | Mons 50.46°N 4.0°E 63 m Wermer Krenn DB, RH, ATM. | 5006 — 60min
meteo-mons.nival.be GLOB
Bl | Bruxelles | 50.90°N 4.53°F 58 m Bruxelles (EBBR) DB, RH, ATM | 1997 — 30min
www.wunderground.com
B2 | Bruxelles | 50.93°N 4.53°E 16m | Bruxelles (VLAAMSGY) | DB, RH, ATM, | 5050 150,
www.wunderground.com GLOB
SODA .
B3 Bruxelles 50.83°N 4.33°H 192 m . GLOB, DIFF 2005 — 30min
www.soda-is.com
R o 28 rue Demot, Bruxelles | DB, RH, ATM, :
CSs Bruxelles 50.83°N 4.38°k 67 m Station Vantage Pro 2 GLOB 2011 - 15min

Complete hourly measurements of temperature, htynidimospheric pressure and global solar
radiation are freely available for Mons (data set)Ma city located about 52km SSW of Bruxelles.

Data sets B1 and B2 are freely available datafeetBruxelles but no guarantee is provided on the
guality of the data. Moreover, about 5% of the ealare missing and it is not possible to have a
complete year of data.

The data set B3 only includes values of global diffdse solar radiations. These values are based on
the HC3v3 data base. Solar radiation at the grdemdl is computed by means of the Heliosat
method. On this base, a mathematical method desgtlbp Ruiz-Arias (2009) is applied to derive the
values of diffuse radiation. Such values could beduto complete data set B1 or B2 which include
partial or no information about solar radiation.vwéwer, when analyzing this data set, it appearad th
the provided values of the diffuse radiation weatipularly low comparing to other data.

In 1982, Erbs developed a correlation based on mumsaneasurements made in the US. The aim of
this correlation was to estimate the part of défuadiation based on the clearness of the sky. The
clearness of the sky is characterized by the obsarindex (ratio between actual global radiatiosh an
theoretical global radiation) and used to predietdiffuse-to-global solar radiation ratio.

Rl = 1_0.09*kT
R, = 0.9511 — 0.1604 * k; + 4.388 * k? — 16.638 * k3 + 12.336 = k7
R3 = 0.165

I R1if ky < 0.22
I‘i‘fl =JR2if 022 < ks <0.8
glob,h R3if ky > 08

2 DB : Drybulb temperature ; RH : Relative HumidiyTM: Atmospheric Pressure; GLOB: Global Horizontal
Radiation; DIFF: Diffuse Horizontal Radiation
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Where
ks is the clearness index
lgite n IS the diffuse radiation on an horizontal surfané)V/m?2
lgiob,niS the global radiation on an horizontal surfané/M/m?

Figure 30 shows a comparison between the valuesffoke radiation given in typical data sets of
Bruxelles (TMY data from Meteonorm and IWEC). Tharelation coefficient in both cases is above
93%.
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Figure 30: Comparison between Erbs correlation and’ypical weather data sets (left: Meteonorm; right:
IWEC)

Applying the Erbs correlation mentioned above B3 data set gives the results shown in Figure 31.
As mentioned above, the values of diffuse radiatmovided by SODA (B3 data set) seem
surprisingly low. So, it was decided to reject ttigda set. Obviously, this also excludes the cztt8%
which includes no information about solar radiation

Diffuse to global radiation ratio

0 01 02 03 04 05 06 07 08 09 1
Clearness index

Figure 31: Comparison between B3 data set (red dgtand Erbs Correlation (blue dots)

In March 2011, a weather station “Vantage Pro 2’'Phas been installed on the roof of the case study
building (Figure 32) and would allow the collectiof complete sub-hourly onsite measurements.
Unfortunately, such data is not available yet tdgyven model calibration on a complete year.

Brand and model: Davis Wireless Vantage Pro 2 Plus
Quantity: 1 (available 10/02/11)
Measurements: precipitations, temperature, relative humidity, ga&re, wind speed
and direction, solar radiation
Range: - precipitations: maximum 2438 mm/hr
- temperature: -40 to 65°C
- relative humidity: 0 to 100%
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- pressure: 540 to 1100 hPa
- wind speed: 1.5to 79 m/s
- solar radiation: 0 to 1800 W/m2
Record time step: 15 minutes
Usage: gather precise local weather data (mainly temperatwmidity and
solar radiation)

Error: - precipitations: highest value from 5% or 1 mm/hr
- temperature: 0.5°C
- relative humidity: 3 % (4% above 90% RH)
- pressure: 1 hPa
- wind speed: highest value from 5% or 1 m/s
- solar radiation: 5% of full scale

Figure 32: Weather station installed on building reftop

No complete data set is available for the surraumaif the building (Figure 33). Indeed, it appears
that only the weather data set of Mons is fully ptete. Available data for Bruxelles or Bruxelles
suburbs are not complete (yet) and cannot be us#tkiframe of the present study. Since measured
on-site are not complete neither, it was decidatstothe weather data sets available for Mons.
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Figure 33: Weather data collection locations

Mons and Uccle (city located in the suburbs of Riles) climates are compared in terms of Heating
Degree Days in Table 19 in order to estimate ths belated to the use of Mons weather data for the
further simulation work.

Table 19: Heating Degree Days for Uccle and Mons

HDD 16.5 2008 2009 2010 Average 1961-2010
Mons 2305.08 2317.93 2770.62 -
Uccle 2214.57 222477 2700.41 2446 +/- 229

Data from Mons and region of Bruxelles (B1) for Q0iad also been compared on an hourly basis.
Comparison of measured Drybulb temperature, Devgemperature and Atmospheric Pressure led
to RMS error values of 1.7 °K, 1.3°K and 1.54 hfeapectively.
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Regarding these comparisons, it appears that ithatels of both regions are quite similar. Howeiter,

is also interesting to try to estimate the impddhe urban heat island effect. Indeed, excepttta
collected on-site, other data do not take thiscefiieto account since all the corresponding weather
stations are located in the country-side or in gobareas.
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Figure 34: Comparison of drybulb temperature and humidity ratio - March 2011

The data shown in Figure 34 confirm that valueBuwhidity ratio are very similar for all the datasse
However, one can observe a clear offset betweedriirilb temperatures measured on-site (CS) and
the other data-sets. The RMS deviation betweenrB2CS drybulb temperatures on the considered
period (March 2011) is about 1.5°K.

Regarding the available data, the data sets fromshiwll be used since they include the requirea dat
with a sufficient time step (one hour) for severairs. Even, if the climate in the region of Moss i

similar to the one in the region of Bruxelles, thban heat island effect should be taken into aticou
during the analysis. So, the Mons weather data wéisbe used as they are but an additional
uncertainty will be added to the drybulb tempemtiarperform the uncertainty analysis.

Since only global solar radiation is available, tds correlation (1982) mentioned earlier will be
used to derive the diffuse solar radiation.

Table 20: Uncertainty on weather data

Uncertainty | Urban heat island effect Final Uncertanty

Drybulb temperature +/- 0.5°C +/-1.5°C +/- 2°C (abs)
Humidity Ratio +/- 10% +/- 10% (rel)
Global and Diffuse Solar Radiation +/- 10% +/- 10% (rel)

8. CALIBRATION PROCESS

Regarding the availability of the weather data (seetion 0) and billing data (see section 5), & ha
been decided to evaluate the accuracy of the adilior by computing the classical calibration créer
(in terms of MBE and CVRMSE calculated on a monthfsis for natural gas, peak and offpeak
electricity consumptions) from"™January 2008 to #7December 2010. In addition to these relatively
soft criteria, recorded and predicted hourly peeknand profiles for the three years will also be
compared to check the accuracy of the calibratedietno

The first stage of the modeling process will cansisbuilding the “as-built” input file based oneh
data provided in sections 2 and 3 (Table 21). Tiré$ input file will be used as a base case fa th
preliminary sensitivity analysis. During this sdngily analysis, special attention will be paid ttee
most influential parameters highlighted in chapt#i@nd 5. As it was observed in chapter 5, it is no
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mandatory to run a new sensitivity analysis at estefp of the calibration process. Indeed, it was
shown that despite of the narrowing of the rangethas calibration was progressing; the main
conclusions of the screening method remained \alidlong the process (i.e. the hierarchy between
influential and less-influential parameters remdiralid). So, in the present case, the result$isf t
preliminary sensitivity analysis will be used albrg the calibration process and to orient the data
collection work.

In a second step, three successive calibrationslevit be considered in the following as a funatiof

the type/category of information which is availalflee. as-built information, observations made

during on-site inspection, monitoring data...). Thead#bration levels correspond to different stages
of the data collection process (from data collectienling on-site inspection to detailed energy

metering and occupancy survey). At each level,eWidence-based calibration process described in
Chapter 3 (Figure 35) will be followed.

Realize
SpotM/STeMto
determine the
value

Update model

Are SpotM
or STeM
feasible ?

As-builtinput
file

!

Run simulation
and compare
outputs

A

alidity o
the

calibrated

model ?

Iterative method

Clear
discrepancy
source ?

Any
Measurable
Parameter ?

NO [Nextparameter
(following the
hierarchy)

[

Calibrated
baseline model

Hierarchy of
influential  Jooooeeeee s

parameters

Figure 35: Evidence-based calibration process

The distinction between influential and non-infltiah parameters and the hierarchy between the
most-influential parameters established are basateresults of the preliminary sensitivity anays

At each step of the calibration process, it will teenpted to identify the best-guess values of the
influential parameters by means of the availabfermation (as-built file, inspection results, BEMS
records, spot and short-term measurements data..pyoBability range will also be considered in
order to allow a quantification of the uncertainoty the final energy use predicted by the calibrated
model. As explained in previous chapters, the gesss values will be adjusted and probability range
will be narrowed as the calibration will progresslahe information on the building and its use will
become more detailed and accurate.

The calibration level 2 corresponds to the “insjpeciphase” and information about building and
system operation are made available by means iéet ¢‘on-screen”) analysis of the BEMS system.
At this stage, no verification of the data providedhe BEMS is done (e.g. no verification abow th
achievement of the specified setpoints...) and nosoreaent/recording is done but the information
collected during the inspection of the building ssummarized in section 4 is used to adjust the
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parameters of the model and to define the prolphitinge of each parameter according to the
estimated quality of the information.

The next calibration level (3) will make an interesuse of BEMS records and of the monitoring data
collected on-site by means of the measurement eguipdescribed in sections 6.1.1 to 6.1.5. At this
stage, the probability ranges depend on the acgufate sensors, loggers and recorders.

The fourth level (level 4) will include the inforitien derived from the analysis of the answers ® th
survey presented in section 6.1.6.

Finally, a last level could consist in an iteratimdjustment of some uncalibrated parameters. A
prospective manual adjustment will be performedritter to investigate potential improvements of the
models and orient future data collection work.

Table 21: Calibration levels

Building description and performance data availablefor calibration

I . As- Spot/Short-
Calibration levels | Utility WBE . . P Occupancy|
- built | Inspection term
bills deman® o survey
data monitoring
3 Level 1 X X X
_cg " Preliminary Sensitivity Analysis
iy § Level 2 X X X X
(&)
S g_ Level 3 X X X X X
2 Level 4 X X X X X X
m

Final simulation results and uncertainty on the prelicted energy use

Level 5 Iterative adjustment of uncalibrated parameter

Final
adjustment

In order to stay “conservative”, probability rangeidl always be set to their wider values. At thiestf

calibration level, uniform probability distributidiunctions will be used to generate the sampled use
for sensitivity and uncertainty analyses. Laterrifuy the calibration process), normal probability
density function will be used to characterize iz of the parameters which will be identified by

physical measurements (resulting in average anddatd deviation values of the considered
parameters).

At each step of the calibration process, the sitialaesults that would be considered for analgsés
the ones that correspond to the “best-guess” sgamaimeters. The classical calibration criteria BB
and CVRMSE) will be evaluated based on the availabhsumption data (monthly gas and electricity
consumptions and hourly power demand). Visual amlgnd comparison of the simulation results
will also help in estimating the accuracy of thdibrated model. Finally, performing an uncertainty
analysis will help in quantifying the final uncdrtgy on the predicted energy consumptions.

2L Natural gas, peak-hours and offpeak-hours elégtigonsumption (in kwh) provided on a monthly lsasi

22 WBE demand : whole-building electricity demand \if) provided by the electricity provided on a qeart
hour basis
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8.1. LEVELZI1:INITIALAS-BUILT INPUTFILE
8.1.1. Available data and parameters adjustment

The initial input file is built based on the as{bimformation (sections 2 and 3) but does notudel
any information about actual building use or ogera{section 4). The ground floor is divided in 5
distinct zones (Figure 36). The zone 3 correspadodke entrance hall. The four other zones include
offices, meeting rooms and library. In order touse the computation costs, thermal behavior of core
zones and circulations is not simulated since tigwar climate in those zones is not controlled (no
heating/cooling/humidification/air supply). The @éfs of heat and mass transfer between the
simulated (peripheral) zones and the core/cirautadireas on building energy demands are neglected.

233 m2

81 m2
wall9

2
13m —_ |

127 m2

g
\m

cliem

Z4

\

wall7 wallé

70 m2 142 m2 253 m?

Figure 36: Ground floor — definition of thermal zones

The 8 office levels are divided in four periphezahes (zone 6 to zone 9, Figure 37). For the reason
explained above, core and circulation areas arearidered for simulation.
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Figure 37: Floors 1 to 8 — definition of thermal zaes
Regarding the location of the building, no shadingsks are taken into account on SW and SE

facades. Shading masks on NE and NW facades haue th&en into account by estimating the

angular height of the obstructing element (surrangpdbuilding or small hill) but have very limited
influence on the calculation of incident solar ediin.

The entire HVAC system has been modeled. The dsibiarmation given in sections 3.1 to 3.4 have
been used to set the parameters of the model. 8irgehave similar components and operation, the
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main AHUs have been consolidated two by two (AHB2 Bnd 3&4) following the rules proposed
by Liu et al. (2004) mentioned in Chapter 2.

The manufacturer data about the two chillers aesl s identify the parameters of the chiller model
(Figure 38). As shown in

Table 22, identified values are very similar to thefault values available for similar configurason
(water-cooled screw chiller). Part load data areavailable so a default part load curve will bedis
to simulate the performance of the chiller at loads.

Table 22: Chiller model parameters — Full load chaacteristics

Chiller model
parameters

Default values 8.5 255 -0.0034 0.03
RTWA215 7.522 32.11 -0.003846| 0.05769

C1 Cc2 D1 D2

EER - Predicted value
w

0 1 2 3 4 5 6
EER - Manufacturer data

Figure 38: Chiller model parameters identification— Full load data

The main parameters of the model are summarizegwbeDnly the parameters concerned by the
calibration process are given in Table 23. Thecsele of the 45 “likely influential” parameters is
based on the results of the sensitivity analygisisormed in Chapters 4 and 5. Best-guess values ha
been set for every parameters based on the asgtjaittnation described above.

Variation ranges have also been set based on tiaditédive) uncertainty related to the source & th
information in order to allow running uncertaintgdasensitivity analyses. Conservative hypotheses
have been made in order to define relatively langgertainty ranges.

Regarding wall compositions, the as-built inforraatiwere quite complete and allowed identifying
relatively accurate “best-guess” values of envelopmponents characteristics (e.g. U-values). The
remaining uncertainty is related to the potentitiecences between the as-built file and the rediin
(presence of thermal bridges...). Larger uncertantemain regarding the composition of the light
opaque window components (P2) and on building thecapacity (P6). Indeed, the composition of
the light opaque walls (window sill) is not well dwwn (uncertainty on the presence and thickness of
insulation) and it was not possible to accuratelnegate the “accessible” part of the global thermal
capacity of the building’s structure (because tdck of information about composition of building’s
internal walls and structure).
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Since no information was available about the usenafiual external shadings, the nominal glazing
SHGC value (P5) was used as a “best-guess” (supposi impact of the solar shading system on
envelope performance and subsequent energy consms)pbut a larger uncertainty interval of [-
50%; +5%)] was considered. Such uncertainty rangmwval taking into account the accuracy of
available manufacturer data (+5%) and a relatiwaignsive use of the shading system (decrease of
the glazed surface exposed to solar radiation &6-BDaverage).

The infiltration rate (P7) was estimated based alues commonly used in practice for this type of
building (i.e. fixed frames and slight over-pregsduring ventilation system operation periods)dut
important uncertainty remains.

At this level, no information is available regarglithe building use and operation. So, internal gjain
and corresponding schedules (parameters 8, 9, dB%uto 45) are set to default/typical values and
characterized by large probability ranges (+/- 50Rolpas to be noticed that no “IT” power demand
was considered since no information about IT roamas available in the as-built file. A similar
remark can be done for building/HVAC operation paeters (P11 to P14, P19, P20, P23, P27, P29,
P33 and P34): default values and corresponding lprgbability ranges are considered for setpoints
and operating schedules.

Since only as-built/nameplate values were availableharacterize ventilation fans and circulation

pumps (P17, P18, P26, P30, P31 and P32); relatiaede ranges of variation have been considered
(+/- 25%) in order to take into account the possitWerestimation of the actual absorbed power of
these components.

The other parameters, such as chiller nominal BER), are characterized by small variations ranges

since the available information for such components quite detailed (complete manufacturer
data...).

Table 23: Level 1 - Input parameters values and urertainty ranges

# | Variable Unit Description Level 1| Min®® | Max
1 Unopw W/mz2-K Vertical heavy opaque walls U-value 1.01 0% +10%
2 Ulopw W/m2-K Vertical light opaque walls U-value 2.65 0% +0%
3 Ugiw W/mz2-K Glazing U-value 1.4 1% +7%
4 Ut w W/mz2-K Window frame U-value 2.27 -10% +10%
5 SHGG0 - Glazing normal SHGC 0.67 -50% +5%
6 Come J/m2-K Thermal capacity 165000 -33% +33%
7 ACHi - Infiltration rate 0.4 -50% +50%
W/m2 | Lighting power density — Offices/meeting 12 0% +50%
8 IGFR. W/m?2 Lighting power density — Circulation 5 -50% 06
ot W/imz Lighting power density — Utility rooms 12 -50% +50%
W/mz Lighting power density — Parking 5 -50% +500%0
9 IGFRu, W/m? Appliances power density — Offices 10 -50% b (
o W/m2 | Appliances power density — Utility rooms 10 0% | +50%
10 IGFRqdi0ad kw Appliances power — IT rooms 0 - -
Heating setpoint — Offices/meeting 21°C -2°C +29C
1 Tisetoco < Heating setpoint — Entrance hall 21°C -2°C +29C
g setpo
12 Ti set h.noce °C Heating setpoint (night) — Offices/meeting15°C -2°C +2°C

% |n this table and in the following, values in % aelative values. Others are absolute values.
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Heating setpoint (night) — Entrance hall 15°C -2°C +2°C
Cooling setpoint — Offices/meeting 25°C -2°C +2°C
13 Ti,set,c, occ OC T n or+ ok o
Cooling setpoint — Entrance hall 25°C -2°C +2°C
14 RHin - Humidification indoor setpoint 0.5 -20% +20%
15 ACH,t - Average ventilation rate 1.85| -5% +5%
16 €humin - Humidifier effectiveness 0.85 -5% +5%
17 SFRutan W/ms3-s Average supply fan specific power 1442 -25P0+25%
18 SFRuttan W/ms-s Average return fan specific power 942 -2506+25%
19 | TaexAHU setmax °C ng.imal supply temperature setpqint 19 20 +2°C
20 | TaexAHU setmin °C Minimal supply temperature setpoint
21 K loss - Hot water network loss coefficient 0.02 -50% 950
22 K loss - Chilled water network loss coefficient 0.02 -50% +50%
23 Thw,set °C Hot water temperature setpoint 80/60 -109C €10°
24 Nhwhoiler,n - Boiler efficiency 0.955 -2.6%| +2.6%
25 | fhwboiler.sbloss - Boiler standby losses coef. 0.00b -100%  +100%
26 PRw W Hot water pump power 6023 | -25% +25%
27 Tew,set °C Chilled water temperature setpoint 7°C -3°C G37
28 EERp - Chiller efficiency 4.27 -5% +5%
29 Tet set °C Cooling tower setpoint 26°C -3°C +3°C
30 PRy w Chilled water pump power 17760 -25% +25%
31 PRy W Condenser pump power 15600 -25% | +25%
32 PR w Cooling tower pump power 4400 | -25% +25%
33 Ciched, AHU h AHU daily operation time 14 -2h +2h
34 Csched.set h H&C system daily operation time 14 -2h +2h
35 Asched,occ - Occupancy rate (day time) 1 -0.5 +0
36 Ciched,occ h Daily occupancy time 10 -2h +2h
37 Asched,light - Lighting operation rate (day time) 1 -0.5 +0
38 Biched,light - Lighting operation rate (night time) 0 -0 +0.5
38 Cached,light h Lighting daily operation time 10 -2h +2h
40 Asched,appl - Appliances operation rate (day time) 1 -0.5 +0
41 Biched,appl - Appliances operation rate (night time 0 -0 +0/5
42 Cached,appl h Appliances daily operation time 10 -2h +2h
43 | Asched,addioad - IT equipment operation rate (day time 1 -0.5 +0
44 | Biched, addioad - IT equipment operation rate (night time) 0 -0 .5+0
45 | Ciched, addioad h IT equipment daily operation time 10 -2h +2h

% Total installed power as given in Table 9

% Total installed power as given in Table 11
% Total installed power as given in Table 11
" Total installed power as given in Table 11
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8.1.2. Calibration and accuracy criteria

First of all, it is interesting to notice that thelassical criteria (MBEoui<5% and
CV(RMSE)on<15%; ASHRAE, 2002) computed for monthly natugals (Table 24) are almost
satisfied. A priori, this could mean that implemegtcomplete as-built information with realistic
occupancy/operating profiles in the model is sidfit to approximate the heating demand of the
building and represent the main seasonal varia{Bigaire 39), even if no detailed information about
building use/operation is taken into account. Thesmilts are in good accordance with the results

obtained for “as-built models” by Ahmad and Culp@8): annual global consumptions predicted with
a +/- 30% deviation.

However, it is important to notice that statisticateria are far from being satisfied when lookaitg
global, peak and offpeak electricity consumptiolWBE reaching 11.3% for peak consumption and
89% for offpeak consumption). The graphical analysi the monthly values (Figure 40) allows
highlighting the compensation effect: the undenestion of the offpeak consumption partially
compensates the overestimation of the peak conswmpiThis compensation explains the
intermediate values of MBE obtained for the totatwicity consumption (MBE of -18.8%).

Table 24: Level 1 - Calibration accuracy indexes

2008 to 2010
1-%
MBE | CV(RMSE)
Gas -3.1 17.9
Elec -18.8 20.2
Peak 11.3 13.5
Offpeak | -89.3 91.1
Hourly | -18.8 63.4

325

- = = - = =

300 | ®Case Study
B Model
= 275
g 250
§ 225 I
B 200
£
2 175
§ 150 1 1
o I
w 125 1
; I
9 100
©
S 75 i
2 50 |
25 II i:[ H
0
[s0) o O o
o
2 L5
(]
s

Mar-08
May-08
Jul-08
Sep-08
Nov-08
Jan-09
Mar-09
May-09
Jul-09
Sep-09
Nov-09
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Figure 40: Level 1 - Monthly Peak (left) and Offpe& (right) Electricity Consumptions Comparison

The value of the mean bias error (M8Hs quite important (18.8%) when comparing recdrded
predicted hourly power demand profiles. This carekglained by some internal loads which are not
or badly taken into account in the model and byube of hypothetic operating profiles. The valukes o
the CV(RMSE) is high (63.4%) because of bad repitasiens of the daily variations, the base load (0
to 1 kW instead of 50 kW in reality), the peak dens (270 kW instead of 240 kW in reality) and the
variations of the power demand during weekendsugeigtl). Deviations are even more important
when looking at a summer week when the effect efaboling demand of the building is visible on
the power demand profile.

This confirms that it is still too early to considbe model as “properly calibrated”.
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Figure 41: Level 1 - Predicted and recorded whole4blding power demand (2008 - week 2)
8.1.3. Uncertainty analysis

As mentioned before, an uncertainty analysis ifopaed by means of the LHMC method. A sample
of 100 simulation runs is built basing on the piulig/uncertainty ranges given in Table 23 by mgan
of the Monte Carlo method described in Chapter difddm probability distributions have been used
(conservative hypothesis).

28 Criteria: MBE,ou,<10% and CV(RMSE),,<30% (ASHRAE, 2002)
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MWh

Once again, the results obtained by means of tHdCdncertainty analysis are summarized as boxes
and whiskers. Upper and lower edges of the bluedorrrespond to the 2and 7% percentiles. The
red line corresponds to the median value of theegged sample of values. The whiskers (dotted
lines) extend to the most extreme values withouisioering outliers. Outliers are plotted separately
(red crosses). A data point is considered as dieoiftit is larger than ¥ + 1.5%( y*" — y**") or
lower than §°" — 1.5*(y°" — y*"). Best guess values are represented as blue astdrsio not
correspond necessarily to the average result \@@gause all the probability ranges specified fer th
studied parameters are not symmetric and the niodebes some high-order effects.

As shown in Figure 42, uncertainty ranges on thaukition results are quite large. Standard

deviations for gas and electricity consumptionsyvhetween 14% and 37% and 19 and 22%,

respectively. Recorded monthly consumptions arbiwithe ranges of the consumptions predicted by
the simulation model. This reassures the user enh#ipotheses made to estimate the uncertainty
ranges given in Table 23.
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The resulting uncertainty on electricity end-usg(Fe 43) is also significant and confirms the poor
quality of the simulation results at this stagetloé calibration process. Looking at the error bars
shown in Figure 43, it seems to be difficult towlrnameaningful conclusions about the energy use in
the building.
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8.1.4. Preliminary Sensitivity Analysis

As expected, the conclusions that can be drawm@asi the results of the preliminary sensitivity
analysis (Figure 44 and Figure 45) are similarhte ¢onclusions drawn during previous analyses
performed on similar buildings in Chapters 4 and 5.

Since the uncertainty on the main characteristfch® envelope components (P1 to P4 and P6) is
relatively limited (maximum +/- 10%, thanks to tHetailed architectural plans and as-built fileg th
impact of these parameters is reduced and focusldghm given to more influential parameters.
However, the larger uncertainty on the SHGC value td the unknown use of external shadings has a
non negligible impact on winter gas consumption sumthmer electricity consumption.

Despite of the limited probability range (+/- 5%} $or the ventilation rate (P15); this parametas h
major influence on natural gas consumption and a-negligible impact on the electricity
consumption. However, the measurement of this petems hard to implement and the as-built
values will be conserved (lack of a better) as tigeess values” during the first steps of the
calibration process (at least). The infiltratiortergdP7) has also an important influence on gas
consumption but is impossible to measure in a mgléth operation.

Heating (P11, P12) and humidification (P14) indsetpoints and cooling (P13) indoor setpoint have a
considerable influence on the winter natural gaktha summer electricity consumption, respectively.

HVAC system operating schedules (P33 and P34) dsawesome HVAC components performance
indexes (ventilation fans efficiencies, P17 and ;HRighating plant efficiency, P24 and P25; cooling
plant efficiency, P27 and P28) have also an impoitdluence on the model’s outputs.

Finally, internal loads densities (P8 to P10) andesponding schedules (P35 to P45) have a major
impact on winter gas consumption and on both wiater summer electricity consumptions.
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In order to identify the parameters that have teadlérated to allow a good representation of Imgati
and cooling needs, elementary effects of the 48iedluparameters on hot and chilled water needs are
plotted in Figure 46. As observed in a previousptlia gas consumption and heating needs are
directly correlated. It is also interesting to wetithat, in the present case, parameters influgncin
cooling needs (indoor cooling setpoint, glazing $H&nd internal gains) have already been identified
by studying the effects on electricity consumptexen if the hierarchy between these parameters is

slightly different (higher impact of SHGC and caogisetpoint).
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Figure 47 and Figure 48 show theu*) representation of the results of the preliminagnsitivity
analysis. It is interesting to notice that mosthaf parameters having a considerable impact onalatu
gas consumption are characterized by high-ordesrantions (e.g. P8, P11, P15, P33...). This
representation of the results also allows idemigythe supply air temperature setpoint as an inflak
parameter (higls value despite of a low value).
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The results plotted in Figure 48 confirm that intdrloads densities and schedules are the major
influence on the final electricity consumption astibw that these parameters are involved in high-
order effects.
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These confirms that applying a mathematical (iptingization based) calibration method at this aditi
stage could be hazardous and lead to an unreatisticon-physical set of parameters. Indeed,
influences are numerous and most of them are hidérceffects. An evidence-based methodology
seems more adapted to adjust the parameters siitiidation model to the present situation.

The results of the present sensitivity analysi$ el used to guide the data collection process (dor

“experimental design”) during the next steps of dtadéibration process. Indeed, it has already been
shown (see Chapter 5) that it was hard (almost &sipte) to only base a calibration process on the
comparison and the analysis of predicted and recombnsumption indexes such as (too global)

monthly final energy consumptions.

Table 25 summarizes the data collection procedsvifibbe followed in the frame of the present
study. Based on the results of the sensitivity ymisiland the hierarchy between influential paramsete
available evaluation methods (depending on thebielon level) are defined. As the calibration
progresses, collected data can be used:

to update the value of the given parameter if tee mformation is more reliable than the
previous one (e.g. physical measurements vs defalue; short-term monitoring vs BEMS

recordings);

to (cross-)check the current value of the paramétee quality level of the new information
is lower (e.g. observation vs measurement; spehwst-term monitoring data) or similar (e.g.
spot monitoring performed at different moments).

Table 25: Data collection process

Level 1 Level 2 Level 3 Level 4 Level 5
Influence Parameter lterative
As-built | Inspection Monitoring Questionnaire .
adjustment
_ Design }
Ventilation rate g - - - Adjustment
value
Internal loads Default Local power
. Survey - -
densities values measurements
Internal loads Default Default Local power
schedules values values measurements
uestions:
Occupancy Default Default Deduced from Q .
. holidays? -
schedules values values internal loads
Presence?
Achieved
. eV Default Local T/RH
indoor BEMS - -
. values measurements/records
conditions
HVAC system
. Default .
operation BEMS Checking - -
values
schedules
HVAC system Default BEMS Local T/RH
setpoints values measurements/records
Solar shadings .
No use - - - Adjustmen
use (SHGC) :

|

Most of the influential parameters listed in Tal®& can be subjected to direct or indirect
measurements. Unfortunately, ventilation rate amldrsshadings use (and its impact on the SHGC)
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cannot be monitored and the best guess valuedavillsed during the calibration process. An iteeativ
adjustment of these last parameters will be enedad the end of the evidence-based process.

8.2. LEVELZ2:INSPECTIONPHASE

8.2.1. Available data and parameters adjustment

During the inspection phase, no physical measuremen performed in the building or the system
but several visits have been organized. Theseswigite very helpful to refine influential paramster
identified above by:

- Characterizing internal loads densities and sclesd{lable 26)
- Analyzing the control laws implemented in the BEMISd obtain more accurate information
about the indoor setpoints and HVAC system opandfi@ble 27)

Thanks to a detailed survey of the installed ligitfixtures and appliances in the different zonkes o
the building, both values and uncertainty range8gbting and appliances power densities (P8 and
P9) were adjusted (Table 26; according to the médion given in section 4: BUILDING USE AND
OCCUPANCY). In addition, the installed power of tilerooms was estimated (based on installed
cooling capacity in those rooms and nameplate finftion) and a remaining uncertainty of +/-10%
was considered (P10).

Since no information was available about the ocoopand lighting/appliances operation schedules
and rates in offices were available, the schedudeameters were not adjusted (P35 to P45).

Table 26: Level 2 — Internal loads (values and unciinty ranges)

W/m2 | Lighting power density — Offices/meeting  10.25 -5% +5%
8 IGFR. W/m2 Lighting power density — Circulation 9.36 -5% +5%
ot W/mz Lighting power density — Utility rooms 7.82 %b +5%
W/m2 Lighting power density — Parking 3.0 -5% +5%
9 IGFR.., W/mz Appliances power density — Offices 11.15 5% 5%+
o W/m2 | Appliances power density — Utility rooms ~ 4.70 -5% +5%
10 IGFRqdioad kW Appliances power — IT rooms 30 -10% +10Pb6
35 Asched,occ - Occupancy rate (day time) 1 -0.5 +0
36 Cched,occ h Daily occupancy time 10 -2h +2h
37 Asched,light - Lighting operation rate (day time) 1 -0.5 +0
38 Biched, light - Lighting operation rate (night time) 0 -0 +0.5
38 Ciched,light h Lighting daily operation time 10 -2h +2h
40 Asched,appl - Appliances operation rate (day time) 1 -0.% +0
41 Biched,appl - Appliances operation rate (night time 0 -0 +0/5
42 Ciched,appl h Appliances daily operation time 10 -2h +2h
43 | Asched,addioad - IT equipment operation rate (day time 1 -0 +0
44 | Biched, addioad - IT equipment operation rate (night time) 1 -0 +(
45 | Gched, addioad h IT equipment daily operation time 24 -Oh +0h

Using the values available in the BEMS, it was fided0o adjust the parameters summarized in Table
27. Uncertainty ranges were adjusted to represenestimated accuracy of the BEMS sensors (+/-
1°C and +/-5% RH). Of course, schedules (P33 at) P3posed by the BEMS are known and no
remaining uncertainty exist at this stage.
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Table 27: Level 2 — HVAC system operation (valuesna uncertainty ranges)

o Heating setpoint — Offices/meeting 21.4°C -1°C +17C
11 Ti,set,h,occ C . . ok o~ d
Heating setpoint — Entrance hall 17°C -1°C +19C
. Heating setpoint (night) — Offices/meeting 15°C -1°C +1°C
12 Ti,set,h,nocc C . . - ° o~ °
Heating setpoint (night) — Entrance halll 16°( -1°C +1°C
. Cooling setpoint — Offices/meeting 23°C -1°¢ +1°C
13 Ti,set,c, occ C . . ) ot o
Cooling setpoint — Entrance hall 23°C -1°Q +1°C
14 RHin - Humidification indoor setpoint 0.5 -10% +10%
19 Ta,ex,AHU,set,max °C ng.imal supply temperature setpqint Table5!| -1°C +1°C
20 Ta ex AHU,set,min °C Minimal supply temperature setpoint
23 Thw set °C Hot water temperature setpoint Figurg 261°C +1°C
27 Tow,set °C Chilled water temperature setpoint 9°C -1°C G17
29 Tet set °C Cooling tower setpoint 29°C -1°C +1°C
33 Ciched, AHU h AHU daily operation time 12 -Oh +0h
34 Ciched,set h H&C system daily operation time 12 -Oh +0h

During the different visits, it was observed thatyovery little use was done of the external blinds
Indeed, it appeared that only a few users usedlihds to avoid visual discomfort. After speaking
with a few users, it appeared that external bliwedse rarely used because they usually don’'t need
them (rare visual comfort problems) and becausie tperation was too slow. Because no objective
information was available, no adjustment of the SHB5) value was done at this stage.

The “optimizer’ mentioned earlier has not been menpénted in the simplified building energy
simulation tool since the operation of the formexswnot known with sufficient details. So, at this
stage, it is proposed to consider that the intdrors of this “optimizer” (controlling the re-starof
the installation) do not cause important energysaanptions.

8.2.2. Calibration and accuracy criteria

Integrating the information available about actoailding use and operation should lead to a better
representation of the final energy consumptionhaf building. However, the values of statistical
indexes for natural gas and peak electricity comqdions are higher than the ones obtained at Level 1
It is also visible on Figure 49 that the represtnteof the natural gas consumption is less good.

On the contrary, the values of the statistical kedefor global and offpeak electricity consumptions
have been reduced. A similar observation can be ddmen looking at the MBE and CV(RMSE)
values for hourly power demand profiles (e.g. MBEiow 14.7% instead of 18.8% as given in Table
24).

Table 28: Level 2 - Calibration accuracy indexes

2008 to 2010

12.0
47.8

Offpeak
Hourly

14.7
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Large degradation comparing to previous calibrasi@p (variation > 5%)
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Figure 49: Level 2 - Monthly Gas Consumption Compaison
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Figure 50: Level 2 - Monthly Peak (left) and Offpe& (right) Electricity Consumptions Comparison

Despite of the apparent degradation of the accuphtlye model (worst representation of the natural
gas and electricity peak consumptions) in comparisith the previous calibration level, the model
gives a more realistic representation of the dagisplit of the electricity demand of the building
This observation is confirmed by visually comparprgdicted and recorded power demand profiles
for a winter week (Figure 51). Indeed, the nigh#ti®0 kW) and weekend demands are now better
represented even if the daytime peak demand Isgérestimated (280 kW instead of 240 kW). This
overestimation of the whole-building power demaad be due to the fact that the building is notyfull
occupied during working hours (at this stage, &4@&cupancy rate is considered in the simulations)

but also to an overestimation of the actual abgbyimver of some lighting fixtures, appliances or
HVAC components.
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Figure 51: Level 2 - Predicted and recorded whole4ilding power demand (left: 2008 - week 2; right:
2008 — week 31)

In summer, the overestimation of the daytime pezkahd is more important (500 kW instead of 300

kw; Figure 51). This additional error on the reprstion of the power demand profile can be due to
other reasons:

Less intensive use of artificial lighting fixturdse to a higher level of natural lighting,
Partial occupancy of the building during summeiiqus (holidays),
- Wrong cooling indoor setpoints,

On the other side, the underestimation of the mhtgas consumption could be explained by

underestimated heating and humidification setpailoisng winter period, as well as underestimated
ventilation/infiltration rate.

At this stage, it is impossible to get additionaiormation and to answer these questions. So, these
issues, among others, will have to be addressix aiext calibration level.

8.2.3. Analysis of the simulation results

Even if the quality of the calibration is not shtisg, it is interesting to take a first look ateth
simulation results in order to get a first idea aodhe orders of magnitude of the relative imporanc
of the main energy consumers present in the bgldin

2008 to 2010
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m |ighting-Circ/Park
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Cooling Tower
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Figure 52: Level 2 - Whole-building electricity cosumption disaggregation

49



The analysis of the power demand during a winteekwallows identifying the main electricity
consumers without any influence of the weather.eBlasad power demand is largely due to the
consumption of the IT rooms (about 30 kW on 50 Kigure 53) which represent about 21% of the
annual electricity consumption (Figure 52). In tdighting represents about 37% of the annual
consumption and more than the half of this consuomgs due the lighting fixtures installed in non-
occupancy zones (parking and circulations). Inltdt&/AC represents about 26% of the annual
electricity consumption. These results are in gacdordance with values usually encountered in
practice for final energy end-use (Adnot et alQ2BBRI, 2001).
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50 HVAC aux.
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Figure 53: Level 2 - Whole-building power demand diaggregation (2008 — week 2)

During daytime, about the half of the total powend@nd (140 kW on 280 kW) is due to lighting and
appliances in offices and meeting rooms. Sinceutigertainty on other electricity consumers is less
important (absorbed power of the main HVAC compdses well as lighting operation schedules in
circulation and parking are relatively well knowrgne can estimate that the demand of offices
lighting and appliances is mainly responsible & tverestimation of the building power demand.
However, without any physical measurements (i.edence), it is not possible to consider this as a
fact and to reduce the uncertainty on the paramefethe model in order to improve its quality.

8.2.4. Uncertainty on the simulation outputs

As expected, adjusting the values of the parametedsnarrowing the probability ranges led to a
reduction of the uncertainty on the final simulati@sults. Even if the quality of the model is gpet
satisfying, simulation results seem to be moreasgmtative of the reality (Figure 54).

Indeed, the improvement since the previous calimdevel is significant: standard deviations faisg
and electricity consumptions vary between 13% arfh,2and 8% and 9%, respectively. However,
some consumption recordings are still out of th&d%percentile range of the simulation results and
correspond to “outliers” (not plotted). This candlained by an under-estimation of the unceryaint
ranges and means that significant refinement ofitbdel’'s parameters is still needed
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Figure 54: Level 2 - Uncertainty on predicted finalenergy consumptions

As shown in Figure 55, error bars on electricitg-eise have been significantly reduced. The results
do not allow an accurate quantification of the tiretaimportance of the different electricity consens
present in the building but some trends are alregearing:

- Artificial lighting in occupancy zones, in circuiabhs, appliances and IT equipments each
represent between 15 and 20% of the total eletstitgcinsumption,

- All together, HVAC components represent betweena®d 30% of the total electricity
consumption.
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Figure 55: Level 2 - Uncertainty on electricity dijggregation

In the frame of a classical calibration procegs. fion evidence-based), the user would be tempted t
adjust the parameters of the model by means ofteaative process in order to fit better to the
available consumption data and to satisfy thestiedi criteria mentioned earlier.

Such iterative and totally blind adjustment coubsiy lead to a bad representation of the energy
performance of the building and bias conclusionsualthe current energy performance of the
installation under study. For instance, in ordedegrease the winter daytime peak demand, numerous
options would be available to the user, such a®(@nothers):

- Adjust the lighting power density in the whole lolisiig or only in some chosen zones,

- Adjust the appliances power density in the wholdéding or only in some chosen zones,
- Adjust lighting and appliances operation profilegdther or separately,

- Adjust seasonal occupancy and building use rates,
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- Adjust the absorbed power of all or part of the HV@omponents,
- Adjust heating, humidification and cooling setpsiirt an arbitrary way,

In the next section (8.3. LEVEL3: Monitoring Phasg)special attention will be paid to these critica
issues. Focus will be given to the physical quanatifon (by means of spot and short-term monitgring
of the influential parameters and to the studyhefissues discussed here above.

8.3. LEVEL3:MONITORINGPHASE

As shown above, physical measurements are needmuhtioue adjusting the model’s parameters and
improving the quality of the model. Focus will bren to the most influential issues (identified by
means of the sensitivity analysis) and charactériae broad uncertainty ranges. The analysis of the
Level 2 simulation results also confirmed that ecéal attention should be paid to:

- Power density and operation schedules of intenzald (lighting and appliances),
- Indoor heating, cooling and humidification setpsjnt
- HVAC components performance.

Specific and global electricity consumption meamenrts have been performed at the first level of the
building (+1). The total electricity consumptiom¢luding lighting and plug loads) of the about relf
the floor level has been monitored continuouslyirduseveral weeks. At the same time, lighting and
plug loggers have been used to record the operaifothe lighting fixtures and the energy
consumption of computers, printers...

Measurements were performed in circulation (oraages, Figure 56), shared offices (blue zones,
Figure 56), single offices (green zones, Figured®) print room (red zone, Figure 56). The selactio
of this sample of rooms was done in order to beessmtative of the floor but was also limited by
practical constrains (availability of the occupaagreement to install loggers in his office, numbier
available loggers...).

These measurements allowed to:

- Check the operation schedules of lighting fixturesalled in circulation area

- Qualify the actual use of artificial lighting inmgjle and shared offices and estimate the
occupancy schedule

- Quantify the actual plug loads densities and sdiesdn offices and print room
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Figure 56: Floor 1 layout - Monitoring campaign

Temperature and humidity have also been measurdiffénent offices in order to determine the level
of comfort achieved in occupancy areas. Some HVA@ponents have also been monitored in order
to determine their power consumption and their afoen.

52



At this stage, it was supposed that the conclusidrihis measurement campaign (realized between
December 2010 and April 2011) could be extendedhéo whole studied period (2008 to 2010).
Indeed, it is considered that the building and esysuse and performance have not been strongly
modified since 2008.

8.3.1. Monitoring data analysis

8.3.1.1. Lighting use monitoring in occupied offices
The data collected by the lighting loggers insthléen the lighting fixtures of the circulation arsa
shown in Figure 57. This confirms that approximatelo fixtures (A and B) out of three stay
switched on all the time. The third fixture (C)as between 06:00 and 22:00 from Monday to Friday
and between 10:00 and 19:00 during weekends. Riagoperformed in the elevators area confirmed
that these lighting fixtures are switched on adl time.
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Figure 57: Circulation lighting operation recording

In offices, lighting fixtures can be switched ori/bf the occupants during the “switch-on allowance
period” defined above. So, artificial lighting usges can vary a lot from one occupant to anothdr a
from one day/week/month to another.

Lighting use time has been monitored during moaa #h weeks in 5 occupied offices of the first floor
(at least one per facade). Averaging the use mtéhese 5 offices allowed generating an average
workday lighting use profile as shown in Figure SRich profile corresponds to offices that are
occupied in a regular manner from Monday to Fridag should also reflect, in an indirect way, the
occupancy rate of the considered offices (averagaigancy peak is 90%). The average relative
standard deviation is approximately 6%. As expedigtiting use in offices during weekend is null
since it is not allowed by the BEMS.

The limited amount of lighting sensors did not alstudying the impact of the orientation or of the
seasonal effect (less intensive use of artifiéggdting during summer) on lighting use.
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It is also interesting to have a look to the estadalighting consumption for the zones were
measurements have been performed. Recorded opetiaties have been multiplied by the observed
installed lighting power (Figure 59).

In offices, about 18% of the consumption is duegeration of the lighting fixtures out of the noima
working period (08:00 to 18:00, Monday to Fridaly)is likely that this consumption is mainly due to
forgetting switching off the lights at the end betday so that the lighting stays on till the autm
switch off at 22:00. In the circulation area, itirderesting to note that only 38% of the related
consumption occurs during normal working period:Q0&o 18:00, Monday to Friday). The remaining
consumption occurs during nights and weekends.

8.3.1.2. Appliances use monitoring in occupied offices amglyaoom
Appliances electricity consumption has been moedaduring 5 weeks in 6 (daily) occupied offices
and in the copy room. Average normalized consumppimfiles have been derived from these data
and are shown in Figure 60. As expected, the poleesity in the copy room is largely higher than in
offices and reaches 35 W/m2. Peak power densibffices is largely dependent on the zone and can
vary approximately between 3 to 10W/m2.

Considering the nominal power densities given al{seetion 4.3), distinct normalized average daily
operation profiles have been identified for theratien of electrical appliances in offices and copy
room, during weekdays and weekends. The relati@edsird deviation around the derived average
profiles is approximately 25%.

54



40

T 35 A -

E, "’ \\\,’/ T \

S % i ‘

£ 25 / k

a ! - - Office 1

5 20 : N — Office 2
z i ' ~~Office 3
2 15 / ——Office 5
g / ~ L ~=Office 6
K ! Pr I G N 5 --- Copy room
- -/ N hlS

g r

0 —w==u

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [hour]

Figure 60: Average appliances power density in sera zones

8.3.1.3. Floor level electricity consumption monitoring
The electricity consumption of a fraction of thesfifloor has been monitored during 7 weeks between

January and March. These measurements were peddiynmeans of a power meter installed on one
of the two electrical panels of the floor. This powdemand includes all the lighting fixtures and
appliances of the left part of the floor (appro%&of the installed power) and all the lightingtéires
installed in the circulation area. An average wgealkdnsumption profile based on these 7 weeks of
measurement data is shown in Figure 61.

It appears that the five weekdays are characteligesimilar profiles:

- The peak demand occurs generally in the morning
A less intensive use of lighting and appliancesuadonoon (lunch break) already observed

when looking at the data collected in occupied gast®wn in Figure 58 and Figure 60

The night power demand is almost constant all weeg (approximately 1.5 kW) and is due
to safety/emergency lighting in circulations anahslby appliances.

Power demand on Saturday and Sunday follows exttlpperating schedules of the BEMS

during these days (10:00 to 19:00).
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Figure 61: Average floor power demand (including ljhting and appliances)
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Average weekday and weekend day profiles have beered and are shown in Figure 62 (blue
curve). Standard deviations had also been repesbefied dotted lines). The specific average
operating profiles identified for lighting fixturdsee paragraph 8.3.1.1) and appliances (see patagr
8.3.1.2) have been used, summed and extended thibie floor (i.e. multiplied by the total instd
lighting and appliances powers, supposing a 100&amancy of the floor; “Non-adjusted” profile in
Figure 62) in order to allow comparison with thelmil average recorded power demand (“Avg” blue
curve and “Avg+/-std”).

Both night-time and day-time demands are overestidhevhen supposing a 100% occupancy (“Non-
adjusted” bold red curve in Figure 62). An average rate of 85% has been supposed in order to
adjust the power demand profile (green dotted Quarel to fit to the recorded (average) power
demand profile. Of course, this adjustment onlyceons the consumptions which are directly related
to the occupancy rate (i.e. lighting and appliangasin offices). The other parts of the power damna
profile (e.g. circulation and common zones lighjiage not concerned by this adjustment since their
use is imposed by the BEMS and is independenteobtlilding use/occupancy rate.
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Figure 62: Average weekday (0 to 24h) and weekendy (25 to 48h) power demand (floor level)

The final operation profiles for the internal gaimscurring at the floor level are shown in FiguBe 6
These profiles will be directly implemented in thedel.
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Figure 63: Adjusted normalized operation profiles br internal gains (typical weekday)

8.3.1.4. Indoor temperature and humidity monitoring
Indoor temperature and humidity have been measilwadg more than five weeks in nine offices of
different sizes and orientations. These measureraidwed identifying achieved temperature and
humidity levels during HVAC system operating hoansl during night.

A first interesting fact was observed when compatire temperatures measured in the offices (using
temperature/humidity loggers described above) &edvialues of the temperature recorded by the
BEMS system in the same rooms. Some examples sfctmparison are shown in Figure 64. In
average, the measured temperature is approximh@i¢ to 1.2°C higher than the value recorded by
the BEMS. This offset can be explained by the ocabf the temperature sensor, installed below the
fan coil unit, very near the non-insulated windallv €onsidering the whole period of monitoringeth
average indoor heating setpoint temperature dWiM§C system operating hours (08:00 to 20:00) is
estimated to 22.65°C (+/- 0.25°C standard deviatwinile the average value of the night-setback is
16.7°C (+/- 0.30°C standard deviation). This laatue was estimated by averaging the indoor
temperature measured on Sunday, after stabilizalimieed, during the week, the effect of thermal
inertia does not allow identifying properly the Imigetback temperature (Figure 65).
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Figure 64: Measured (loggers) and recorded (BEMS)alues of the indoor drybulb temperature
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Figure 65: Thermal inertia effect

To allow an easier comparison, measured valueselative humidity have been converted into
humidity ratio values. As set by the BEMS, the tiehumidity setpoint for return ventilation ag i
50% for both AHUs supplying the offices (AHUs 1 a2id

The average measured relative humidity in the zasmiegpproximately 42% (i.e. humidity ratio of
about 0.0071 kg/kg). The difference between thedgeg and the RH setpoint imposed by the BEMs
can be due to the slight cooling of the returnttaat can occur within the return ducts bringing dre
from the rooms to the AHUs. As shown in Figure B® temperature difference between supply and
exhaust of the return ducts is in average of aldo2tC during operating hours (08:00 to 20:00).
During non-operation periods, the temperature nreasat the exhaust of the return duct (AHU1
return) is decreasing to stabilize at the tempegatfithe technical room (approx. 12.5°C).
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Indoor vs Return air temperature
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Figure 66: Office indoor temperature and return air temperature

It also appears that two groups of rooms can kendigshed when looking at the measured values of
humidity ratio (Figure 67). Achieved levels of hulity are higher in the rooms supplied by the AHU1
(average humidity ratio of 0.0081 kg/kg during qeancy hours corresponding to a 46% relative
humidity) while humidity is lowers in the rooms slied by AHU2 (average humidity ratio of 0.0062
kg/kg during occupancy hours corresponding to a 3@étative humidity). This can be due to a
malfunction of the relative humidity sensor of AHUR average, the achieved level of humidity is
42% +/- 4% standard deviation (which is slightlyab the current standards for thermal comfort).
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Figure 67: Achieved average humidity ratio levelsn offices

Temperature in the entrance hall has been monitredand is in average about 17.7°C between
06:00 and 22:00.

Similar measurements were conducted at the begjrofirthe cooling season (beginning of Spring)
but sensors were lost or destroyed and no infoomatias finally available about the temperature and
humidity levels achieved in the zones during capbeason.

8.3.1.5. HVAC system operation monitoring
Power measurements and operation time recordirggsyedl as BEMS data recordings have been
performed on the HVAC system. Figure 68 shows tbe/gs demand of three AHUs operating
between 08:00 and 20:00, five days a week. Thetsehdeve been obtained by monitoring the control
panel of a part of the HVAC plant during a winteeei. A power demand of approximately 1 kw
remains constant all the time. It is supposed tha consumption corresponds to the standby
consumption of the control system.
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The total (nominal) absorbed power of the monitqieamhstant speed) ventilation fans (AHUs 1, 2, 6
and 7) is about 28.6 kW. During operation time, plosver consumption related to the operation of
these ventilation fans is about 23.3 kW, i.e. 82%the nominal power. A second verification made

only with AHUs 1 and 2 gave a similar ratio (ab8i£0). So, it was considered that the actual power
demand of the ventilations fans is, in general,ragmately 82% of the nominal absorbed power

given in the as-built file.
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Figure 68: AHUs power demand

The lack of data about ducts pressure drops didlfew identifying the operation point of the fanda
estimating its efficiency.

AHUs supply and return conditions during a wintexelk are shown in Figure 69. The variations of the
supply temperature are directly related to the @atdemperature. As seen on Figure 70, the recorded
supply temperature follows pretty well the law ieyplented in the BEMS (Table 5). The deviation
between the setpoint and the achieved temperaturde partly explained by the fact that the values
of the outdoor temperature recorded by the BEMS®wet available and that the curve had been built
using Mons weather data.
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Figure 69: AHU1 supply and return air conditions
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Figure 70: AHU1 supply temperature

The recording of the AHUs supply temperature duarsgmmer week also confirms this fact since the
average temperature during operating hours wasidad between 19.5°C and 20.8°C (setpoint
imposed by the BEMS: 20°C).

Figure 71 shows a comparison between measured ¢blwve) and predicted (red and green curve)
power demand for a part of the HVAC plant. The cadve corresponds to the operation of the AHUs
already considered in Figure 68 (AHUs 1, 2, 6 apdMagnetic loggers were used to record the
operation periods of the main chilled water punipgs.summing the corrected power demand of the
ventilation fans (cf. Figure 68) and the nominawpo demand of the chilled water pumps in
operation, it was possible to represent the totalgy demand of the considered part of the HVAC
plant. On the first day, chilled water pumps supumly AHUs, FCUs, chillers evaporators and
condensers are successively switched on-off depgrah the demand. On the second day, only the
fans and pumps supplying the heating coils of thitJA 1 and 2 are operating.
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Figure 71: AHUs and chilled water pumps consumption

Additional BEMS recordings were useful in ordercteeck the chiller and cooling towers setpoints. As
shown in Figure 72, the chilled water setpoint terature is approximately 9.7°C while the cooling

towers setpoint temperature is approximately 28.m&se two values are in good accordance with
the setpoints mentioned above (respectively, 9C2A3C).
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Figure 72: Cooling plant operating conditions

During the monitoring campaign, the effects of thptimizer” were not highlighted. Indeed, only
very few re-starts of the installation were notickding nights and weekends. So, it was decided to
neglect these effects and the corresponding ememgumptions.

8.3.2. Parameters adjustment

The parameters of the model will be adjusted sieptép, by following the data collection process.
The three steps (3a to 3c) are described below.

8.3.2.1. Step 3a: Lighting and appliances use

The measurement data analyzed in sections 8.381311.2 and 8.3.1.3 were used to adjust the
parameters (Table 29) related to internal loadsitlea (P8 and P9) and operation (P35 to P42).-Best
guess values, as well as uncertainty ranges, hese teefined according to the results of the aralysi
of the available monitoring data. It is importanmtriotice that the values of schedules paramet&s (P

to P42) given in Table 29 are average values dmyva to illustrate the adjustment of the parameters
and the modification of the uncertainty range. @pag profiles used in the model are hourly values
of operation factors (between 0 and 1) and not lerspnthetic profiles characterized by two or three
parameters (A, B and C).

Table 29: Level 3a - Internal loads parameters

W/m2 | Lighting power density — Offices/meeting  10.25 -2% +2%
8 IGFR. W/m2 Lighting power density — Circulation 9.36 2% +2%
ot W/mz Lighting power density — Utility rooms 7.82 %2 +2%
W/m2 Lighting power density — Parking 3.0 -2% +2%
9 IGFR, W/mz Appliances power density — Offices 11.15 5% 5%+
P! W/m2 | Appliances power density — Utility rooms ~ 4.70 -5% +5%
35 Asched,occ - Occupancy rate (day time) 0.78 -0.0b +0.05
36 Ciched,occ h Daily occupancy time 10 -1h +1h
37 Asched,light - Lighting operation rate (day time) 0.78 -0.0b .09
38 Biched,light - Lighting operation rate (night time) 0 -0 0
38 Cached,light h Lighting daily operation time 10 -1h +1h
40 Asched,appl - Appliances operation rate (day time) 0.56 -0.14+0.14
41 Biched,appl - Appliances operation rate (night time 0.09 3.0/ +0.005
42 Csched,appl h Appliances daily operation time 9 -1h +1h
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8.3.2.2. Step 3b: Indoor conditions
Indoor setpoints have also been adjusted baseleoanalysis of the measurement data presented in
section 0. Since monitoring campaign was handlathguvinter period, no additional information
was collected about cooling setpoints and the patemi13 has not been adjusted since the previous
calibration level (Table 30).

Table 30: Level 3b - Indoor setpoints parameters

11 Tairone oc Heating setpoint — Offices/meeting 22.69C -0.75°@.76°C
B Heating setpoint — Entrance hall 18°C -0.89C +0.8°C

12 T o oc Heating setpoint (night) — Offices/meetingl6.7°C | -0.8°C| +0.8°C
T Heating setpoint (night) — Entrance hall 16°C -@.87 +0.8°C

13 T o o Cooling setpoint — Offices/meeting 23°C -1°@ +1°C
o Cooling setpoint — Entrance hall 23°( -1°¢ +1°C

14 RHuin - Humidification indoor setpoint 0.42 -10% +10%

8.3.2.3. Step 3c: HVAC components operation and performance

The last step of the adjustment consisted in etitigiwalues of the HVAC system parameters from
the monitoring data analyzed in section 8.3.1.5ni®ans of these data, it was possible to adjust the
values and/or the uncertainty range of the parasetesented in Table 31.

Table 31: Level 3c - HYAC components performance ahoperation parameters

)

17 SFRutan W/ma-s Average supply fan specific power 1185 2% +2%
18 SFRyan W/ms-s Average return fan specific power 772 2% 2%+
19 | TaexAHU setmax °C Mfix.imal supply temperature setpo_im Table 5 10 +1°C
20 | TaexAHU. set min °C Minimal supply temperature setpoint

26 PR w Hot water pump power 6023 | -2% +2%
27 Tow,set °C Chilled water temperature setpoint 9.7°C -1°C 1°G
29 Tet set °C Cooling tower setpoint 28.7°C -1°C +1°(
30 PRw W Chilled water pump power 17760 2% +2%
31 PRy w Condenser pump power 15600 -2% +2%
32 PR W Cooling tower pump power 4480 -2% +2%

8.3.3. Calibration and accuracy criteria

The values of the statistical indexes have beerpoted at each step of the adjustment process and ar
given in Table 32, Table 33 and Table 34.

The implementation of adjusted operation profilesifiternal loads (lighting and appliances) allowed
decreasing the values of all the indexes. Classiit#ria are now almost satisfied for the eledtyic

consumptions and demand. A substantial bias renfiairthie natural gas consumption but it is likely
that this problem will be solved by adjusting thelues of the heating and humidification indoor
setpoints.

2 Total installed power as given in Table 9

% Total installed power as given in Table 11
3 Total installed power as given in Table 11
%2 Total installed power as given in Table 11
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Table 32: Level 3a - Calibration accuracy indexes

3a- % 2008 to 2010
MBE | CV(RMSE)
Gas 9.7 19.9
Elec 34 7.6
Peak 6.7 9.6
Offpeak | -4.1 11.0
Hourly 3.4 30.5

As expected, implementing more realistic valueaabfieved levels of temperature and humidity in the
building allowed improving the quality of the modahd led to values below 10% for most of the
statistical indexes. At this stage, all the crdeas specified by ASHRAE (2002) are satisfied.

Table 33: Level 3b - Calibration accuracy indexes

2008 to 2010
30-% BE CV(RMSE)
Gas -1.8 15.0
Elec 3.5 7.4
Peak 6.7 9.6
Offpeak | -3.8 10.5
Hourly 3.5 30.5

The final step of the calibration process consigtealdjusting the parameters related to the operati
of the HVAC system (operating schedules and setgpi®@nce again, most of the statistical indexes
were reduced and the global quality of the moded ingproved.

Table 34: Level 3c - Calibration accuracy indexes

3c- % 2008 to 2010
MBE | CV(RMSE)
Gas -1.1 14.8
Elec 2.3 6.8
Peak 4.6 8.0
Offpeak | -2.6 10.0
Hourly 2.3 29.3

As shown in Figure 73, the calibrated model is rade to represent the seasonal variations of both
natural gas and electricity consumption. The spktween daytime and nighttime electricity
consumption is also well represented since motiestatistical indexes are below the limits imgbse

by the classical criteria.
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Figure 73: Level 3c - Monthly Gas (left) and Peak [ectricity (right) Consumptions Comparison

It is also interesting to take a look to hourly mpwdemand profiles. It is encouraging to notice tha
model is able to represent the whole-building dedndaring a winter week with a good accuracy
(Figure 74 — left).
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Figure 74: Level 3c - Predicted and recorded wholeuilding power demand (left: 2008 - week 2; right:
2008 — week 31)

However, some larger deviations can be observedhwdaking at summer electricity consumptions
(Figure 73 — right) and demand (Figure 74 - rigBt)ch deviations could be explained by:

- An overestimation of the consumption related to ¢iperation of the cooling equipment
because of a bad representation of its operatign \@ong setpoints) or its performance (e.g.
lack of information about chillers and cooling taw@erformance),

- The underestimation of the impact of the use ofumbaxternal shadings by the occupants

- An overestimation of the occupancy rate of theding (and/or of the corresponding energy
use intensity) during summer period.

Since additional measurements on the HVAC systene wet possible because of time and practical
constrains, priority was given to the third optemd some questions about holiday period were asked
to a sample of the occupants of the building. Theselts are presented in the next section.
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8.4. LEVEL4: OCCUPANCYSURVEY

8.4.1. Available data and parameters adjustment

About 160 occupants answered the survey. This appabely corresponds to half of the occupants of
the building. All the information collected durinthe occupancy survey won't be analyzed here.
Attention will be paid to the questions relatedhtdidays.

Based on the survey results, it is estimated tbatijgants take, in average, about 15 days off during
summer (i.e. three weeks). These holidays are sappbto be equally distributed over July and
August. The occupancy and operating factors otceffilighting and appliances have been adapted
accordingly. Legal holidays (such as Eastern, Ldbay, etc.) were also integrated in the model.
During these days the building is operated in “vegekmode”.

The survey also allowed characterizing (in a qatalié way) the use of external blinds. It appeared
that about 40% of the occupants use the blindsrimser to adjust lighting level in their office duogi

the day. Some authors (Reinhart and Voss, 2003t,H880) also observed similar behavior by office
buildings’ occupants (i.e. interaction between ootduminance and blinds or artificial lighting Jise
However, other authors (Yun et al., 2012) obseheedontrary (i.e. almost no influence of outdoor
luminance on occupants’ behavior) and it is hareibact general rules on this topic at the moment.

Since it seems hazardous (because highly depenfiéim building configuration and of the uses of
the occupants) to integrate such behavioral issuie@ model, the initial best-guess value and the
uncertainty range of the SHGC (P5) will be consérve

8.4.2. Calibration and accuracy criteria

The adjustment of holiday occupancy rate (and edldighting and appliances use rates in offices)
during holiday periods allowed improving the qualidf the model and decreasing the discrepancy
between predicted and recorded electricity consiomptand demand during summer period (Table
35). No significant variation of the computed natgas consumption was observed.

Table 35: Level 4 - Calibration accuracy indexes

% 2008 to 2010
MBE | CV(RMSE)
Gas 2.1 14.9
Elec -2.2 5.6
Peak -0.9 7.4
Offpeak | -5.1 9.7
Hourly 2.2 24.4

As expected, the prediction of the summer hourlgkpgemand is improved and the predicted curve
matches better the recorded values (Figure 75).
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Figure 75: Level 4 - Predicted and recorded wholedlding power demand (2008 — week 31)

It is interesting to notice that some discrepancersain when looking at the monthly electricity
consumption profile (Figure 76). These discrepaneiee generally higher during the cooling period
(between May and September).
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Figure 76: Level 4 - Monthly Electricity Consumption Comparison

Despite of this last adjustment, some discrepanesmin between predicted and recorded summer
power demands.

The scatter plots shown in Figure 77 representeberded (left — blue) and predicted (right — red)
hourly electrical power demands as a function @f dtlutdoor temperature. Different strata can be
observed on both graphs but the recorded datadamare continuous and homogeneous scatter.

The different strata (or layers) represent theowerioperating modes of the building. Horizontaklay
represent nights (around 50 kW), weekends (aroOnith 210 kW) and winter days (200 to 250 kW).
Summer days (cooling period) form an oblique scattevering power levels from (approx.) 250 to
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350 kW. Intermediate power levels (150 to 200 kWhserved in the simulation results (right)
correspond to morning starting and evening shutbthe HVAC installation (components controlled
by the BEMS, such as fans). The more continuousilalision of intermediate power levels observed
in the recorded data (left) can partly be explaihgdhe operation of the “optimizer” implemented in
the BEMS, controlling the nights and weekends agtsif the installation during very cold and very
hot periods, but also by non-simulated power ugdevators) and by a higher dispersion of the &ctua
power demand (due to occupants behavior, randorofuiggting and appliances...etc).

The break observed at 14°C in the simulation datduie to the minimal outdoor temperature for
cooling plant operation. This may indicates that thverestimation of summer power demand is
related to the operation of the cooling system an&y be due to an overestimation of the cooling
needs (due to the non-representation of the shawdised, the over-estimation of artificial lightinge
and of the indoor cooling temperature setpoint).
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Figure 77: Level 4 - Recorded (left) and predictedright) hourly whole-building power demand as a
function of the outdoor drybulb temperature (2008)
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The low-power strata identified above are clearisible when comparing directly predicted and
recorded whole-building power demands (Figure T8Ese strata represent offpeak hours operation
and include nights (for all year), winter weekemadsl summer weekends (during which some cooling
is necessary in the entrance hall). Remaining ploiats represent peak hours (between 7:00 and
22:00, from Monday to Friday) and include systeartsig and stopping periods, winter operation and
summer operation.
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Figure 78: Level 4 - Predicted VS Recorded whole-hiding power demand (2008)

Green points represents additional holidays idexdtiby comparing predicted and computed whole-
building profiles and correspond, among others3@ and 3% of December... The model can be
easily corrected to integrate this new informatlout this adjustment (concerning 5 or 6 days,
depending of the year) has very small impact orfitta results and on the performance of the model.

The summer peak demand (over 250 kW) overestimagi@ygain visible and is highlighted by red
points. These overestimations occur at the beginofrsummer (June and first half of July) and at th
end of summer (end of August and beginning of Sepéz).

Figure 79 shows the average whole-building eldtfripower demand (and the corresponding
standard deviation) as a function of the outdogbudib temperature. These curves have been obtained
by grouping (by outdoor temperature intervals) amdraging recorded and predicted values of the
hourly total power demand.

It appears clearly that the model tends to slightigerestimate the winter power demand (1 to 2%
error in average during the winter period) whilee teummer power demand is more largely
overestimated (about 10 to 15%). This confirms that main reasons of the overestimation of the
power demand are dependent of the season.

69



~
53
o

EN
o
o

w
(%))
o

w
o
o

.
"
|

\

0 10 20 30 40
Outdoor Drybulb Temperature - °C

Whole-Building Power Demand - kW
N N
o (S
o o
]
T
./

a
(=
|
T
I}
I
I
T
; =
e }

Figure 79: Level 4 - Predicted (red-dotted curve) ad recorded (blue curve) average power demands

Even if the adjustment of the summer holiday petiats to an improvement of the model when
evaluating the quality of the calibration (statatiindexes and visual verification), regular inspm
and physical measurements during summer periodduvoilvery helpful and would allow verifying
the hypothesis made about the summer operatidmedbdilding and the HVAC system. Indeed, other
issues (such as less intensive use of artificgthting, more intensive use of external shadings,
overestimation of cooling needs or underestimatiboooling plant performance) could explain the
remaining discrepancies.

Finally, it is interesting to have a look at theokrion of the major statistical indexes all alotg
calibration process. As observed earlier (Chapteth® impact of the adjustment of the parametars o
the MBE and CV(RMSE) indexes is very clear durihg first stages of the calibration process. After
a certain time (step 3a in the present case),nipeovement of the quality of the model is not well
translated anymore by the mathematical indexes atedpusing the available monthly data (Figure
80) and visual verification becomes the most velay to check the quality of the model. This can be
explained by the fact that at this stage of thdbration process (step 3a and following), the
adjustment of the model is done in order to fitstoaller time-scale data (i.e. monitoring data and
whole-building power demand). At this moment, mdntjlobal indexes become unable to catch the
improvement of the model.

On the contrary, the evolution of the statisticaléxes computed for hourly power demands (Figure
81) represents the progressing improvement of theeinHowever, these values reflect in priority the

effect of the adjustment of the parameters havimtyrect and strong impact on the whole-building

power demand.
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Figure 81: Levels 1 to 4 - Statistical indexes fdrourly whole-building power demand

Regarding the remanent uncertainties on the availansumption data (used to compute the values
of the statistical indexes), the uncertaintiesadticed by the use of the simplified model (a few

percents in comparison with Trnsys, see Chaptand)the uncertainties on some inputs of the model
(e.g. weather data), it seems not meaningful tddrgontinue reducing the values of these indexes.
Moreover, the visual analysis of the simulationufssdone here above confirmed the ability of the

model to represent the main trends of the energguwoption behavior of the building under study.

The model is now considered as sufficiently aceutat be used in the next steps of an energy
efficiency services process (e.g. energy use aisaalection and comparative evaluation of ECOS).

8.4.3. Analysis of the simulation results

The final simulation results are presented belohe Tinal electricity consumption disaggregation is
presented in Figure 82. About 33% of the total telgity consumption is due to artificial lighting.
Only one third of this part of the consumption igedto lighting in occupancy zones. Offices
appliances (computers, printers...) represent ab6%i @f the total consumption while almost one
quarter of the total consumption is due to IT rooWsntilation fans are responsible of about 14% of
the consumption. The hot and chilled water productind distribution equipments represent about
13% of the total consumption. Some electricity as@uch as elevators) have not been taken into
account in the modeling and cannot be quantifiethbysimulation model. However, as shown above,
the main energy users installed in the buildingehlawen taken into account during the modeling phase
and the energy use of the neglected ones doespasent more than a few percents of the total
energy consumption and is of the same order of matmas the final calibration error.
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Figure 82: Level 4 - Whole-building electricity cosumption disaggregation

During a typical winter week, the base load is nyadue to the constant power demand of the IT
rooms (30 kW). The power demand profile is quitgutar and only little variations appear from days
to days, because of some variations in the HVAG@esyconsumption (Figure 83). The daytime peak
is about 180 kW (230 kW peak — 50 kW base load)nduweekdays and is mainly due to internal
loads in occupancy zones (offices lighting and iamgks, approximately 45 kW each) and
circulations (circulation and parking lighting, apgimately 40 kwW). The last 50 kW are due to
ventilation fans and water pumps.
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Figure 83: Level 4 - Whole-building power demand diaggregation (2008 — week 2)

As expected, the distribution of the power demadilg is less regular during a summer week. Even
if the power demand of IT rooms, internal loads amdand water circulation devices (fans and
pumps) remains quite constant, the profile is ljighfluenced by the chillers and cooling towers
power demands (Figure 84).
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Figure 84: Level 4 - Whole-building power demand diaggregation (2008 — week 31)

The calibrated model can only be used to geneoate annual energy balances. Figure 85 shows the
disaggregation of the annual heating and coolingasels. On the heating side, it appears that the
heating of the parking level (-2) is responsibleabbut 16% of the total hot water demand (and so,
about 16% of the natural gas consumption). Abo@b 88 the hot water demand is due to local zone
heating by the fan coil units. Only a limited p&t4%) of the total hot water demand is due to
humidification of the supply ventilation air by abiatic humidifiers. The relatively high supply air

temperature setpoints (between 20°c and 25°C) iexplay supply air reheat is the most important
hot water consumer.

Considering these results, the following optionsuith be studied to reduce the hot water demand (and
the related natural gas consumption):

- Rationalize (i.e. reduce) both indoor and suppliyfderature setpoints in order to decrease
FCU’s and AHU'’s hot water demands,

- Replace the parking heating system by a tracintesygreventing any freezing risk for the
water safety distribution system.

Heating Demand Cooling Demand

FCU - North
19%

FCU - North
AHU - Reheat 34%
37%
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14%
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AHU - Preheat
o 16%

Figure 85: Heating and Cooling Demands Disaggregain

Conclusions are a bit different when looking at¢beling demand disaggregation:
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- AHUs cooling demand is relatively limited becausehe high supply temperature setpoints
during summer (20°C minimum),

- Local zone cooling by means of the FCUs represbotita80% of the total chilled water
demand.

Regarding the relative influence of the coolingnplan the final energy balance of the building.(i.e
about 6%, as shown in Figure 82), no urgent remmvateems to be needed to reduce the related
energy consumption. Focus should be given to o#ectricity consumers (e.g. lighting in non-
occupancy zones and/or during non-occupancy périadd to non-rational natural gas consumers
(e.g. parking heating).

8.4.4. Uncertainty on the simulation outputs

As expected, the uncertainty on the final outpstsagain decreased (Figure 86). The standard
deviation for monthly gas consumption varies betwgég and 22% while the standard deviation for
electricity consumption is included between 2 a%d 3

Even if the uncertainty on electricity consumptlaas been substantially decreased, the uncertainty o
gas consumption remains significant. This can bplagxed by the fact that the values and
corresponding probability ranges of some influémigrameters, such as the ventilation rate, have no
been updated. Indeed, since this parameter caenoiebsured by available measurement equipment,
it was decided to keep the as-built value and tiginal probability range all along the calibration
process. The only way to reduce the remaining waicgy would consist in setting a detailed, heavy
(and expensive) monitoring campaign. Moreover sihgle signature analysis made above confirmed
that the gas consumption was strongly related échéating, humidification and ventilation demands.
Since the uncertainties on the two first issuesshaasen drastically decreased (by means of physical
measurements) and since the final input file (Leg¢elersion of the model) leads to a good
representation of the monthly gas consumption leofi is believed that the use of the as-builtueal

of the ventilation rate is a satisfying hypothe€lensidering that the as-built ventilation rate igood
approximation of the reality, the final versiontbe calibrated model can be trusted until addiliona
and more accurate information could be collected.
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Figure 86: Level 4 - Uncertainty on predicted finalenergy consumptions (2008)

On the other side, the numerous electrical measmeEmperformed during the monitoring phase
allowed substantially reducing the uncertainty be twhole-building electricity consumption and on

the specific (end-use) consumptions (Figure 87).
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Figure 87: Level 4 - Uncertainty on electricity digsggregation

It is interesting to note that the final share lné ®lectricity end-use is not that far from thenti®
identified at the calibration Level 2. Moreoveratiks to the application of an evidence-based
calibration method including sensitivity issuese thata collection process and the monitoring phase
were focused (in priority) on the identificationéquification of the main energy consumers (lighting
appliances and ventilation fans). Only IT roomseweot monitored since the corresponding electrical
panels were not accessible (for safety reasonsjrenavailable information was already reliable.

The relative uncertainty (standard deviation) oedmted energy end-use is included between 2.5%
and 17%. Lowest uncertainties (between 2.5% andd®@¥sespond to internal gains, which have been
subject to monitoring (and are characterized byaveed uncertainty ranges). The energy uses of non-
monitored electricity consumers (chillers, cooltogvers...) or related to non-monitored energy needs
(cooling needs) are characterized by higher unicéiga (between 6% and 17%).

The relative standard deviation on predicted hdewdemands (Figure 85 left) varies between 14%
and 19% except for preheat heat demand which isactaized by a relative uncertainty of about
37%. This higher uncertainty can explain that AHUreheat is the only hot water consumer
influenced by humidity setpoint and humidifier effieeness in addition to temperature setpoints,
ventilation rate...

The relative standard deviation on predicted athilleater demands (Figure 85 right) of fan coil units
varies between 16% and 18%. For the reasons medtioereabove, the relative uncertainty (standard
deviation) on cooling coil chilled water demandhigher and is about 31%.

8.5. LEVELS: PROSPECTIVHTERATIVEADJUSTMENT

As shown above, some errors remain when tryingréalipt summer electricity consumptions and
demands.

Because the monitoring campaign was mainly helthguvinter period, it was not possible to check
the achieved level of temperature in offices dutimg cooling period. An easy trial would consist in
adjusting the cooling temperature setpoint in odeimprove the prediction of the summer power
demand.

Figure 88 shows the average (and correspondingatdrleviation) whole-building electricity power
demand as a function of the outdoor drybulb tentpezaThe modification of the cooling temperature
setpoint value (increase from 23°C to 24°C) leads tbetter representation of the summer power
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demand and the maximal discrepancy between avenagkcted and recorded summer demands is
decreased from 15% (Level 4) to about 10%.
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Figure 88: Level 5 - Comparison of predicted (red-dtted curve) and recorded (blue curve) average WB
power demands for an indoor cooling setpoint tempeature of 24°C

Another possible adjustment would concern the SHBE). Indeed, taking into account a given
percentage of use of shadings during the year wimald to a decrease of the summer electricity
consumption. The effect of a constant decreasbeoSHGC of about 20% (i.e. supposing that solar
shadings cover 20% of the glazed area in averdggear long) is similar to the one obtained by
correcting the indoor setpoint temperature (ersodecreased approx. from 15% to 10%). However,
this adjustment also leads to a slight increasthefwinter gas consumption (due to less important
solar gains) and tends also to reduce the underasin of the natural gas consumption and improve
the predictive abilities of the model during winpariod also.

Varying these uncalibrated parameters confirm tamoptimum could be reached. Considering that
the number of influential parameters that havebesn calibrated/adjusted is quite reduced (SHGC,
ventilation rate, cooling setpoints, lighting usater during summer...), a well mathematically-

conditioned automated calibration method couldatelf be developed and would help in reaching
this optimal set of parameters.

One should remind that the accuracy of the modeinfared to a detailed commercial simulation

software) is about a few percents (see Chapter IB®nwpredicting annual heating and cooling

demands. Moreover, the simulation model remainabetraction of the reality and it is not realigtic

try to reach a perfectly accurate model (e.g. with% accuracy). Continuing the adjustment of the
model's parameters too far would actually congsistmodeling” the error induced by the use of a

simulation model. Such adjustment can be usefuitestigate the potential sources of discrepancies
between the reality and the model but should natdmsidered as evidence or proof of any “physical
effect”.

However, since physical measurements are stilliplesgindoor temperature measurement during
summer etc.) and because the calibration processdaped in this work is, first of all, an evidence-

based process: it is proposed to first focus onpthsical identification of these last parameteys b

means of the available monitoring equipment (e.@asurement of the indoor cooling setpoint,
measurement/recording of the chiller performancel) envisage iterative adjustment of the remaining
parameters (ventilation rate and solar shadingsingesecond time.

76



9. CONCLUSION

The simplified dynamic hourly simulation tool dabed in Chapter 2 and the associated calibration
methodology presented in Chapters 3 and 4 have &ppied to a case study building located in
Brussels.

After having developed the as-built simulation mpaeset of potentially influential parameters was
defined and some best-guess values and probalalityes were defined. A sensitivity analysis was
performed based on the specified probability rargesneans of the Morris screening method. The
results of this preliminary sensitivity analysisre@ised to orient the data collection work. Dutting
next steps of the calibration process, focus wasmngio the most influential parameters and the fhode
was progressively calibrated as the information aada were collected/available. Finally, the
simulation results were analyzed and an uncertaamglysis based on the LHMC method was
performed in order to quantify the uncertainty ba final simulation results.

All along the calibration process, a special attentvas paid, of course, to the adjustment of the
parameters but also to the definition and the wgpdétcorresponding probability ranges. Specifying
such ranges allowed performing useful sensitivityl aincertainty analyzes in order to orient the
calibration work and criticize the model’s outputs.

The application of an evidence-based methodologhe@®ne proposed in this work allowed making
some interactions between the field-study and theulation/calibration work. Indeed, analyzing
intermediate simulation results was useful in ortterconfirm the information obtained from the
sensitivity analysis and orient further inspectéiord data collection work (e.g. analysis of the LLeve
simulation results before starting the monitoriaghpaign of Level 3).

During the calibration process, it was also possiblidentify some patterns in the energy use ef th
building and to refine these results as the adjestrof the process was progressing (e.g. approgimat
electricity disaggregation at Level 2 and refinetndrthese results at Level 4).

This case study confirmed that it is possible tbbcate a simplified hourly simulation model by
means of a relatively little amount of physical s@w&ments if focus is given to critical issues and
systematic and efficient approach is followed.

The progress of the calibration process confirnhedmain conclusions and observations of Chapter 5:

- Calibration accuracy indexes (MBE and CV(RMSE))ldoled similar evolution and the
“saturation” effect was noticed as soon as modal alde to represent the seasonal energy use
behavior of the building;

- Preliminary sensitivity analysis was useful to oti¢he data collection and the parameters
adjustment works;

- Some well-chosen measurements can help a lot irowimg the quality of the model;

- Uncertainty analysis was useful to quantify the actpof partially or not adjusted parameters
(characterized by large confidence/uncertainty eahgn the model’s outputs.

Unfortunately, it was not possible to perform diktdesired measurements. Indeed, for practical
reasons (loss or unavailability of monitoring ecquognt), it was not possible to perform indoor
conditions measurements during summer.

The data collection could be continued by means of:

- Additional spot and short-term monitoring (e.g. ¥ation rate measurement, infiltration rate
measurement, hot water and chilled water needsureasnts...);
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- Set up long term monitoring to allow measuring eeakvariations of the energy use because
(e.g. cooling system performance monitoring durs\gnmer, seasonal variations of the
artificial lighting use...)

- Complementary survey to derive clear occupantsabenal patterns and cross-check the
identified patterns with the available physical sw@a@ments.

In the present study, the calibrated model was tsdisaggregate the final energy use and to iffenti
the intermediate energy flows in the buildings ¢sie heating and cooling demands per zone and/or
HVAC component) but other applications are possibid will be envisaged in the next step of this
case study:

- Selection and evaluation of Energy Conservationdippities,
- Continuous performance verification on a monthlygig/daily basis,

In a near future, the next steps of this case swiligonsist in:

- Perform spot and short-term monitoring during tleling period to identify the achieved
levels of temperature in the zones;

- Setting up online long-term monitoring of the penfiance of the cooling system (in the frame
of the iServ project, Knight 2011);

- Using the calibrated model to make continuous perémce verification (realizing and
sending monthly report on the actual performancehef building to the building energy
manager);

- Evaluation of the impact of some modifications loé HVAC system and comparison with
reality (e.g. study of the impact on the energystonptions of the replacement, for technical
reasons, of adiabatic humidifiers by electricahstdhumidifiers at the beginning of 2012).

The diversity of the buildings composing the nosidential building stock makes hard to derive a
general automated methodology that could fit al ¢thses encountered in practice. For the following
reasons, it is, more than ever, believed thatxabile evidence-based calibration is required dutine
initial steps of such process (i.e. use of buildimgulation tools as a support for energy services)

- Inspection and monitoring needs could vary a lotfrcase to case, depending on the initial
uncertainties on the building/system description;

- Various sources and types of data have to be tetledield observations, BEMS analysis,
various types of loggers...) and treated to allowmglation into parameters values;

- Statistical indexes that could be used to expresslgective function in the frame of an
optimization-based calibration approach are to @loto reflect all the influences and
interactions involved in the model;

However, the set up of an automated adjustmentadetbuld be envisaged to finalize the calibration
work. Indeed, after having collected a maximal amaf data (taking into account time and money
constrains) to allow “physical” identification di¢ most influential parameters, an optimizationellas
approach could be used to refine the values ofastgnon-adjusted) influential parameters. Simee t
dimension of the problem should have been drabticalduced by following the evidence-based
approach (e.g. at the end of the evidence-basewagponly 3 or 4 influential parameters have not
been identified by means of direct or indirect nneasents), it is believed that a well-conditioned
optimization problem could be built and solved. IBumprovement should be envisaged in further
works.
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11 APPENDIX

11.1. ENVELOPECOMPOSITION

All the envelope components are described below.

Type 1
Window
module

3.201

1.200m

j——0.890m ——{

f#——0.770m —»

0.396 m2
15 cm concrete
4em rockwool

O™ 5 430m

1.780m

0.350m

|~ 1.371 m2
Double glazing

0.496 m=

# 2em rockwool

0.523m?
PYC frame

\~ 0.269 m*?

0.289 m?
15 ¢m concrete
Aem rockwool

40 cm concrete

Opague double glazing

Type 2
Front

facade
module

[— 1.015m?2
Aluminium frame

\— 8.558 m2

50 cm concrete
Sem rockwool

\4775 m?

2.85m?2

Double glazing

Type 3
Entrance
module

8.328 m?
50 cm concrete
Sem rockwool

= 1472 me

Aluminium frame

\ 1875 m2

Double glazing

Type 4
Back
facade
module

0 700m

7.378 m2
50 cm concrete
4em rockwool

E

\— 0.155m?

Aluminium frame

\— 1.274m?

Double glazing

10.236 m2
15 cm concrete
2cm rockwool
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p—1 675m — p—1675m —

Type 5& 6
Lateral
fagade 3.200m 3 550m ~
module

5.36 m?

40 cm concrefe 6.114 m?

3cm rockwool 40 cm concrete
3cm rockwool

Drawings of building front, back and lateral faca@ee shown below.

Front Facade Back Facade
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11.2. ENERGYPERFORMANCECERTIFICATE

Energy performance certificate delivered in 2010.

CERTIFICAT DE PERFORMANCE ENERGETIQUE
BATIMENT PUBLIC

REGION DE BRUXELLES-CAPITALE

Certificat délivrée en 2010 valide jusqu'au 13/12/2011 Superficie : 11277 m?

. Performance énergétique du batiment (PEB)

Trés économe

Services administralifs et techniques

Trés énergivore

Consommation annuelle par m? [KWhEP/m?/an] 316
. Consommation totale du batiment
Consommation des 3 derniéres années Consommation totale [kWh/an] ‘ 2.1 09.279
2,000 160.000 répartition
1.800 140.000
1.600
1400 120.000 Electricité Combustible
100000 53% 47%
1.200
1.000 2 2 10.000 Achat d'electricité verte )
800 = = .
5 s 60.000 Energie produite ici par
600 o o
-] = 40.000 . o
400 s s Panneaux solaires =
] o 0 Cogénération
200 z = 20000 g
0 0
2007 2008 2009 Dépense totale [euros/an] ‘ 138.012,00
. Emissions CO,
| Emissions annuelles de CO2 par m2 [kg CO2/m2/an] ‘ 54
PEU BEAUCOUP
o
. Recommandations
Température intérieure recommandée: 19-21 C
Les 3 recommandations les plus intéressantes pour améliorer la performance énergétique:
1. Isolation des alleges
2. Mise a l'arrét des aérothermes des parkings
3. Campagne de sensibilisation concernant les vannes thermostatiques dans les bureaux
Pour plus d'informations Bruxelles Environnement - Service INFO - 02/ 775 75 00 Certificat PEB N°: P101214-00001
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11.3. HVACSYSTEM
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11.4. OCCUPANCYSURVEY

The final version of the survey is presented belamd practical use of the results is introducec Th
guestions are not necessarily displayed in the sather as they are show on the actual survey, but
rather grouped when they are related. Each poimh fx to d is in the same order and represent a
different page of questions in the online form.

a) Background information
What is your age?
Answers:30 and below, 31-40, 41-50 51 and above
What is your gender?
Answers:Femaleor male
How would you describe your work?
Answers:Administrative support, technical managerial/supervisory

Those three pieces of information are necessamraate groups within the sample. Doing so, if
behaviour changes depending on the age, the gente type of work, this can be identified.

Data use: data is sorted to show only answers from the désprofile type, which then can be
analysed.

b) Presence information

In this category, the questions are clearly intende identifying occupants’ daily and weekly
schedules as well as office localisation.

Which floor is your office on?
Answers:Ground floor, 1, 2, 3, 4, 5, 6, 7"8loor, technical floorandno fixed office
On which facade are the windows of your office ted®

Answers checklist:Front (Rue De Mot — De Motstraat), left-hand sideM24
building), back, right-hand side (Rue du Corneteokhstraat / Library)

These first two questions give back where the oaotlp office is located. With the localisation
information, we aim at identifying whether the offi orientation and level are important regarding
heating/cooling needs or not.

Data use: very much like the background questions, data lmariiltered to display answers from
offices facing a certain directions, or from cantéibors. On the other hand, these data may help to
check that the sample is representative (all flaoi orientations are represented).

Which kind of office do you work in?
Answers:Individual officeor shared office

A distinction must be made between individual ahdred offices and this question will enable us to
differentiate groups within the sample.

Data use:this can be used to filter answers related toarribe other type of office.
Do you use FlexiTime to manage your schedule?

Answers:Yesor no
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For all answer sheets where this responsm,ishe daily schedule given on each answer sheeidho
look alike and if not an average schedule can beaifrom it and considered as a standard schedule.
If FlexiTime is used, deviation from standard salled can be quantified.

Data use:filtering according to this answer before analgsschedules.
Which days of the week do you usually work?

Answers checklistMonday, Tuesday, Wednesday, Thursday, Friday, &apuand
Sunday

At what time do you usually get to your office a¢tstart of the day?
Answers:6.00to 11.00with a 10’ time steplater than 11.00
Usually, do you leave your office for your lunctebk?
Answers:Yesor no
If so, at what time do you usually take your luhchak?
Answers:earlier than 11.0011.00to 14.30with a 10’ time steplater than 14.30
If so, how long does your lunch break last usually?
Answers:less than 30’30’ to 1h15’ with a 5’ time stepmore than 1h15’
At what time do you usually leave your office at #nd of the day?
Answers:earlier than 15.0015.00to 22.00with a 10’ time step
Excluding lunch, for how long do you leave youricéfover a usual day?

Answers:no answer, less than 10°, 10, 20’, 30’, 40, 5Qh, 1h30’, 2h, 2h30’, 3h,
3h30’, more than 3h

This is the foundation of the occupant’s scheduleen does he/she work? With answers to those
guestions, we learn deviations from the theoretigak schedule (Mon-Fri, 9am-5pm).

Also, the main variation in energy consumption ca@ay comes with the lunch break. Therefore it is
important to know whether occupants leave the rtmtrave their lunch or not, at what time and when
they are back. Extra significant breaks over theam also modify the occupancy of the office. Late
in the survey, it is also asked if the occupants off the lights and their computers as they lethee
room (questions 19, 20, 25 and 26), so we can assuch a behaviour if they leave the room during
lunch.

Data use:for each answer sheet, these times can be tradstdb binary values, like presented in the
table in the example case that:

Occupant 1 leaves his office for lunch at 12.30 takeés 35’ for his break;
Occupant 2 takes his lunch break out of his offit22.10 and takes 1h05’ to eat and rest.

Day Time [ Occupant 1 Occupant 2
Monday| 00.00 O 0
Monday| 00.05 0 0
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Tuesday| 13.00
Tuesday| 13.05
Tuesday| 13.10
Tuesday| 13.15
Tuesday| 13.20

Rl k| R | O
R R o o o

On average, how many hours per week do you naicatt®rk at your office?
Answers:no answer, @o 37, | am never in my office

How many free days do you take between April antbler included?
Answers:no answer, @o 60, more than 60

These questions identify for how long over a weedt by extrapolation over a year people are out of
their office and then whether they are more predearning winter (heating) period or during summer
(cooling) period. This is of influence on yearlyatiag/cooling loads.

Data use:these results are a bit trickier to translate odoupancy. The easiest way is to multiply the

twork— taway

occupancy value by a weekly factffeer = , Wheret,, .« IS the weekly amount of time

twork

an occupant works, arng,,,, is the amount of time he/she spends away fronoftinee.
c) Lighting
Where is your desk work space placed in the room?
Answers:By the window, in the middle of the room, by th# e@posite to the window

This question is asked in the hope of finding whetirelation exists between natural lighting asel u
of artificial lighting and sun blinds. A correlatiavith facade orientation may also appear.

Data use:compare use of lighting and window blinds (questl® to 22), as well as cooling demand
(Questions 28 and 30) according to different answer

How many ceiling light bulbs/neon lamps are lithé light is on?
Answers:2, 4, 6, 8, more than 8

Depending on the occupant, only half of the ligmight be on if, for example, natural lighting is
sufficient by the windows but artificial lightingeessary by the door of the office.

Data use:consider load as a fraction of the installed Idadnly 2 out of 4 lights are on, lighting load
can be described as being 0.5. Indeed, benchmaahimays return the full installed loads and the
figures gathered here need to compare to that.

In winter/summer, at your arrival in the morning, ybu turn on the lights?
Answers:Nearly alwaysor nearly never
When you leave at night, do you turn off the lights

Answers:Nearly alwaysor nearly never
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Answers to these questions will differentiate pas$iom active lighting users. In connection witie t
occupant’s schedule, a lighting schedule can bedfitvith this information. A difference is made
between winter and summer as it is expected theat apassive user will turn on the lights on a eint
morning.

Data use:a table can be produced for lighting load.
If the outdoor lighting conditions change, do yeaat?
Answers:Nearly alwaysor nearly never
If so, do you mainly...
Answers:Switch on/off the light®r open/close the window blinds?
Once again this tries to differentiate passive famtive users, this time involving sun blinds.

If an occupant is active, does his/her activityuieg| electrical energy consumption, by means of
lighting (operating sun blinds is only a temporanyaller use of electricity).

Data use:in terms of figures, if a user switches on/off ttghts, this corresponds to a change in the
lighting load table. Lighting condition changes danrelated to solar radiation given by the weather
station.

d) Computer and appliances
What electrical appliances do you have in yourcef?i
Answers:Desktop computer, laptop/notebook, printer, nonether (specify)
How many computers do you use at the same time?
Answers:l don't use any, 1, 2, 3, 4, more than 4
This enables estimation of the installed powehat tffice.

Data use:the profile of the responder can be related tergam installed appliances power that will
correspond to running appliances.

Over night time, in what state is your...
When you leave for a break, in what state is your..
- Computer?
- Screen?
Answers:Fully on, stand byr off

Because the load changes depending on the modaiah \&n appliance is, answer to this question
enables fitting to the occupant’s daily schedutedhpliance electrical load related.

Data use:an appliances schedule, copied on the model ob¢hapancy table can be derived. Hosni
et al. (1999) characterizes appliances power copgamaccording to their type and state mode. A
value from 0 to 1, where 1 represents installedgyois easily derived.

11.5. ZONESGEOMETRY

The following table includes the complete geomatrescription of the zones and walls defined in
the simulation model.

| Wall | Zone | Orientation | Heavy | Heavy | U, | Light |Glazing | Frame
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opaque | Opaque opaque
AU
- m2 W/K W/m2-K m?2 m?2 m?2

1 1 NE 117.47| 153.94 1.31 0.0( 25.47 3.13
2 2 NE 23.49 30.79 1.31 0.00 5.09 0.63
3 2 SE 37.42 42.06 1.12 4.0% 20.55 7.80
4 2 SW 25.68 16.69 0.65 0.0d 37.20 3.06
5 3 SW 25.45 16.54 0.65 0.0d 36.90 3.51
6 4 SW 17.12 11.13 0.65 0.0d 24.80 2.04
7 5 SW 8.56 5.56 0.65 0.0Q 12.40 1.02
8 5 NW 37.42 42.06 1.12 4.05 20.55 7.80
9 5 NE 17.62 23.09 1.31 0.00 3.8 0.47
10 6 NE 504.00| 594.36 1.18 81.00 411.p0 156.00
11 7 NE 50.40 59.44 1.18 8.10 41.10 15.60
12 7 SE 287.36| 324.36 1.13 3240 16440 62.40
13 7 SW 50.40 59.44 1.18 8.1( 41.10 15.60
14 8 SW 504.00| 594.36 1.18 81.00 411.00 156.00
15 9 SW 50.40 59.44 1.18 8.1( 41.10 15.60
16 9 NW 287.36| 324.36 1.13 32.40 164.40 62.40
17 9 NE 50.40 59.44 1.18 8.10 41.10 15.60
18 6 H 270.80| 157.06 0.58 0.0( 0.00 0.00
19 7 H 90.70 52.61 0.58 0.00 0.0q 0.00
20 8 H 270.80| 157.06 0.58 0.0( 0.00 0.00
21 9 H 90.70 52.61 0.58 0.00 0.0q 0.00

TOTAL 2817.55 | 2836.39 1.01 267.30 1501.98 528.6p

88



CHAPTER 7/ GENERAL CONCLUSION AND
PERSPECTIVES



Chapter 7: General Conclusion and Perspec

CHAPTER 7: GENERAL CONCLUSION AND
PERSPECTIVES

This thesis has presented the develop and the applicationf a simulation tool anthe associated
evidence-basedalibration methodology dedicated to the analysghibsis of the energy performar
of existing buildingsThe model and the methodology have been appliedsynthetic case and tc
real building.

Building Energy Simulation and Ener gy Efficiency Services

Forward (predictive) building energy simulation natghave beemised for design ancptimization of
buildings for numerous years. More recently, the osthese models was extended to other stag
the building life cycle Figure 1), such as energgervices activities (including inspection/au
evaluation of Energy Conservation Opportunities ar-going performance analysi

Design

Renovation Construction

Diagnosis
Audit

( Commissioning

Operation
Occupation

Figure 1: Building Life-Cycle

It is commonly admitted that using a building siatidn model tcassist in analyzing the energy use
an existing building requires the model to be @blelosely represent its actual behavior. In tlaenke
of energy services activities, the calibration afimulation model to an existing situation is usual
highly underdetermined problem. Indeed, only very scand limited information are usua
available about the building (e.g-built files) and its performance (e.g. monthly egyebilling data)

Current commercial building energy simulation sefite's are not adapted to the study of existi
situations. Most of these simulation packages Hasen developed to support the design of
buildings and include numerc details and aspects that cannot be investigategraactice. A
simplified building energy simlation model has been designed and developed $o fitswith the
requirements of wholeuilding energy use analy (i.e. prediction of hourlyheating and cooling
needs and subsequent final energy consumptionde whinimizing the amount of parameteto
adjust.When compared to reference detailed building sittadanodels (e.g. Trnsys, EnergyPlus.
the simplified model demonstrated an accuracless thar8% when predicting annual heating ¢
cooling needs.
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Chapter 7: General Conclusion and Perspectives

Model Calibration Methodology

Regarding the advantages and limitations of exjstialibration methodologies and the requirements
of an energy efficiency service process, it wasddetto develop a new systematic evidence-based
calibration methodology integrating sensitivity centainty and measurements issues.

The basic principle of this new methodology is teegpriority to the physical identification of the
model's parameters (i.e. to the direct measuremand) relies on the definition of two types of
hierarchy:

- A hierarchy of the model's parameters by orderndfuence built based on the results of a
preliminary sensitivity analysis based on the Msrdampling method and allowing (1)
“factor fixing” (i.e. identification of non-influetal parameters that could be set to their “best-
guess” value) and (2) “parameters screening” ¢lassification of influential parameters by
order of importance).

- A hierarchy among the source of information exglito identify the value of the parameters
based on the reliability of the available data.(digect measurements > observation > default
value).

Following these main rules, the user is guided adting the energy use analysis process. The
information provided by the preliminary sensitiviipalysis is used to orient the data collectionkwor
(i.e. the inspection of the building) and the pesgive adjustment of the parameters.
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Figure 2: Main steps of the evidence-based calibration methodology

All along the calibration process, the values & trarameters are updated, as well as the related
probability ranges (reflecting the confidence/utaiety on the considered value of the parameter).
These ranges of variation are used at the endeofdhibration process to quantify the uncertainty o
the final outputs of the calibrated model by meahshe Latin Hypercube Monte Carlo sampling
method.

At each step of the calibration process, it is pegul to characterize the quality of the calibrated
model by means of:
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- Classical statistical indexes (Mean Bias Error @oefficient of Variation of the Root Mean
Squared Error) computed on a monthly basis forfgels/ peak electricity and offpeak
electricity consumptions and,

- Visual comparison of available recorded data (payver measurements) and corresponding
predicted values.

If available, recorded and predicted (quarter-)hoppwer demand profiles should be compared to
gualify the accuracy of the calibrated model.

Selection and application of a sensitivity analysis method

The (global) Morris sensitivity analysis method wesd in the frame of this work. This “screening”
method allows classifying model’s parameters byeowf influence and takes interactions and high-
order effects into account. Comparing to other glomethods, the Morris design is able to
characterize both local and global effects by cdaingumean and standard deviation values of
“elementary effects”.

A first sensitivity analysis has been carried autwo typical cases defined to be representativibef
Belgian building stock in order to proceed to aitiahscreening of the model’s parameters. The main
impacts on final energy consumption indexes weeetdu

- Envelope characteristics;

- Air (ventilation and infiltration) renewal rate(s);
- Indoor heating, cooling and humidity setpoints;
- Internal gains densities and schedules;

- HVAC system components performance.

Behavioral issues (e.g. operating schedules diciati lighting and appliances) were highlighted as
influential parameters and should be investigatedmanalyzing a real building case.

On the contrary, some parameters were identifiedvaakly influential when analyzing global
consumptions:

- Outdoor combined (convective-radiation) heat transbefficient;
- Internal gains convective-radiation split;
- Walls absorbance and emissivity.

Of course, these last parameters can have strangects when analyzing comfort issues (e.g.
operative temperature...etc).

The analysis of the variations of intermediate dimhl consumptions allowed identifying the
following trends:

- Natural gas consumption is generally a good reptaien of the heating needs of the
building;

- Total electricity consumption is a too global indexallow the clear distinction of the various
influences and the identification of the variatimighe cooling needs;

- The distinction between peak and off-peak eletyriconsumptions or winter and summer gas
and electricity consumptions is useful to analyze ainswer of the model to parameters
changes;

- Highly influential parameters are also involved high-order effects (i.e. curvature and
interaction effects);

These observations confirm that the use of a fullyjomated method to solve the highly
underdetermined calibration problem can be hazardthwdeed, the numerous compensation and
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interaction effects identified make difficult (ifoh impossible) the definition of a well-conditioned
(optimization-based) calibration algorithm relyimp the very little amount of available energy
consumption data (monthly bills).

Development and use of a Virtual Test Bed

A Virtual Calibration Test Bed (VCTB) has been deped and consists in a detailed model
(implemented in Trnsys) of a typical building equed with a complete HVAC system. This model
includes numerous influences usually neglected uiddimg simulation (e.g. stochastic behavioral
profiles for lighting and appliances use...). Thistifious building case has been used to generate
synthetic energy use data (e.g. whole-building mmgnénergy bills and sub-hourly power demand
profile).

It was noticed that recently developed stochastitakioral profiles were useful to general realistic
sub-hourly demand profiles but had no impact orbaliaed/averaged energy consumption data in
comparison with standard “sharp” operating/occupArse profiles.

The proposed simplified building energy simulatioodel and the associated calibration methodology
have been applied to this synthetic case as ifag @& real building case. The use of a synthetie cas
allowed:

- Checking the robustness of the calibration method ,

- Studying the quality of the calibrated model athea@tage of the adjustment process by
comparing reference (from the VCTB) and predictédng the simplified model) energy
demands,

- Highlighting useful measurements that could beqgyeréd in practice,

Three data collection levels were investigated dpresent a complete evidence-based calibration
process, from as-built data collection (Level 1)stwort-term/spot local monitoring data (Level 3)
through visual observation and inspection (Level Rata collection, sensitivity, accuracy and
uncertainty issues were discussed at each level:

- The initial as-built model (Level 1) gave a fairpresentation of the main trends of the
building energy use but results were not relialsleugh (too important uncertainty) to allow
drawing conclusions on the energy end-use. Follguie methodology developed earlier, a
preliminary sensitivity analysis was conducted rdes to proceed to “factor fixing” and to
orient the data collection and the parameters adprs processes during the next phases of
the calibration.

- The Level 2 calibration, relying on data availabiging an inspection of the building (BEMS
analysis...), resulted in a model giving an acceptabpresentation of the energy behavior of
the building. Main seasonal and daily variationgemepresented but uncertainties remained
too important to allow a proper quantification bétenergy end-users.

- At the end of the monitoring campaign, the Levelaibration model was able to predict the
building energy performance with a satisfying aecyr Among others, local power
measurements (at floor level) were highlighted asful to help in characterizing actual
internal gains (lighting and appliances) power deasaand profiles/schedules.

It was interesting to study the evolution of théuea of the statistical indexes (MBE and CV(RMSE))
computed on monthly and hourly values. A saturagéiffact was noticed when looking at the indexes
computed based on 12 monthly values. As soon aseidonal variations of the energy use were well
represented by the model, finer adjustments didezat to any significant improvement (i.e. decrg¢ase
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of these indexes. However, indexes computed onhhawlues were more able to reflect the
improvement of the models on shorter time scalgs éljustment of the hourly profiles...).

This observation confirmed that, in the frame dfjgical calibration process (where main available
energy use data consist in monthly energy billdjijittonal and specific visual verifications are deé

to evaluate the quality of the calibrated moded.(e&eomparison of hourly global or local power
demand profiles, analysis of the evolution of theedicted values of indoor temperature and
humidity...).

Conducting preliminary sensitivity analysis wasweiseful to highlight influential parameters and
orient the calibration process. It was interestiognotice that the progressive adjustment of the
parameters (and the narrowing of the correspondimgertainty/confidence ranges) did not lead to
important modifications of the hierarchy betweedtuiential and non-influential parameters built fae t
beginning of the calibration process.

However, narrowing the uncertainty ranges led goificant decrease of the uncertainty on the ostput

of the model. All along the calibration processe improvement of the quality of the model was

clearly reflected by the decrease of the uncestaom the energy performance predicted by the
calibrated model. Future research could focus enst#iting of uncertainty range and could envisage
other uncertainty analysis techniques (such aawegibased methods).

Further improvements of the test bed would consigihproving some of the stochastic profiles used
in the present model and in adding physical effeath as ducts and pipes fouling, more realistit an
detailed dynamic boiler and chiller models... A bettepresentation of the air flows in the building
(by means of a dynamic interzonal flow model) woaldo help in representing heat and mass
transfers between zones in a more realistic manner.

The developed test bed could be used to investiygtelemental calibration issues:

- Definition and assessment of new goodness-of-filDF criteria (e.g. new limit maximal
values of statistical indexes, statistical indexeemputed on shorter time-scales,
combined/weighted objectives functions...)

- Evaluation of other calibration levels (implying rm@specific and long-term measurements)

- Assessment of other calibration methods (totallpatially automated methods)

- Generation of synthetic pre- and post-retrofit datarder to check the ability of calibrated
models to predict energy savings.

Application to a Case Study

The last part of the present work consisted indpglthe proposed tool and methodology to real
building case, located in Brussels. As already dfmmethe synthetic case, the calibration process
consisted in:

- Building the as-built input file (Level 1)

- Running a preliminary sensitivity analysis

- Proceeding to building inspection (and focusing iorportant issues identified by the
sensitivity analysis, Level 2)

- Performing short-term specific monitoring (powenmperature, humidity and operating time
metering) to allow a “physical identification” di¢ most important parameters

- Running an uncertainty analysis in order to charam the accuracy/validity of the calibrated
model

This case study allowed clearly identifying theguttal interactions between the calibration worll an
the data collection process. The analysis of trmult® of the sensitivity analysis and of the
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intermediate simulation results of the model alldwiecusing on tt most important issues wh
performing building/system inspections and measerga

Both statistical criteria and visual verificatiom®re used to analyze the accuracy of the calib
model and point out the issues that should been investigated iarder to continue improving tt
model. However, this case study confirmed thatas wossible to calibrate a hourly simulation mc
by means of relatively little amount of monitorimata. The use of a systematic evid-based
method allowed optimizinghe efforts (i.e. minimizing the monitoring and natidg work while
maximizing the quality of the model) and reachingaaceptable level of accura

The calibrated model was used to disaggregateintagdlectricity use and identify the main hot ¢
chilled water consumersThe calibrated model allowed identifyingimple (direct Energy
Conservation Opportunities (i.e. modification of {m&rking heating system) and can be used to a
more complex options (walls insulat, schedules and/or setpoimatdjustment...

No evaluation of ECOs was done since no data waitasle to check the validity of such evaluati
In addition to such simulation work, additional reegements and «field investigations could k
done to characterize the use of solar ings (and their impact on solar gains), indoor cooas
during summer (indoor temperature setpoints), ogokystem performance (chiller and cool
towers energy use)...

Discussion and per spectives

Both applications (real and synthetic cases) altbhighlighting the complexity and the limits
calibration as it is used today. Calibration rersai@m highly underdetermined problem an
compromise has to be found between data colleetiwhmodeling efforts and model’s requirem
(Figure 3).

At the end of these applications, it seems hardhd@if impossible) to define a general calibra
criteria able to warrant the quality of a calibchtmodel in every situzon. This makes agailess
likely the appearancef a “perfect automatecalibration method”.

The influences and interactions occurring in offlmgéldings are so complex that analysis of \
global and aggregated energy use indexes (e.g.higoamergy klls) cannot be used to orient t
calibrationof a forward building energy simulation model invioly a few tens of paramete(as it is
done in non-evidencleased method:

Model
Calibration

Model
Model /
complexity requ(ltrggents

Figure 3: Compromise between modeling-calibr ation-requir ements

At the end of this work, it is believed that (aad®) partially manual methods remain more effic
and the best quality assurance.
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The applied calibration methodology is far to béomated and still partially relies on user’s skills

since it remains important to stay critical whenalgming the model's outputs. However, the

application of an evidence-based method ensurgsrgiito reality and avoids bad representation and
hazardous adjustment of the parameters. Moredwverintensive use of a sensitivity analysis method
was of a great help to orient data collection (Einy to “experimental design”) and parameters

adjustment processes. Defining confidence/uncaytaemges for each parameter, in addition to a
“best-guess” value, also allowed quantifying theartainty on the final outputs of the model and

helped the user in evaluating and criticizing tbaldy of the calibrated model.

Another advantage of the proposed method is ixbilay. The diversity of the buildings composing
the non-residential building stock makes mandatorkeep the calibration method as flexible as
possible:

- Inspection and monitoring needs could vary a loinfrcase to case, depending on the initial
uncertainties on the building/system description;

- Various sources and types of data have to be tetiedield observations, BEMS analysis,
various types of loggers...) and treated to allowglation into parameters values;

The set up of an automated adjustment method dmeildnvisaged to finalize the calibration work.
Indeed, after having collected a maximal amountdafa (taking into account time and money
constrains) to allow “physical” identification di¢ most influential parameters, an optimizationellas
approach could be used to refine the values ofastgnon-adjusted) influential parameters. Simee t
dimension of the problem should have been drabticalduced by following the evidence-based
approach (e.g. at the end of the evidence-basewagponly 3 or 4 influential parameters have not
been identified by means of direct or indirect nueasients), it is believed that a well-conditioned
optimization problem could be built and solved. IBumprovement should be envisaged in further
works.

It has to be reminded that the accuracy of the m@menpared to detailed commercial simulation
software) is about a few percents when predictmgial heating and cooling demands. Moreover, it is
important to keep in mind that the simulation mogghains an abstraction of the reality and it is no
realistic to try to develop a perfectly accuratedeio In addition to uncertainties on monitoring and
recorded (billing) data, the model's accuracy Hae o be considered when proceeding to automated
refinement of model’'s parameters. Continuing thestthent of the model’s parameters too far (i.e. to
reach a 0% error) would actually consist in “moaglithe error induced by the use of a simulation
model itself. Such final automated adjustment carubeful to investigate the potential sources of
discrepancies between the reality and the modestotild not be considered as evidence or proof of
any “physical effect”.

In the frame of building energy services, it is or@ant to reach a good compromise between efforts,
time and money spent in modeling and data colleatiork and model’'s requirements. If the model is
dedicated to energy end-use analysis and to whaoldiig level on-going commissioning (i.e.
comparison between recorded and reference computedkly or monthly demands and
consumptions), it seems rational to proceed to sgpoe and short-term monitoring in order to reach
an acceptable level of accuracy (equivalent to Léecalibration defined earlier). The use of
sensitivity analysis and the critical analysis loé simulation results should help the analyst tugo

on the main monitoring issues.

If the model is dedicated to short-time step engrgsformance prediction (such as hourly or sub-
hourly peak demands prediction), a more detailedlehshould be developed and a particular
attention should be paid to secondary effects sgsctise of solar shadings, solar masks, variatibns o
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the occupancy rate... Such model would require vemnpiete information about building use,
operation and occupancy. To this end, supplemeatdration levels (not envisaged in the present
study) might be investigated and could consist @o@tinuous improvement of the model by means of
continuous monitoring of lighting, appliances andAC components consumptions. More specific
metering should be envisaged at this stage (suetates flow measurements) in order to check the
performance of some HVAC components (chiller, brsile) and to improve the knowledge about
building use and operation profiles/schedules.

Today, at the early stages of an energy serviceseps, it is rare to go further than the inspection
stage (Level 2) when collecting data. As-built datax usually analyzed and, sometimes, completed by
a few spot-measurements. Unfortunately, it has lgnonstrated that even if the models based on
such limited information provide interesting infation and main trends of energy end-use, they are
not accurate enough to allow proper quantificatibthe energy consumers and accurate evaluation of
renovation options.

It is usually believed that simulation models atdleepresent the energy end-use are able to sienulat
ECOs with acceptable accuracy. Accuracy issuesmeeven more important when energy savings
are considered for energy contracting. It is alieroenvisaged to develop more specific simulation
models (of a part of the installation only) to gtifgnthe impact of specific ECOs (e.g. replacemaint

old pumps by VSD pumps). However, even if calibdateodels are useful to assist energy use
analysis of an actual situation, the validity o€alibrated model to evaluate ECOs is generally not
demonstrated due to lack of postretrofit data. feptial application of a Virtual Calibration Tese®

such as the one developed in the present work,dvbelto study the validity of more simplified
models when evaluating ECOs at lower costs (i.thoumit requiring actual pre-retrofit and post-reitrof
data but by generating synthetic pre- and pospfiettata for numerous ECOs). This issue is studied
in the frame of the IEA-ECBCS Annex 55 project (Riillity of energy efficient building retrofitting

— probably assessment of performance and costgr @tbues, such as the rebound effect, should also
be taken into account when evaluating ECOs. Faetiieasons, authors generally recommend to use
monitoring/measurements to accurately quantify gyqneavings.

More generally one can say that the fate of simardbased energy use analysis and energy-use
metering are linked. Building energy simulation rabdnd their calibration will certainly become
more popular and less hazardous as energy useimgetdad become more common, making easier
the analysis and the modeling of building and HV#yStem behavior.

7-8



