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The Energy Performance of Buildings Directive (EPBD recast, 2010/31/EU) requires Member States to
define minimum requirements of energy performance of buildings and building components with a view
to achieving cost-optimal levels. In order to calculate the cost optimal level of minimum energy perfor-
mance, Member States are required to create a set of reference buildings, at national or regional level, to
be used in the calculations. This paper introduces to the concept of reference buildings and to the state of
art at an international level. In particular, a general methodology for the creation of reference buildings is
illustrated. A case study of an office building as a reference building for the Italian existing building stock
is then shown. The process concerning the building definition and modeling was carried out by means of
dynamic energy simulation program EnergyPlus.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Building sector is responsible for 40% of the total energy con-
sumption at European level.

In order to have a practical impact on the reduction of building
energy consumptions, the Energy Performance of Buildings Direc-
tive (EPBD recast, 2010/31/EU) [1] requires Member States (MSs)
to define minimum requirements of energy performance of
buildings and buildings components with a view to achieving
cost-optimal levels using a comparative methodology framework.

Since it is not possible to calculate the cost-optimality for every
single building, the comparative framework illustrated in the
accompanying Guidelines [2] of the EPBD requires of MSs to define
a set of reference buildings (RBs), as typical national or regional
buildings. Due to the EPBD request, RBs have hence become a cru-
cial topic for studies assessing the energy performance. In particu-
lar two recent projects within the “Intelligent Energy Europe”

* Corresponding author. Tel.: +39 011 0904507; fax: +39 011 0904499.
E-mail address: stefano.corgnati@polito.it (S.P. Corgnati).
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program (IEE), TABULA [3] and ASIEPI [4], holds a reference posi-
tion with regard to the definition of typical residential buildings.

In the past, many studies pursed the definition of typical build-
ings but with different final targets. While some works were aimed
to the creation of representative buildings to be used for the eval-
uation of energy saving possibilities in existing dwellings [5-7]
others pursued the definition of typical buildings in order to devel-
op benchmark energy consumption of certain categories of build-
ings [8-11].

At international level one of the largest database of benchmark
building models for commercial buildings is the one of the Depart-
ment of Energy (DOE) of United States, where RB models are defined
for 16 building typologies across 16 locations (representative of US
climate zones) and three construction periods (pre-1980, post-
1980, new buildings).

The EPBD establishes also a strong step forward into the eco-
nomic evaluations. Before referring to the cost-optimality method-
ology, energy saving measures were often compared by taking into
account only the energy consumption and neglecting the economic
evaluation. Recently economic evaluations made use of the life cost
analysis [12] as well as through the total net present value in a
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defined building lifecycle [13]. Indeed, according to art. 12 of the
EPBD, cost optimal level refers to the energy performance that
leads to the lowest cost during the estimated economic lifecycle.
The main reference for the economic calculation methodology is
the global cost calculation from the European Standard EN 15459
[14]. In particular the global cost calculation allows to compare dif-
ferent energy saving measures, applied to different buildings, tak-
ing into account both the energy consumption and the economic
performance. Some applications of the global cost calculation on
different packages of measures applied to office buildings and res-
idential buildings have been made [15,16].

After drawing a common picture about the state of art of RBs,
this paper illustrates an harmonized methodology for the creation
of RBs. Considerations and challenges about the definition of the
concept of RBs at European level are also presented. Moreover the
first results on the activities on-going about the definition of some
RBs of the authors are here provided. In particular, a case study of an
office RB for the existing building stock is shown. The process con-
cerning the building definition and modeling by means of dynamic
energy simulation through EnergyPlus program is illustrated.

2. How to define RBs

In past and recent years several studies using RBs as a starting
point, were carried out, hence RBs do not represent a new area of
interest at all. However, MSs follow approaches that are very un-
like in terms of methodology and degree of detail in the creation
of RBs [17-19] since there is still no standardized methodology
to refer to. Some MSs have developed a comprehensive catalogue
(Germany), others are dealing with example buildings (Denmark),
others are defining them just for a few building categories and oth-
ers still do not have them in a project development. This paragraph
attempts to draw a comprehensive and common picture of the
state of art of RBs and also to outline a fair and harmonized meth-
odology to be used to determine them.

2.1. Towards a common definition

Before discussing the methodology it is essential to dwell on the
theme of RB, to introduce it properly with a few simple questions
in order to establish good basics.

2.1.1. What are RBs?

Currently there is no well-known and uniformed definition to
refer to, hence it is essential to set a recognized and harmonized
definition at European level to be used. According to Annex III of
the EPBD recast, RBs are “buildings characterized by and represen-
tative of their functionality and geographic location, including in-
door and outdoor climate conditions”. They aim to represent the
typical and average building stock in terms of climatic conditions
and functionality (e.g. residential buildings, schools, etc.). Different
points of view [17] related to that topic emerged during the Euro-
pean Commission’s meeting for the supplementing regulation to
Directive 2010/31/EC. Some experts believe RBs for the existing
stock should be as accurately as possible to the present average
building stock, but national experts reckon this kind of models
would be very complex and unrealistic, even if built on statistical
basis. Moreover the level of detail considered for the building
envelope and the system in RBs for the new construction represent
another subject for discussing between experts.

2.1.2. What is the target pursued with RBs? How can RBs reflect on
building energy performance and how are they connected with the
EPBD recast?

Generally speaking RBs aim to characterize the energy perfor-
mance of typical building categories under typical operations. In

particular, in compliance with the EPBD recast, RBs are required
for the purpose of cost-optimal methodology. They need to reflect
as accurately as possible the actual national building stock to en-
sure that results from cost-optimal calculations are representative.
Moreover they can be used to evaluate the achievable reduction on
energy consumption under a certain energy policy applied to a se-
lected building category in a national territory.

Especially EPBD recast demands MSs to define at least two
RBs for the existing buildings subjected to renovation and one
for new buildings. The building categories considered are Sin-
gle-family buildings, Apartments blocks/Multi-family buildings,
Office buildings and the other non-residential buildings listed
in Annex I of the EPBD recast. MSs can choose to define a RB
for each non-residential building category or define a RB can
be considered representative of two or more building categories.
Overall the number of RBs demanded to each MSs has to be
equal or superior to 9.

2.2. Methodology

Once established a definition for RBs, it is important to carry out
an accepted methodology for the creation of RBs. European build-
ing stock is very heterogeneous in terms of climatic zones, building
styles and usage. In fact within the same category, building use can
vary widely if analyzed into different MSs. Climate conditions have
a relevant influence into the construction technologies and the en-
ergy needs that characterize the building. It is thus important to
take these differences into account in order to identify a proper
methodology to be used by all MSs.

2.2.1. How can a RB then be defined? What problems may be faced
during its creation?

These two questions do not have easy answers. To create a RB is
a quite complex operation and its accuracy mostly depends on the
level of detail pursued in defining the building. In fact a common
and main problem usually faced is the lack of information re-
quested for defining properly RBs as it is difficult to find reliable
sources to refer to. Usually a common approach is to extract, when
available, data from official statistics at national or regional level.
The high need of information, relies also on the methodology used
for the assessment of energy performance in buildings. In order to
achieve reliable results, the Guidelines suggest MSs to perform cal-
culation using a dynamic method. It is thus recommended to carry
out calculations by means of dynamic energy simulation with
appropriate calculation programs (e.g. EnergyPlus). Dynamic en-
ergy simulation requires detailed building energy models and faces
several problems associated mostly with the several pieces of
information necessary as input data for the modeling process.
Thereby, as the level of information required is high, a solid foun-
dation of data about the building stock is the starting point to cre-
ate RBs, especially when using dynamic energy simulation.

The data collected for creating RBs, can be gathered into four
main areas of investigation as listed below:

. Form.

. Envelope.
. System.

. Operation.

AW N =

Data from each one of these four area form a sub-set of the
features of a building. All four sub-sets gathered together consti-
tute a wider set of features, that match with a RB model. The sub-
set “Form” regards the building type (e.g. office, school, etc.), size
and general geometry of the building. The second sub-set, “Enve-
lope”, regards the construction technologies and the material
used in the building, providing a description of the thermophysi-
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cal proprieties of building envelope. The sub-set “System”
concerns the heating and cooling systems, the mechanical ventila-
tion systems (when applicable), the generation systems and the
production from renewable sources within the building. In con-
clusion “Operation” sub-set consists of the operational parame-
ters affecting the usage of the building and it is also expressed
through a set of schedules (i.e. lighting schedule, equipment sche-
dule, heating temperature schedule, etc.). The structure of the
four sub-set of features is reported in Fig. 1 and takes inspiration
from the methodology [20] for establishing RBs used by the
Department of Energy (DOE) of United States. In fact DOE RB
models are defined gathering the data into four main area of
investigation: program, form, fabric and equipment, that match
respectively with the sub-set operation, form, envelope and sys-
tem outlined above.

Moreover, as also recommended into the Guidelines, collected
data are subsequently gathered in terms of age, location and
type.

Once collected the data within the 4 sub-sets, in order to create
RBs, the process of gathering all data together is a crucial task. It is
important to understand the typology of data available depending
on the sources used. It is possible to collect data from statistical
analyses or to base RBs on experts’ assumptions. The EPBD guide-
lines point out as input documentation for the establishment of
RBs, the work carried out within the IEE TABULA project, in which
three methodologies [21] to classify RBs are defined:

I. Creation of an “Example (Reference) Building”. This methodol-
ogy is used when no statistical data are available, and it thus
relies on the basis of experts’ assumption and studies. Infor-
mation from different sources but all based on experience
and experts’ inquiries are properly combined to provide a
building that is the most probable of a group of buildings,
within a selected location and age.

II. Selection of a “Real (Reference) Building”. The RB is the most
typical building in a certain category. It is a real existing
building, with average characteristics based on statistical
analysis. To define a Real Building it is therefore necessary
to have a large amount of information on the building stock.

IIl. Creation of a “Theoretical (Reference) Building”. This method
processes statistical data in order to define a RB as a statisti-
cal composite of the features found within a category of build-
ings in the stock [22]. The building is therefore made of the
most commonly used materials and systems.

Fig. 2 illustrates the methodologies described above. In particu-
lar the input data for the creation of an Example (Reference) Build-
ing model are derived from handbooks, design manuals, standards
and codes, and appropriately selected on the basis of the experts’
assumptions. This building is thus a fictional building.

On the contrary, the methodologies that refer to the building
stock in order to derive a RB, are outlined in the bottom part of
Fig. 2. First of all, it should be noted that only a sample of a na-
tional/regional building stock is known from surveys, energy certif-
icates, etc. This is the reason why only a sample of the building
stock can be used as the input data of a RB definition.

Generally, data on the building stock sample, are processed by
statistical tools in order to have a synthetic representation of this
sample (mean conditioned area, mean U-value of opaque compo-
nents, etc.). These statistical results can be treated aggregately or
separately. In the first case, it is possible to select from the building
stock sample, the building that is the most close to the statistical
results: this is a Real RB.

On the contrary, in the second case, the process of selection
from the building stock sample is made for each of the building
features the statistical analysis has been disaggregated into. The
RB will be made in this case of a summation of various features
of real buildings, but will not represent a real building itself. This
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Fig. 1. Four sub-sets of features for defining reference building models according to DOE methodology [6].
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Fig. 2. General methodology for establishing reference building models.

process is similar, for example, to the creation process of a test ref-
erence year.

These methodologies can be applied to each of the four sub-sets
mentioned previously. For instance it is possible to characterize the
general geometry of a residential building as well as to indentify
the main heating system as the most typical of that building cate-
gory referring respectively to empirical data and to statistical anal-
ysis. Depending on the available data, it is possible to use just one
of the above methodologies for all models (I, Il and III) in a RB, or
apply them differently to each model of the same RB. This is the
reason why in Fig. 2, a dashed arrow goes from the experts’ infor-
mation to the Real and Theoretical RB models: in fact for some of
the sub-set of features that made a complete RB model, the statis-
tical data may not be available and other sources should be used.
This is typically the case of the features of the operation sub-set
(e.g. internal gains, occupancy, etc.), where reference to standards
can avoid the uncertainty due to the real observations of the build-
ing stock or the lack of information.

It is important to note that the process to rely on when creating
RBs is equal for all RBs as the “final product/result” is the same,
although the input data used are not the same. The result will al-
ways be a RB model but with different quality of data.

Within the same category of RBs, it is notable to set the same
boundary conditions and reference use patterns in order to make
results to be compared.

Furthermore the methodology for the output presentation is
another major issue to be taken into account. Once provided the re-
sults from MSs, it is necessary that the methodology to refer to has
the same basis. For instance it is important to provide the same
output variables in order to ensure comparisons between MSs
are adequate. Due to the targets related to nZEB, the EPBD recast
required MSs to calculate a primary energy indicator expressed
in kWh/m? per year for RBs. Moreover a numerical indicator for
the disaggregated delivered energy (heating, cooling, lighting,
equipment, domestic hot water, ventilation), expressed in kWh/
m? a is requested. Overall the indicators to be taken into account
should be selected in order to define the performance level of a
nZEB and should be used by all MSs.

2.3. US experience: DOE benchmark building models

The US Department of Energy (DOE) established strong targets
in order to improve energy efficiency in existing and new building
stock. Thereby a set of RB energy models [23] were defined for the
most common commercial building categories in US, to be used as
starting points for analysis related to energy research studies. They
were created under the collaboration of the following DOE re-
search laboratories: the National Renewable Energy Laboratory
(NREL), Pacific Northwest National Laboratory (PNNL) and Law-
rence Berkeley National Laboratory (LBNL). Fifteen commercial
building categories plus one multifamily residential building were
gathered across sixteen locations (representative of US climate
zones) and three construction periods (pre-1980, post-1980, new
buildings). Not all commercial building categories were included
into the database, those categories vary greatly and could not be
defined into standard building models. Referred to as benchmark
building models, they were created on the basis of the 2003 Com-
mercial Buildings Energy Consumption Survey (CBECS) dataset
(EIA 2005), especially with regard to the building geometry. Within
the same categories, the building models have all the same form,
area and operation schedules. Indeed they differ for insulation lev-
els, lighting levels and HVAC equipment. These last parameters are
thus defined to be in compliance with the minimum requirements
of the energy standard selected in connection with the construc-
tion age of the building as listed below:

— ANSI/ASHRAE/IESNA Standard 90.1-2004 for benchmark build-
ing models for new construction.

- ANSI/ASHRAE/IESNA Standard 90.1-1989 for models related to a
construction age subsequent 1980.

- Standard previous to Standard 90.1-1989 in conjunction with
experts’ assumptions for models preceding 1980.

Benchmark building models are published into a proper section
dedicated to commercial building into DOE website. To be used
with the energy simulation program EnergyPlus, 256 models into
an idf format (input data file), were developed. Moreover
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spreadsheet scorecards provide a detailed building description
regarding the model parameters and annual energy performance
within the selected building category and climate zone.

Benchmark building models do not fit in a just one of the meth-
odologies described above, as the sources used to extract data from
are several. Beyond all doubts methodology I can be excluded as
benchmark building models are not real buildings. Thereby they
are based on data obtained according to methodologies II and III.
They refer especially to the following sources:

- The 2003 Commercial Buildings Energy Consumption Survey
(CBECS) and AIA Guidelines for Design and Construction for the
definition of program, form and fabric sections.

- ANSI/ASHRAE/IESNA Standard 90.1 for the definition of the pro-
gram and fabric sections as well.

- Experts’ studies were used for the equipment section in con-
junction with the Standard 90.1.

Throughout the development of the RBs it is intended to assess
the effect of energy efficiency technologies on commercial build-
ings. RBs can also be used to measure the progress of DOE energy
efficiency goals for commercial buildings. They are not meant to
represent a particular building as they are hypothetical building
models with typical operation schedule and typical construction
technologies. Moreover DOE’s Building Energy Code Program and
PNNL use these models for assessing the development of new ver-
sions of ASHRAE Standard 90.1.

2.4. National and European studies on RBs

At European level some studies have been carried on in connec-
tion to the theme of RBs.

In particular some RBs, mostly within the residential category,
were developed and are listed below.

According to the EPBD recast, the Buildings Performance Insti-
tute Europe (BPIE) drew up a set of principles concerning the nZEB.
Within its study, BPIE outlined the boundaries of the current nZEB
definition and produce a set of possible improvements, referred as
principles that can be applied to guarantee a better road towards
the implementation of nZEB by MSs. In particular two RBs [18] were
created across three representative European climates (Copenha-
gen, Stuggart and Madrid), in order to assess the principles defined.
A single-family house was defined, from analysis [19], as the most
typical single family building in the residential building stock at
European level. Moreover a multi-storey office building was chosen
attempting to cover non-residential categories. The building de-
fined has thus very simple features in order to be used also as mul-
ti-family building. Both RBs can be considered example buildings
for new construction as they were built on experts’ assumption.

Additionally, concerning the residential stock within Italian ter-
ritory, two IEE [Intelligent Energy Europe] projects can be quoted
as also recommended in the Guidelines as input documentation
about RBs to refer to. The two projects, TABULA and ASIEPI, previ-
ously described, are thus discussed into this paragraph as Italy par-
ticipated as partner and provided some relevant results.

Within the collaboration of thirteen countries, TABULA dealt
with the development of an harmonized structure for residential
building typologies. Each participant country developed a set of
typical buildings, representative of the residential building and
gathered in terms of construction period of the country and of
the building size. In particular Italy collected the buildings accord-
ing to three independent variables: 3 climatic zones, 7 construction
ages and 4 type of Italian residential buildings (single-family
house, multi-family house, terraced house, apartment block). RBs
are example and theorical buildings as defined in compliance with
the methodology II and III illustrated above. Depending on the age

and the level of investigation (building, system and operation) con-
sidered, each RB has different basis.

Furthermore ASIEPI gathered, as a subtask within its project, a set
of possible RBs [24] to be used in pilot comparison studies. A variety
of typical houses were defined for 12 European countries, including
Italy. A single family house, varying from row house to detached
house, was defined for each participant country. The single family
house was chosen as a valuable RB mainly for two reasons. Firstly be-
cause, as stated above, it represents the most typical residential
building in Europe and secondly small and simple houses were pre-
ferred to perform comparison studies in order to minimize the errors
of a complex geometry. RBs were defined by all participant countries
referring to the methodology II previously introduced. RBs, as sup-
ported by experts’ estimations, are example buildings.

At European level others studies regarding the residential stock
were developed. In particular a seven-step procedure to determine
cost optimal and nZEB energy performance level [25] was applied
to a Estonian detached house used as typical representative build-
ings of new construction. The RB was selected by some experts and
can be considered a Real Building.

With specific regard to Italy, there are some studies regarding
the office building category to be taken into account for their rele-
vance on the topic. At the present time, concerning the office build-
ing the most important reference is a research study [26] carried
out by ENEA! (Italian National Agency for New Technologies Energy
and Sustainable Economic Expansion) and finalized to a quantitative
and qualitative analysis of Italian commercial stock and in particular
concerning office buildings. This research considered approximately
65,000 Italian office buildings and defines two main categories (a
small office building and a medium office buildings) as the most rep-
resentative. In particular within this research, two office RBs valuable
for the existing stock were defined. They differ from each other in
terms of size (total floor area and number of floors), construction
age and percentage of openings. They both have a rectangular shape
and a similar interior layout. The smaller one is representative of of-
fice buildings built until 1970, whereas the bigger one is representa-
tive of office buildings built from 1971 until now. Data concerning the
building form builds on statistical basis as well as data about the
building system. Whilst the definition of the building envelope was
based on assumptions related to the construction age of the buildings
and as a result of a telephone survey. The 2nd model defined consists
of an office building of medium size, with a covered floor area of
2400 m? and 5 floors above ground. As presented in Fig. 3, the interior
layout is characterized of cellular offices, a central core for the distrib-
utive elements (stairs and elevators) and service areas. The core zone
has no openings and it is not subjected to direct solar radiation. Each
office has two opening, with exception for the corner ones that have
three windows. There is no solar radiation shading. The building con-
struction is consistent with traditional Italian technologies (rein-
forced concrete structure, brick walls with insulation, flat roof and
a double glazing with aluminum frame). Moreover a split DX (direct
expansion) system and a gas boiler are respectively defined for cool-
ing and for heating. The building uses natural gas to provide space
heating and to serve the water heating system.

3. The cost optimal levels of minimum energy performance

Prior to the calculation of cost-optimal levels of energy perfor-
mance, MSs are required to investigate valuable energy efficiency
measures (based also on renewable energy sources) for each RB
and to assess the primary energy demands related to each package

1 A deeper research on the Italian office building stock was carried out, in 2009, by
ENEA (Italian National Agency for New Tecnologies, Energy and Sustainable Economic
Expansion) and finalized to the quantitative and qualitative analysis of Italian
commercial stock, especially Office Building and Schools.
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Fig. 3. Medium office building plan.

of measures within the same category of RB. Measures are com-
bined into different packages/variants in order to reach better re-
sults energy performance in the RB models.

Subsequently the global cost of each measures/variants package
can be calculated according to the classification defined in EPBD re-
cast - Annex [ and referring to Standard EN 15459. Usually in eco-
nomic calculation, only the upfront investment [27] cost is
considered, whilst according to the classification provided into the
Guidelines initial investment cost, running cost, replacement costs
and disposal costs must be included over the building lifecycle. En-
ergy costs are also included as a sub-category in running costs. A full
approach for new construction as well as for major refurbishment is
demand to calculate the global costs, that must be market-based.

An important issue discussed during MSs meeting is the defini-
tion of the calculation period as part of the net present value ap-
proach. It was thus proposed to use a calculation period of
30 years for residential buildings and of 20 years for non-residen-
tial categories as it is quite difficult to predict prices for a time
frame superior to 30 years.

In conclusion the optimal cost range is assessed by spotting the
mean value of primary energy consumption and global cost both
related to different packages of measures on each RB category.
The combination of packages with the lowest cost defines the
cost-optimal level of minimum energy performance requirements.
When packages have very similar costs, the package with the low-
est primary energy demand should be selected to define the cost-
optimal level.

An exemplar report on the methodology to be followed was
conducted by BPIE [28] defining also different possible packages
of measures on a theoretical RB. The study analyzes the current en-
ergy policy and provides guidance and support to the methodology
addressing mainly to policy makers. Moreover in the previous
study quoted for the definition of an Estonian residential RB [25],
a systematic and robust scientific procedure to determine cost
optimal and nZEB energy performance levels was developed.

4. An Italian RB case study: an office building

In the following, the development of a RB for the office category
[29], customized to the Italian territory, and its boundary condi-
tions, are defined.

4.1. Definition of the model
The case study builds on two important references:

- The ENEA research over the office building category (paragraph
2.4) as a starting point to define RBs for existing and new
construction.

- The methodology for establishing DOE benchmark building
models (paragraph 2.3) as a model to refer to.

The methodology used within the case study, matches thus
with the one described previously for establishing DOE benchmark
buildings models and pictured into Fig. 2.

The quantitative and qualitative analysis carried on by ENEA de-
fined two RBs for the existing stock, and gathered them depending
on five different construction ages (pre-1920, 1920/1945, 1946/
1971, 1972/1991, post-1992) and three main climate zones (North,
Center, South and Islands). In particular, among the two ENEA
models created, the larger building was selected for this study as
considered more representative of the existing building stock, for
its dimensions and technologies. As described in the previous par-
agraph, the office building has a rectangular plan with 5 floors
above ground and a covered area of 2400 m?, as pictured in
Fig. 3. For its dimensions, it can be referred as a medium office
building with traditional construction technologies. It is thus made
of a reinforced concrete structure with brick walls, a flat roof and a
double glazing with aluminum frame. The RBs defined for North,
Central and South Italy differ from each other with regard to the
dimensions of the transparent components on the facade. In partic-
ular RBs for Central and South Italy are characterized by an in-
crease of the glazing surface.

With reference to the four sub-set of Fig. 1, ENEA survey pro-
vided a proper description of the RBs in terms of form, envelope
and system.

Subsequently, an analysis over 50 projects of office buildings
realized in Italy in the past 10 years was carried out in order to
indentify the current design approach. All projects were gathered
in terms of size (small, medium, large and very large office) and
four office buildings with average values have been thus set out.

In conclusion, the ENEA model was used in conjunction to the
analysis reported above to define four reference office building
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Table 1
Geometrical data for reference buildings in the north of Italy.
Value Unit

Storeys 5 -
Building total height 14.5 m
Wall area 1296 m?
Window area 588 m?
Gross roof area 450 m?
Gross total area 2400 m?
Gross area of typical floor 540 m?
Volume 34800 m3
Floor height 29 m
Window-wall ratio 45 %

models, one for existing buildings and three for new constructions.
All models were built on the ENEA medium office building as start-
ing point, but they then differ from each other in terms of construc-
tion technologies, thermo-physical properties of the envelope and
plan layout. The building shape as well as the gross area and sys-
tem remain unchanged for all models. The geometrical data of
the buildings, for the North of Italy, are reported in Table 1.
The four RBs defined are listed below:

- Type A. It is the medium office building defined in the ENEA
research. As it was originated from an analysis over the existing
building stock, the values of the construction component are
not consistent with Italian current Standard. It can be consid-
ered a RB for the existing stock. It is a Theorical building based
on statistical data for the form, envelope and system sub-set
features, and an Example building for the definition of the oper-
ation sub-set features.

- Type Al. It is a reference building for new constructions. It is
thus equal to Type A but with some alterations on the envelope.
The thermal-physical properties of the construction compo-
nents were hence modified due to make the model be in com-
pliance with the current Italian energy standard for buildings
(D.lgs 311/2006 [30], D.P.R. 59/2009 [31]). Like Type A, it is a
Theorical building for the form and system sub-set features,
whilst it is an Example building for the envelope and operation
sub-set features.

- Type B. It is equal to Type A1 with alterations to the plan layout,
from a cellular office to a mixed office (both cellular and land-
scape office) and alterations to the facade (from a traditional
opaque envelope to a ventilated facade). It is an Example build-
ing for new constructions.

- Type C. In analogy with the previous model (Type B), it has a
transparent facade instead of the ventilated one. It is an Example
building for new constructions as well.

Table 2 lists the thermal trasmittance of the main envelope
components in the RBs.

Table 2
U Values for all reference buildings in the north of Italy.

MODEL A S - P
RBs for existing buildings ‘.
§ “*. Torino
Milano -, E
Roma «eeeeses ¥ MODEL A1l
RBs for New Construction
Torino " :
E .+ Milano
MODEL B Wacasuen Roma
RBs for New Construction ",
with Ventilated Fagade
. "+ Torino
Milano -, E
———— Y MODEL C
RBs for New Construction
with Transparent Fagade
Torino =

<

Fig. 4. Reference building scheme.

The HVAC components and the energy system remain un-
changed for all the RBs. For heating and cooling, the primary sys-
tems are respectively a gas boiler and water-cooled chiller, and
the terminals are four-pipe fan coil units with outside air.

Both the analysis previous mentioned did not provide any infor-
mation about the use of the building, its occupancy and the inter-
nal gains to be considered for a full energy study of the building.
Therefore, in order to fill in the operation sub-set features as

Type A (W/m? K)

Type A1 (W/m? K) Type B (W/m?K) Type C (W/m?K)

Exterior wall
Type A/A1 0.76
Plasterboard/brick/air/insulation/brick
Type B -
Plasterboard/brick/insulation/air/brick

Flat roof
Plasterboard/slab/insulation/slab/concrete plaster 0.295

Window
Double glazing with aluminum frame 3.2
Type C- Glazing facade

Slab above ground
Floor/concrete/insulation/slab/gravel 0.516

0.34 0.29 -
0.295 0.295 0.295
1.87 1.87

- - 1.87
0.30 0.30 0.30
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pictured in Fig. 2, some assumption were made based on design
manuals and standard references. In particular indoor thermal
comfort was set according to Italian national standard 10339
[32]. Occupancy, lighting and equipment schedules were defined
with reference to European Standard EN 15232 [33] as considered
representative of the daily usage of the building in Italy. In partic-
ular schedules from energy class C were selected, as representative
of reference and basic values. For all models input data regarding
the operation in the building model were set with the same values.
As they were extracted from standards and design manuals, all
models are Example buildings with specific regard to the operation
sub-set features.

All four models belong to the same category of RBs, as the main
activity is the office use. Therefore it is important to set the same
boundary conditions (e.g. climate) and reference use patterns in
order to compare the results from all four models. As stated before,
ENEA models were defined for three main climatic zones. For this
study, only the models referring to the North and Central Italy
were considered as most of Italian office buildings are located in
the Northern and Central part of Italy. The Statistical analysis in-
cluded in ENEA survey highlighted in fact the great concentration
of office buildings in the North of Italy, especially in the region

Lombardia. Furthermore as Italian territory is divided into seven
climatic zones, three location (Turin, Milan and Rome) were thus
selected within these areas due to represent with more accuracy
the different climatic conditions. Turin and Milan are located in
the same climate area (zone E) which is representative of the
90% of office buildings in the North of Italy. As emerged from ENEA
analysis, just into the District of Milan there are nearly 4800 office
buildings, followed by Rome with 2600 and Turin and Rome with
2250 units. Zone E is characterized by a number of Degree Days
(DD) that ranges from 2100 to 3000, whilst climatic zone D, where
Rome is located, has a number of DD varying from 1440 to 2100.

All RBs were modeled within DesignBuilder, the graphical inter-
face of EnergyPlus program. All data extracted from the analysis
mentioned previously, from the design manuals and the standards
were all gathered into the simulation program in order to perform
an analysis over the models energy consumption.

Hourly weather data were taken from the International Weath-
er for Energy Calculation database (IWEC files) developed by ASH-
RAE 2001. The weather files provided in .epw format, as to be read
with the EnergyPlus program, correspond to a typical meteorolog-
ical year respectively in Turin, Milan and Rome. Turin and Milan
have a continental climate, with cold-dry winter and hot-humid
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Fig. 5. Daily energy demand in winter-final use, Type A1, Milan.
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Fig. 8. Annual primary energy - Type A.

summer, while Rome has a Mediterranean climate, with milder
winter and hot-dry summer.

The RBs models for Turin and Milan have identical characteris-
tics both for the building envelope and geometry, whereas in the
models for Rome some alterations concerning the envelope com-
ponents were applied. All RBs were modeled into 5 conditioned
thermal zones per storey (15 thermal zones in total): one core zone
for distributive elements and services areas and 4 perimetric office
areas that correspond to the North, South, West and East zones of
the building. Furthermore, as mentioned previously, in the models
for Central Italy (Rome), the area of opening elements was in-
creased, in particular the area of a single window was increased
from 3.1 to 3.5 m?. The thermal proprieties of the envelope compo-
nents were also modified as climatic zone D, in compliance with
Italian Standard regulation, has different values for the thermal
trasmittance (U value).
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Fig. 10. Annual energy demand-final use, Milan.

In conclusion as all the four RBs models were simulated for
three climatic zones, 12 models were defined (Fig. 4).

4.2. Results

Annual, monthly and daily simulations were performed for all
models in order to compare the results between the two different
locations and all four RBs. Moreover all simulation made possible
to establish a benchmark energy consumption for a typical office
building in Northern and Central territory in Italy. In particular
the daily simulations regarded a typical winter design day in Janu-
ary and a typical summer design day in July and enabled to draw a
daily curve of energy consumption for each model as pictured in
Figs. 5 and 6. The methodology used for the representation com-
pares results in a simple and comprehensive way. Figs. 7 and 8 re-
fer to RB Type A and compare over the 3 locations respectively the
final use energy demand and the primary energy demand. Milan
and Turin are located in the same climate zone (Italian zone E) with
a higher value of Degree Day (DD) and colder winter, compared to
Rome (Italian zone D), characterized by a warmer climate. In Milan
the energy demand reaches thus the highest values due to the high
energy demand for heating and cooling, whereas Rome has the
highest cooling demand due to the warm climate.

Fig. 9 draws the monthly energy demand over the whole year,
disaggregated into heating, cooling and electricity in Rome. Heat-
ing and cooling are seasonal whereas electricity has constant value
during the whole year, with light differences due to the different
month length. Especially in August the electricity energy demand
is lower because of summer holidays.

Afterwards in Fig. 10 the energy consumption of different mod-
els in the same location is emphasized: the maximum value of en-
ergy demand belongs to the Type A, the RB for existing buildings,
as its construction elements do not respect the current standard
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Fig. 9. Monthly energy consumption-final use - Type A, Rome.
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limit in thermal insulation. Between the other buildings, Type B
has a better energy performance due to its ventilated facade
whereas Type C, with a transparent facade has a higher energy
consumption.

As also explained previously internal gains remain unchanged
for all RB models. Standard prescription for lighting and equipment
use and in general occupancy level as established by Standards, are
constant for all models as the main activity is always the one of an
office building. Daily energy consumptions related to internal gains
are thus drawn in Fig. 11.

5. Conclusion

This paper builds on the EPBD recast and outlines the require-
ments of the same Directive concerning the implementation of
nZEB. In particular the state of art with attention to the current en-
ergy policy within Europe, is described. Subsequently, with a clear
reference to the Guidelines and a few European projects (e.g.
TABULA, ASIEPI) a methodology to define RBs for cost-optimal
calculation is provided. The methodology here recommended, de-
scribe what data are required and how to collect and gather them
into different categories. Moreover a short review of previous and
current studies related to RBs at European and national level is
subsequently given. In conclusion with the case study reference
models for office building categories are defined. The models cre-
ated represent a first attempt to draw together a detailed picture
of non-residential stock in Italy. The model for existing buildings
has a solid foundation of data from statistical analysis, whilst the
model for new model can be still be improved through the imple-
mentation of more documentation and references.

Cost-optimal analysis together with the definition of RBs repre-
sent a compulsory step to be taken to respect the EPBD require-
ments for the conversion towards nZEB by 2020 in Europe.
Further developments from all MSs are thus expected to come with
regard to the methodology used and the final product, the RBs that
will be provided.
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Abstract

The recast of the Directive on the Energy Performance of Buildings has set out that
Member States must ensure that minimum energy performance requirements are set
with a view to achieve cost optimal levels for buildings, building units and buildings
elements. A cost optimal level is defined as the energy performance level which
leads to the lowest cost during the estimated economic lifecycle. It must be
calculated in accordance with a comparative methodology framework that is based
on the global cost method. This one considers, for each energy efficiency measure,
the initial investment, the sum of the annual costs for every year (including energy
costs) and the final value, all with reference to the starting year of the calculation
period.

In this study, the global cost method is applied to a reference building for existing
offices customized to the Italian context to assess the cost optimal levels. In detail,
different packages of energy efficiency measures, which consist in the
implementation of envelope thermal insulation and the improvement of systems
efficiency, were considered. Moreover, the utilization of renewable energy sources
was taken into account with the installation of PV system on the building roof. Then,
the energy consumptions of the reference building and the impact of the
improvement measures were assessed. Finally, the costs of the different packages
were estimated, according to the European Standard EN 15459:2007, in order to
establish which of them has the lowest global cost and, consequently, represents the
cost optimal level.

Keywords - cost optimal analysis; cost optimal levels; retrofit measures; minimum
energy performance; dynamic simulation
1. Introduction

It 1s widely recognized that the building sector is one of the key
consumer of energy. Buildings account for 40% of the total energy



consumption in the European Union [1]. The sector is expanding and this
trend raises some environmental issues such as the exhaustion of energy
resources, global warming, the depletion of the ozone layer and climatic
changes. In order to reduce the growing energy expenditure, the European
Directive imposes the adoption of measures to improve the energy efficiency
in buildings. The recast of the Directive on the Energy Performance of
Buildings (EPBD recast) defines all new buildings will be nearly zero-energy
buildings by the end of 2020. However, the transformation of the EU’s
building stock will not be completed until well after 2020 and the 20 %
target can only constitute an intermediate step. Indeed, the recent
Commission roadmap for moving towards a competitive, low-carbon
economy showed that greenhouse gas emissions in the building sector could
be reduced by around 80 — 90 % by 2050. If the building sector is to deliver
this important contribution by the middle of this century, defining minimum
energy performance requirements for new and existing buildings represent a
key element in European building codes.

Consequently, EPBD recast [2] has set out that Member States (MSs)
ensure that minimum energy performance requirements are set with a view
to achieve cost optimal levels for buildings, building units and buildings
elements. A cost optimal level is defined as the energy performance level
which leads to the lowest cost during the estimated economic lifecycle. It
must be calculated in accordance with a comparative methodology
framework that is based on the global cost method. The methodology is
addressed to national authorities and the cost optimal level is not calculated
for each case, but for developing generally applicable regulations at national
level. To apply this methodology MSs are expected to define a series of
Reference Buildings (RBs) as baseline and representative models of the
national building stock. In the Guidelines of the EPBD recast [3] it is clearly
stated that the establishment of RBs is the first step of the calculation
procedure. In fact, the developed RBs can be exploited as a basis for
analysing national building stock and the potential potential impacts of
energy efficiency measures in order to select effective strategies for
upgrading existing buildings [4]. Additionally, MSs must define energy
efficiency measures (EEMs) to be applied to RBs; EEM can be a single
measure or constitute a package of measures. Finally, once estimated the
RBs energy consumptions and the impact of the different EEMs, the costs of
the different packages are estimated in order to establish which of them has
the lowest global cost and, consequently, represents the cost optimal level.
The global cost method considers, for each EEM, the initial investment, the
sum of the annual costs for every year (including energy costs) and the final
value, all with reference to the starting year of the calculation period. A
measure or package of measures is cost-effective when the cost of
implementation is lower than the value of the benefits that result, taken over
the expected life of the measure. The cost-optimal result represents that



retrofit action or combination of actions that minimized the global cost. From
the variety of specific results for the assessed packages, a cost curve can be
derived. The lowest part of the curve represents the economic optimum for a
combination of packages.

2. Scope of the work

In a country like Italy where the building stock consists mainly of
existing buildings, the specification of energy performance requirements for
existing buildings becomes a key element of national building sector
policies. Therefore, in this paper the application of the cost optimal
methodology, following the Guidelines of the EPBD recast [3], to a
Reference Building for existing offices customized to the Italian context is
presented. Specifically, different EEMs involving the improvement of the
building envelope thermal performances and the systems efficiency were
considered. Moreover, the utilization of renewable energy sources was taken
into account with the installation of a PV system on the building roof. Then,
the energy consumptions of the Reference Building and the impact of the
improvement measures were assessed with a dynamic simulation software
tool. Finally, the costs of the different packages were estimated, according to
the European Standard EN 15459:2007 [5], in order to establish which of
them has the lowest global cost and, consequently, represents the cost
optimal level.

Among the various studies that are being developed at each national
level on this topic, this work is characterized by the use of dynamic
simulation in order to accurately estimate the energy demand for heating,
cooling, electric lighting, electricity from renewable sources, and especially
the trade-off between heating energy and cooling energy, that is particularly
important in an office building. Given the use of dynamic simulation and
the inherent calculation times, a study based on a limited amount of
technically feasible packages of energy efficiency measures, rather than a
parametric study, was conducted.

3. The Reference Building

The main purpose of a Reference Building is to represent the typical and
average building stock in a certain MS, since it is impossible to calculate the
cost optimal situation for every individual building [6]. Hence, it must be
chosen to reflect as accurately as possible the present national building stock
so that the methodology can deliver representative calculation results.

The case study hereby analyzed is a theoretical Reference Building (for
the significance of a theoretical RB see [6]) that is a fictional building
composed of disaggregated statistical data related to the main building
features gathered together to create a typical Italian office building. It is the
results of a national survey [7] carried out by ENEA (Italian National
Agency for New Technologies Energy and Sustainable Economic



Expansion) and finalized to a quantitative and qualitative analysis of the
Italian office building stock. The RB is representative of office buildings
located in the North of Italy and built since 1970 until today.

The RB is a five-storey 2760 m” office building with an unconditioned
basement and it is located in Turin. It 1s characterized by a total net
conditioned area of 2300 m”. The gross area of a typical floor is equal to 480
m’, while its gross height is equal to 3.5 m.

The building has a rectangular plan (16 m x 30 m), with an interior
layout characterized by cellular offices on the perimeter areas and a central
core for the services areas. It is oriented N-S on its cross-section. It has an
aspect ratio of 0.33 m™, it is thus a quite compact building. The ratio of the
transparent area to the opaque envelope is 38%.

It consists of a reinforced concrete structure, brick walls with insulation,
plane insulated roof and double glazing windows with aluminum frame with
thermal break and with internal blinds.

The primary system is constituted by a condensing boiler and a chiller
with cooling tower; the terminals of heating and cooling system are four-pipe
fan coil units.

4. Energy Efficiency Measures

In accordance with the EPBD Guidelines [3], Member States must
define energy efficiency measures to be applied to the established RBs. The
EEMs can regard the building envelope, passive techniques, building
systems as well as the use of renewable energy sources. It is therefore
recommended that measures be combined in packages of measures and/or
variants, since meaningful combinations of measures can create synergy
effects that lead to better results (regarding costs and energy performance)
than single measures.

The definition of the EEMs, that are all technically feasible, was carried
out on two stages. The EEMs were aimed first to the improvement of the
building envelope performances and then to the improvement of systems
efficiency and to the exploitation of renewable energy sources. The latter
measures were applied to some of the previous models, and in particular, to
the RB, which is the solution with the lowest global cost, and to the model
which reported the lowest primary energy consumption.

The first set of 12 EEMs consists in an improvement of the thermal
insulation of the building envelope. Since the RB is assumed to be located in
Turin (climate zone E), the considered U-values correspond to the
requirements established by the new regulations on energy performance of
buildings in Piedmont Region [8]. Furthermore the EEMs concerning the
retrofitting of the building envelope were also distinguished into
“homogenous measures” that regarded all the building envelope or “not
homogeneous measures” that concerned just selected building components.
Three homogenous EEMs were defined. The U-values applied for the EEM1



are the U-value limits set by the Piedmont Region regulation [8]; the U-
values applied for the EEM2 are the optional U-value targets set by the
Piedmont Regional regulation [8]; the U-values applied for the EEM3 are the
optional U-value targets set by the Turin city regulation [9].

Table 1. Thermal features of the Reference Building and of the homogenous Energy Efficiency
Measures involving the improvement of the building envelope thermal insulation

EEM U-value EEM U-value
[W/m°K] [W/m’K]
RB Walls 0.75 EEM?2 Walls 0.24
Windows 3.19 Windows 1.5
Roof 0.81 Roof 0.22
Ground slab 1.45 Ground slab 0.26
EEMI1 Walls 0.33 EEM3 Walls 0.14
Windows 2 Windows 1.2
Roof 0.29 Roof 0.15
Ground slab 0.30 Ground slab 0.16

Table 2. Thermal features of the not homogenous Energy Efficiency Measures involving the
improvement of the building envelope thermal insulation

EEM U-value EEM U-value
[W/m?°K] [W/m?K]
EEM4 Walls 0.75 EEMO9 Walls 0.24
Windows 2 Windows 1.5
Roof 0.81 Roof 0.81
Ground slab 1.45 Ground slab 1.45
EEMS5 Walls 0.75 EEM10 Walls 0.75
Windows 3.19 Windows 1.2
Roof 0.29 Roof 0.81
Ground slab 0.30 Ground slab 1.45
EEM6 Walls 0.33 EEM11 Walls 0.75
Windows 2 Windows 3.19
Roof 0.81 Roof 0.15
Ground slab 1.45 Ground slab 0.16
EEM?7 Walls 0.75 EEM12 Walls 0.14
Windows 1.5 Windows 1.2
Roof 0.81 Roof 0.81
Ground slab 1.45 Ground slab 1.45
EEMS8 Walls 0.75
Windows 3.19
Roof 0.22
Ground slab 0.26




Measures from EEM4 to EEM12 are indeed not homogeneous. Tables 1
and 2 list the U-values achieved with each EEM.

The EEMs considered within the second stage consisted in the
introduction of an artificial lighting control (alc) and in the installation of PV
panels on the plane roof. In this case, three different configurations were
studied:

= covering of the entire roof with PV panels (power: 38 kW,);

= covering of one half of the roof with PV panels (power: 21
kWy);

. covgring of one fourth of the roof with PV panels (power: 11
kW)).

In table 3 thpe packages from EEM13 to EEM24 are summarized.

Table 3. Description of Energy Efficiency Measures affecting the lighting system efficiency
and the exploitation of renewable energy sources

EEMs Description 1* stage EEM ID
considered

Package 1 | alc RB EEM13
EEM3 EEM14

EEMS EEM15

Package 2 | PV: 100% roof RB EEM16
Package 3 | PV: 50% roof RB EEM17
Package 4 | PV: 25% roof RB EEMI8
Package 5 | alc RB EEM19
PV: 100% roof EEM3 EEM20

Package 6 | alc RB EEM21
PV: 50% roof EEM3 EEM22

Package 7 | alc RB EEM23
PV: 25% roof EEM3 EEM24

5. Energy evaluation

The objective of the energy evaluation was to determine the annual
overall energy use in term of delivered energy (divided by sources) and
primary energy, which includes energy use for heating, cooling, lighting and
equipment. In this study, the annual primary energy consumption for hot
water (that is equal to 4.4 kWh/m®) was neglected.

The Reference Building was modeled and simulated by the energy
simulation software EnergyPlus (version 6.0).

The typical weather conditions of the Turin location refers to the IGDG
Weather for Energy Calculation database of climatic data.

Each floor of the building office was divided into 5 thermal zones, one
large core and four perimeter zones (Fig. 1). In total the model is composed



of 25 thermal zones plus the unconditioned basement. The interior partitions
of the cellular offices were defined as internal mass.

Fig. 1. Reference Building plan with the subdivision in thermal zones

The operational parameters were set to be consistent with the building
typology. For the office areas, people per zone floor area were fixed to 0.06
pers/m°[10]. Lighting and appliances power densities were respectively
defined to 13 W/m® and 10 W/m® for the office areas and 7 W/m” and 2.9
W/m® for the central core [11]. These densities were linked to the activities
schedules carried out in the building during the weekdays and the weekends.
A specific occupancy schedule [11] and a schedule related to the use of the
lighting system [12] and of the appliances have been defined.

The control of the solar shading is done on the basis of the total solar
radiation incident on each window (above 300 W/m’ internal blinds are
shut). The control of the artificial lighting is done on the basis of the
daylighting illuminance levels in each zone with a continuous/off regulation

type.
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The heating system has been assumed to be active from the 15" of
October to the 15" of April in compliance to the Italian regulations for the
climatic zone E. The cooling system has been set to operate during the
remaining period due to the high presence of internal gains. During
weekdays, the heating and cooling setpoints were set respectively to 21,5 °C
and 26 °C from 5 a.m. to 7 p.m.

During weekdays, the outdoor air flow rate is set at 11 1/s per person
operating from 5 a.m. to 7 p.m.

In Figure 2 primary energy consumption of RB and EEMs are reported.

6. Economic evaluation

In accordance with the EPBD, global cost calculations result in a net
present value of costs incurred during a defined calculation period, taking
into account the residual values of components with longer lifetimes.
Following the procedure described in the European Standard EN 15459,
global cost is directly linked to the duration of the calculation period 7 and it
can be written as:

T
o=+ 3| Tl (1R 0)-V. ) )
i Li=l

where Cg (1) represents the global cost referred to starting year 7, C is
the initial investment cost, C,; (j) is the annual cost for component j at the
year i (including running costs and periodic or replacement costs), Ry (i) is
the discount rate for year 1, Vi, (j) is the final value of component j at the end
of the calculation period (referred to the starting year 7y). The discount rate
Ry is used to refer the costs to the starting year; it is expressed in real terms,
hence excluding inflation, and it depends from the real interest rate.

In this research, the calculation period was set as equal to 30 years.
According to the Guidelines [3] the real interest rate was fixed equal to 4%.
The investment costs of EEMs were evaluated by referring to the price list of
the Piedmont Region of 2012 [13].

With regard to periodic cost of replacement of building envelope
components, it was assumed to replace only the windows, for which it has
been considered an average lifespan of 25 years. In the case of the Reference
Building, however, since it is an existing building, it was assumed to replace
them after 13 years. With regard to the data on the duration of the system
components reference was made to Appendix A of EN 15459:2007. This
Appendix reports also the annual maintenance costs of systems components
(expressed as a percentage of the cost of the component) that were used in
this analysis.

For RB and for each EEM the costs related to energy consumption for
space heating (natural gas), for space cooling, for the auxiliary of heating and
cooling system, for lighting and for appliances (electricity) were considered.
In detail:



= natural gas cost: 0.083 €/ kWh;

= electricity cost: 0.16 €/ kWh;

= electricity tax: 100 €/kW.

About the PV system, the following assumptions were made:

» feed-in tariff: 0.171 €/kWh (11 kW,) or 0.157 €/kWh (21 and 38
kW,) taken for 20 years [14];

= incentive for the electricity consumed on site: 0.089 €/kWh (11
kW,) or 0.075 €/kWh (21 and 38 kW, taken for 20 years [14];

= feed-in tariff from the 21* to the 30" year: 0.03 €/kWh.

7. Cost optimal levels of energy consumptions

The primary energy use versus the global cost is reported in Figure 3 for the
various EEMs. It should be noted that the primary energy consumption includes
also the energy for lighting and equipment.

In the graph, in correspondence to the RB a vertical line that represents
the maximum primary energy consumption was drawn.
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Fig. 4. Global costs of the Reference Building and of the different Energy Efficiency Measures

The energy efficiency measures allow savings from 6 to 97 kWh/m?y
(primary energy) in absolute terms; in percentage terms, the savings are
between 4 and 58%. The minimum value of consumption is achieved with
the EEM20, which combines all the measures and has the maximum levels
of thermal insulation and PV.

The graph underlines that EEMs have both lower and higher global cost
values compared to the RB. Global cost values higher than RB tend to be the
ones of the envelope EEMs, because the investment costs for the different



efficiency measures cannot be repaid by the economic savings associated
with energy savings obtained.

Global costs lower than the cost of the RB tend to be associated with
systems EEMs.

The EEM with the lowest global costs is EEM 13 and has a primary
energy indicator of 143 kWh/m?y. It does not improve the thermal insulation
of the building envelope but considers only the introduction of lighting
controls.

Further studies are needed to simulate different EEMs which combine
various levels of thermal insulation for the envelope components (windows,
walls, roof, slab).
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1. Introduction
1.1. Cost optimality and nZEB studies review

In Europe the building sector is responsible for about 40% of the
final energy demand [1] and for about 36% of CO, gas emissions
[2]. European Directive EPBD recast 2010 [1] represents a strong
commitment for reducing the energy consumptions and improv-
ing the energy efficiency of the building stock. The Directive set
minimum requirements of energy performance for buildings and
building components and furthermore established clearly nearly
zero energy buildings (nZEBs) as political target. Due to criticalities
aroused around the cost efficiency of nZEBs, EPBD also attempted
to go one strong step further forward economic evaluations. It
thus set a comparative methodology framework to guide Member
States into the definition of minimum building energy performance
requirements with a view of cost-optimality. Even though nZEB
target is technically effective for low rise developments (e.g. many
examples of existing nZEBs can be listed), nZEBs reveal to be still
not cost efficient yet in terms of cost optimality. Cost optimal

* Corresponding author. Tel.: +39 011 4341778.
E-mail addresses: valentina.monetti@polito.it, valentina.monetti@hotmail.it
(V. Monetti).
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0378-7788/© 2015 Elsevier B.V. All rights reserved.

levels can be seen as a first step towards the achievement of the
nZEB target. They refer to the energy performance in terms of pri-
mary energy leading to the minimum life cycle cost.

Before the EBPD cost optimal approach, studies were mostly
focused on the energy saving accomplishments, investigating also
the assessment of life cost analysis [3,4] or the total net present
value in a defined building life cycle [5]; moreover, generally in eco-
nomic calculation, only the upfront investment cost was considered
[6], whilst according to the EPBD Guidelines [7] initial investment
cost, running costs, replacement costs and disposal costs must be
included over the building lifecycle.

Since the launch of the EPBD recast, several researches focused
on the cost optimal approach, together with the study of zero
energy solutions for new and existing buildings. Two exem-
plar reports on the cost optimal methodology by BPIE identified
strengths and weakness of the cost optimal approach [8] and pro-
vided results from case studies in three different countries (Austria,
Germany and Poland) [9]. The first report [8] analyzed the current
energy policy and provided guidance and support to the method-
ology addressing mainly to policy makers. In particular different
gaps for each country [9] were investigated in the cost-optimal
energy performance levels, due to different national requirements
(e.g. prescribed building envelope U-values).

Different approaches for the application of the cost optimal
methodology were used; from a simulation-based approach to the
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use of simplified models. Kurnitski et al. presented a systematic
and robust scientific procedure to determine cost optimal and nZEB
energy performance levels, by means of building simulation, of an
Estonian residential reference building [10] and of an office build-
ing [11]. A multi-stage methodology was studied for finding cost
optimal and nZEB solutions for a single family house in Finland
[12]. Corrado et al. [13] studied a new procedure for the optimiza-
tion of the cost optimal levels of an Italian residential reference
building, based on a sequential search technique that considers
a number of discrete options. Ferrara et al. used a simulation-
based optimization method to study cost optimal solutions for a
real high-performing family house, with a view of achieving nZEB
performances [14]. Gani¢ et al. [15] implemented the cost opti-
mal methodology in Turkey and investigated the validity of the
procedure under national market conditions.

Due to the high pressure generated by energy policies and by the
international agreement in climate change, a worldwide interest
has recently aroused around nZEBs [16-20], making them a per-
manent item in the international agenda. The concept of nZEB has
in fact been widely studied both in cold [21] and warm climates
[22,23]. Furthermore, analysis on the design of nZEBs solutions with
a view of cost-optimality in compliance with EPBD requirements
has also been published. BPIE [16] has analyzed a single family
house and a multi-family building, across three different European
climates (Copenhagen, Stuttgart and Madrid), revealing nZEB to be
more financially convenient in southern Europe. However in order
to achieve the nZEB target, it was observed from literature a com-
mon agreement [12-18] about the need of subsidy or incentive
schemes for the installation of systems for onsite energy production
from renewable sources.

1.2. Aim of the study

This study focused on the definition of cost optimal and nZEB
solutions for a new single family house in Italy. The comparative
methodology framework of the EBPD Directive was followed and
different combinations of Energy Efficiency Measures (EEMs) were
defined. In order to provide exemplar cost optimal building systems
to be applied to new residential buildings, the study was especially
devoted to the investigation of new system configurations in a view
of achieving nZEB performances.

Energy assessment was performed by means of the dynamic
energy simulation software EnergyPlus. A detail modeling, within
the EnergyPlus program, of technical energy systems was carried
out. The implementation of systems for the production of energy
from renewable sources was crucial and necessary for the study of
the whole building system configurations.

In order to identify the measure with the lowest global cost,
economic calculations based on the global cost method from EN
15459 [24] were performed. A calculation period of 50 years was
selected since the study referred to a new construction. A detailed
economic assessment for each EEM was carried out. Cost optimal
levels of energy performance for the single family house studied
were assessed.

Three system configurations for a single family house, with a net
zero energy balance, were proposed. Onsite production of energy
from renewable sources revealed to be a key element for achieving
nZEB levels. In conclusion this paper aimed to provide some ref-
erence optimal solutions, especially for technical systems, for the
design of nearly and net zero residential buildings.

2. Methodology
2.1. The reference building

As explained previously, this study aims to supply guidelines
for the design of nZEB residential buildings, achieving results that

may be generalized across the Italian residential building stock.
With this purpose, a real reference building (RB), defined as an
existing building with average characteristics based on statistical
analysis [25], was selected to be representative of Italian residential
dwellings. In particular a detached house was selected as case study
and a building energy model was created by the authors. In Italy
single family houses represent thus the second most diffuse build-
ing typology across the national area, as reported into the national
buildings stock census [26] and into related studies [27,28].

The selected RB is a two-storey house with a conditioned net
floor area of 174 m?, a net floor height of 2.7 m and a conditioned net
volume of 581 m3. The aspect ratio is 0.78 m~!, while the window-
to-wall ratio is 28%. Technical drawings and an isometric view of
the building are provided in Fig. 1.

Since the building is located in Turin (North Italy), the RB U-
values are set in compliance with the minimum values required by
regional regulation [29,30]; this minimum level of thermal insula-
tion is denominated EIO. Table 1 lists the U-value [W/m? K] of each
main building envelope component and the average U-value of the
whole building.

In order to prevent summer overheating, windows are equipped
with horizontal overhangs and interior blinds, respectively, on the
South and on the East and West facade; this shading measure is
denominated SOO.

RB primary system is denominated Building Technical System 0O
(BTS0).As showed in Fig. 2 and Table 2, space heating is provided by
a gas condensing boiler combined with solar collectors (SC). Heat-
ing terminals are radiant floors in all areas, except for bathrooms
that are equipped with radiators. Space cooling is supplied by a
multi-split air conditioner with direct-expansion units. Domestic
hot water (DHW) is provided by a solar water heater with auxiliary
gas condensing boiler. Three flat plate solar collectors (SC DHW80%)
are installed on the roof, for a total area of 5.9 m2, designed to cover
80% of the DHW net energy need, as presented on the 2nd column
of Table 3. Four additional solar collectors (SC heating), with a total
area of 9.1 m2, as listed in Table 3, provide hot water only for space
heating. Moreover, in order to comply with national regulations
[31] on the minimum total power output for PV systems, based
on the building floor area, 9 crystalline silicon panels (11.9 m?2) are
installed on the roof, with a total power of 1.6 kW), (see PV 1.6 in
Table 3).

2.2. Energy Efficiency Measures

As in compliance with EPBD Guidelines [7], a set of EEMs were
defined and applied to the RB. Several measures were investigated
but major efforts were spent to develop different system config-
urations. Moreover due to the high time required for modeling,
simulating and carrying on the economic analysis, not each and
every EEM could be assessed, but a set of EEMs was thus selected
from a wider group of possible ones. In total the number of EEMS
to be investigated was limited to 40.

In order to reduce the building space heating and cooling energy
needs, building envelope EEMs could not be excluded from the
study and were also investigated. Three different packages of EEMs
for improving the building insulation (EI1, EI2 and EI3) and four
EEMs for shading (SO1, SO2, SO3 and SO4) were proposed. Higher
insulation levels of the envelope components were obtained by
increasing the insulation thickness. EI1 and EI2 U-values are the
optional values set, respectively, by the regional regulation [29]
and by the Turin city regulation [30]. U-values applied to EI3 are
similar to those used in passive houses. Table 1 lists the main U-
value of the building envelope components for each EEM. Different
shading solutions, both between-glass-systems (SO1/2) and both
external systems (SO3/4), with blinds or shades, were implemented
for reducing cooling loads and energy consumption.
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Fig. 1. Technical drawings and isometric view of the case study.
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Table 1
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Thermal features of the RB and of the building envelope EEM.

Envelope thermal
insulation (EI)

Construction layers

EIO El1l El2 EI3
External wall U0.33W/m? K U0.23W/m? K U0.15W/m? K U0.11W/m? K
Roof U0.28 W/m? K U0.21W/m? K U0.15W/m? K U0.11W/m? K
Ground floor U0.29W/m? K U0.21W/m? K U0.15W/m? K U0.11W/m? K
Windows Ug/Uf[Uw 1.76/2.00/1.94W/m2 K UgUf/U,, 1.48/1.00/1.49W/m2K  Uy/U;/U,, 1.06/1.00/1.19W/m2 K  U,/U;/U,, 0.83/1.00/0.99 W/m? K

SHGC 0.57 SHGC 0.57 SHGC 0.43 SHGC 0.43
Envelope medium U0.55W/m? K U0.41W/m? K U0.30W/m? K U0.25W/m? K
U-value
Table 2
EEMs for building technical systems (BTS).
Denomination BTS 0 BTS 1 BTS 2 BTS 3

Heating

Cooling

Domestic hot water
(DHW)
Ventilation

Gas condensing boiler with
solar integration. Terminals:
radiant heating floor and water
radiators

Multi-split air conditioner

Solar water heater with
auxiliary gas condensing boiler

Gas condensing
boiler/air-to-water heat pump.
Terminals: radiant heating
floor and water radiators
Air-to-water reversible cycle
heat pump with radiant
cooling floor

Solar water heater with
auxiliary gas condensing boiler
Mechanical ventilation unit
with heat recovery

Ground-to-water heat pump.
Terminals: radiant heating
floor and electric radiators

Ground- to-water reversible
cycle heat pump with radiant
cooling floor

Solar water heater with
auxiliary electric resistance
Mechanical ventilation unit
with heat recovery

Air-to-water heat pump.
Terminals: mechanical
ventilation inlets and electric
radiators

Multi-split air conditioner

Solar water heater with
auxiliary electric resistance
Mechanical ventilation unit
with heat recovery

Inasecond stage, after reducing space heating and cooling needs
by improving the efficiency of the building envelope, three differ-
ent solutions for the building primary system, together with three
options for the solar system, were investigated. Alternative and
more efficient system solutions, than the one adopted for the RB

(BTSO) were applied as EEMs; BTS1/2/3 are the alternative systems,
as showed in Table 2. The most significant measure in terms of
impact, within the system solutions, is the mechanical ventilation
unit with heat recovery, provided with arotary heat exchanger with
90% efficiency.
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Table 3
Solar energy production-based EEMs.

Denomination SC DHW80% SC heating

PV1.6 PV3.2 PV6.3

Features No. 3 flat plate solar No. 4 flat plate solar
collectors (SC) covering collectors for space
80% of DHW net energy heating
need

No. 9/18/36 crystalline silicon panels with a 13.3% module efficiency
and a total power 1.6/3.2/6.3 kW,

No geometric data were defined for the heat exchanger in the
EnergyPlus model. Since the case study is a RB, standard and basic
operating conditions for defining the heat exchanger performance,
as provided within the EnergyPlus software, were set. In particular
they were based on the sensible and latent effectiveness at 75% and
100% of the nominal rated supply air flow rate in heating and cool-
ing conditions. In order to control the inlet air temperature, the
ventilation unit integrates a heating coil (electric coil for BTS1/2,
water coil for BTS3) and a direct-expansion cooling coil. BTS1 sys-
tem (Fig. 3) uses the same heating terminals as BTSO0. It is a hybrid
system combining a gas condensing boiler with an air-to-water
heat pump, which covers a part of the total heating load. The cooling
plant consists of an air-to-water reversible cycle heat pump with
radiant cooling floor, while DHW is produced by a condensing gas
boiler, as in BTSO. BTS2 and 3 the gas boiler is substituted by a heat
pump. BTS2 uses a ground-to-water reversible heat pump for space
heating and cooling. The terminals are radiant heating and cooling
floors and electric radiators in the bathrooms. DHW is produced by
a solar water heater with an auxiliary electric resistance.

BTS3 (Fig. 4), was designed to be used in an highly insulated
building (EI2/3) since the entire heating load is covered by the

1
|
|
|
|
|
|
|
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|
|
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|

mechanical ventilation unit, which integrates an air-to-water heat
pump for space heating. As in BTS2, electric radiators are placed
in the bathrooms. The cooling system consists of a multi-split air
conditioner with direct-expansion units. The DHW production is
accomplished as in BTS2.

EEMs based on the energy production from renewable sources,
as described previously in Section 2.1, are listed in Table 3. The
number of PV panels on the roof increases from a minimum of 9
panels (PV1.6 and 11.9m?2) up to 18 (PV3.2 and 23.8 m?) and 36
(PV6.3 and 47.6 m?); 36 is the maximum number of PV panels that
can actually be placed on the roof.

External shading options, such as SO3/4, were used only with
high levels of envelope insulation (EI2/3) because of the higher
demand for space cooling energy. Technical systems with gas boil-
ers, such as BTS0/1, were associated only with medium/low levels
of thermal insulation EIO/1, while buildings with better insulation
(EI2/3) were entirely based on heat pumps systems (BTS2/3).

EEMs from 1 to 29 were selected to assess the influence of insula-
tion, shading options and building systems on the global cost. EEMs
from 30 to 40 were defined to evaluate PV systems, combined with
different heating and cooling system. EEMs 38-39-40, are equal
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Fig. 4. Layout of the building technical system 3 (BTS3).

to EEMs 19-24-28 (characterized by a low energy demand) but
equipped with a total roof PV system (PV6.3) in order to achieve a
Net Zero Energy balance.

2.3. Energy model

The energy assessment of the building was conducted by means
of dynamic simulation through the EnergyPlus program (version
7.0) [32]. EnergyPlus is a modular building energy analysis and
thermal load simulation program, developed by the research labo-
ratories of the U.S. Department of Energy since 2001. It has been
chosen for the aim of this study for being an open-source free
software, well-known and widely used all over the world, in both
academic and commercial contexts, for building and HVAC system
design and dynamic simulation. Among all simulation tools, Ener-
gyPlus is not an user-friendly software, but it is so far one of the
most used for being one of the most mature ones in terms of capa-
bilities [33]. EnergyPlus application is in fact quite wide and ranges
from the study of building envelope facade [34] to the study of ven-
tilation strategies [35] or of specific building systems [36], from the
assessment of reference buildings [37] and of test building [38] to
the energy assessment of different building types, like agricultural
greenhouses [39].

The building thermal zone calculation method of EnergyPlus is
an air heat balance solution method, based on the assumptions that,
by default, the temperature of the air in the thermal zone and of
each surface are uniform, the long and short-wave irradiation is
uniform, the surface irradiation is diffusive and the heat conduction
through the surface is one-dimensional. The calculation of the air

heat balance, neglecting the heat transfer due to infiltration and to
inter-zone air mixing, can be carried out as follows:

surfaces

N N,
Cz% = ZQi*C + Z hiA; (es,i - 92) +myGy (900 — Qz) + Qsys
i=1 i=1

where N is the number of convective internal loads, Qi,c;
hiA; ('95,i - Oz) is the convective heat transfer from zone surfaces

at temperature 6 ;; m,Cp (000 — 92) is the heat transfer due to ven-
tilation with the outside air; 65; is the system output; C, is the
capacitance that takes into account the contribution of the zone
air as well as that of thermal masses which are assumed to be in
equilibrium with the zone air.

The convection between the air and the surrounding surfaces of
the enclosure is computed by means of time dependent coefficient.
The conduction heat transfer through the envelope components is
treated by means of conduction transfer function coefficients (CTFs)
method and takes into account both the thermal resistance and
capacity of each envelope component. The time step of calculation
was set to 6 times per hour.

The energy modeling was carried out into two different stages. In
particular the RB was first modeled within the free-add on “Legacy
OpenStudio Plug-in” for the SketchUp program. The model was
then exported into the EnergyPlus software (.idf format) in order to
define the building envelope, the operation settings and the system.

The building was divided into 11 thermal zones, two of them
were not conditioned (cellar and technical room).

A detailed sub-hourly simulation was conducted for each
EEM, using the reference IWEC (International Weather for Energy
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Calculations) weather file for Turin retrieved from the EnergyPlus
weather data files database [40]. A reference weather file, referred
as Typical Meteorological Year (TMY), is a synthetic typical year
composed of 12 typical months selected from a multi-year series (at
least 20 years of records) [41]. In detail a TMY is composed of 8760
hourly records of various climatic parameters such as dry-bulb
and wet-bulb temperature, dew point, wind direction and speed,
barometric pressure, relative humidity, could cover and type, total
horizontal and direct normal solar radiation data [42]. The method
used for generating this type of weather files is also part of the ISO
Standard 15927-4 [43].

Once completed the geometry, the thermal features of the build-
ing envelope materials were then specified in order to define the
layers of each building envelope component. The U-value of the
building envelope were defined complying, for the RB, with the
minimum values required by the regional regulation [29] and, for
the EEMs, with the optional values of the Turin city regulation [30],
as presented previously in Table 1.

In compliance with Italian regulations [44], for climatic zone E,
the one which Turin belongs to, heating season ranges from 15th
October to 15th April. Cooling season starts on 1st May and ends
on 30th September. Temperature set points were set, respectively,
to 21°C from 7 a.m. to 8 p.m. (18°C during the remaining hours)
for heating, and to 26°C from 7 a.m. to 5 p.m. (28 °C during the
remaining hours) for cooling.

Occupancy was fixed to 0.04 pers/m~2 [45] and lighting and
equipment power densities were, respectively, defined as 4.5 and
3 W/m?; these unitary values were associated to the relative activ-
ities schedules [46]. The outdoor air flow rate is constantly set to
0.3 ACH. Shading systems are active only during the cooling season
and when incident solar radiation is greater than 100 W/m?2.

All technical systems and components were modeled using
EnergyPlus. The condensing gas boiler for BTSO/1 was modeled
using normalized efficiency curves, while the boiler nominal ther-
mal efficiency was set to 0.9. In BTS1, the gas boiler was associated
with an air source heat pump water heater, with a nominal 4.2 COP,
that turns off when the outside temperature falls below 5 °C. Under
those conditions it is the gas boiler that operates and provides heat-
ing energy to the building. The performance of the ground-to-water
heat pump of BTS2, was evaluated with the equation-fit model in
EnergyPlus, using curves fitted from the catalog data. It has a nom-
inal COP of 4.9 in heating mode, and a nominal EER of 4.3 in cooling
mode. The vertical ground heat exchanger consist of 2 x 76 m depth
boreholes. In BTS3, the micro-heat pump was modeled as an air
source heat pump for water heating with a nominal 4.2 COP. The
multi-split air conditioner was modeled as a packaged terminal
air conditioner, with a single speed DX cooling coil with a rated
efficiency of 3.

The mechanical ventilation system was modeled with a rotary
heat exchanger with 90% nominal effectiveness. For BTS1-2, the
ventilation unit uses variable speed fans with a total nominal flow
rate of 175 m3/h. For BTS3 design flow rate is based on building
heating loads, since no water terminals are used to control the
temperature inside the building.

The DHW need was calculated in compliance with UNI/TS
11300-2 [47] and estimated as 85 m?/yr. For BTSO/1, DHW water
heater was modeled as a mixed water buffer with a separate instan-
taneous gas boiler (23 kW). For BTS2-3, a stratified water heater
with an electric resistance (2 kW) was modeled.

Three flat plate solar collectors were modeled in conjunction
with water heaters, providing approximately 80% of the DHW net
energy need for each EEMs (SC DHW80%). Four additional solar
collectors (SC heating) are coupled only with BTSO, providing hot
water for space heating during the heating season (they are not
used during summer). Variable speed pumps are associated with
solar systems. Thermal and optical performance parameters for

Table 4
Solar collectors thermal and optical performance parameters.
Denomination SC DHW80% SC heating
Number of panels 3 4
Gross area for single SC [m?] 1.98 2.2775
Single panel dimensions [mm] 1021 x 1946 x 83 1204 x 1889 x 101
Test fluid Water Water
Test flow rate [m3/s] 0.0000372 0.0000447
Coefficient 1 of Efficiency 0.753 0.0779
equation [—]
Coefficient 2 of Efficiency —5.2917 —4.2847
equation [W/m? K]
Coefficient 3 of Efficiency 0.00638 —0.00483
equation [W/m? K?]
Coefficient 2 of incident angle 0.1429 —0.2947
modifier [—]
Coefficient 3 of incident angle —0.2362 -0.0119
modifier [—]

the single flat plate solar collectors systems (SC DHW80% and SC
heating) set into the building energy model, are provided in Table 4.

PV panels were modeled using the “Equivalent One-Diode”
option, using empirical relationships to predict PV operating per-
formance based on many environmental variables such as cell
temperature. A simple ideal inverter, with a nominal efficiency of
0.95, is connected with the PV panels. The performance character-
istics for the crystalline silicon PV systems are provided in Table 5.
The PV panel type is the same for all the three system configuration
but the number of panels varies from 9 to 18 to 36.

2.4. Global cost method

Global cost and net present value were calculated following the
procedure of the European Standard EN 15459 [24]. Global cost
formula can be written as

T

C(M=Co+>_ | D_ (Car xRal))= Vs ()
J

i=1

where C; (T) corresponds to the global cost referred to starting
year 7p; C; is the initial investment cost; Cg;(j) is the annual cost for
componentj at the year i (including running costs and replacement
costs); Rp (i) is the discount rate for year i; V;.(j) is the final value
of component j at the end of the calculation period.

Table 5
Performance characteristics of the photovoltaic (PV) modules.

Denomination SC DHW80%

PV circuit Equivalent one-diode

Number of cells in series [—] 72

Active area [m?] 1.125

Transmittance absorptance product [—] 0.95

Semiconductor bandgap [eV] —4.2847

Short circuit current [A] —0.00483

Open circuit voltage [V] —0.2947

Reference temperature [°C] -0.0119

Reference insolation [W/m?] 1000

Module current at max. power [A] 4.95

Module voltage at max. power [V] 354

Temperature coeff. of short circuit current 0.0008
[A/K]

Temperature coeff. of open circuit voltage [V/K] —0.145

Nominal operating cell temperature test 20
ambient temperature [°C]

Nominal operating cell temperature test cell 45.35
temperature [°C]

Nominal operating cell temperature test 800
insolation [W/m?2 K]

Module heat loss coefficient [W/m?2 K] 30

Total heat capacity [J/m? K] 50,000
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Fig. 5. End use primary energy consumptions.

Since calculation refers to a new construction, the calculation
period was set to 50 years. The inflation rate was set to 2.15%, while
the market interest rate is equal to 2.67%. They were both calculated
as mean value over the last 10 years (from 2003 to 2013), in the Euro
area.

The EEMs investment costs were calculated referring to the
price list of the Piedmont Region in 2013 [48]. Replacement costs
of the building constructions were considered for windows (25
years lifespan), for roof waterproof coat (30 years lifespan) and
for all shading systems (25 years lifespan). Replacement costs of
the building technical systems were considered according to the
components lifespan defined in Appendix A of EN 15459 [24]. Main-
tenance costs were considered for technical systems components,
as a percentage of the initial investment cost. Energy costs were
considered for space heating and domestic hot water (natural gas or
electricity), and for space cooling, lighting, equipment, ventilation
and auxiliary (electricity).

The current Italian prices used for calculations, are listed in
detail:

- 0.889</m? for natural gas [49];
- 0.190€/kW h for electricity [49];
- 0.039<€/kW h feed-in tariff for PV electricity [50].

Subsidies related to renewable sources were accounted; a finan-
cial subsidy for flat plate solar collectors of 170 € /m?2 was taken into
account for the first two years [51].

3. Results
3.1. Primary energy for end use and PV on-site use

The annual overall energy use was assessed in terms of delivered
primary energy, including energy use for heating, cooling, domestic
hot water, lighting, equipment and ventilation. Primary energy val-
ues were calculated using Italian primary energy factors (e.g. 1.092
for natural gas and 2.174 for electricity).

Fig. 5 shows the energy consumption in terms of primary energy
for each end use (including solar collectors contribution for DHW
and space heating). As can be seen, energy consumption for lighting
and equipment are constant in all EEMs as no energy efficiency
measure for the lighting and equipment systems was studied.

Important reductions were achieved for the heating demand,
resulting in primary energy reduction from 58 to 7kWh/m?2y.
Cooling consumption does not have great impacts on total energy
consumptions due to the building heavy constructions and it is

not subjected to large variations. However, with a high level of
envelope insulation (EI3), external shading devices are needed in
order to prevent overheating. Primary energy consumptions for
cooling range from 19 to 6 kW h/m?2y.

DHW consumption tends to remain quite constant (9 to
6 kW h/m?2y of primary energy) since all EEMs are provided with
the same number of solar collectors. Depending on the energy vec-
tor used (gas or electricity) and consequently on the system type,
a difference in the energy consumption is observed.

Table 6 summarizes the various performance parameters of the
PV system and of the energy exchange with the utility grid for the
RB and some EEMs. The on-site consumption was computed from
the hourly values of PV production and electricity use. It can be seen
that the last EEMs (EEM34, 38, 39 and 40) present a PV production
greater than the electricity use (Ratio total PV production/total elec-
tricity use >1) but the on-site use does not go beyond 40%. Instead,
when the PV production is lower, greater on-site use ratios can be
obtained (RB and EEM30).

From simulations, the available solar radiation at the loca-
tion, on horizontal surface, amounts to 1283 kW h/m?y, while
the solar radiation on the PV surface (tilt angle 22°) amounts to
1462 kW h/m?y. From PV production, the electricity used on site,
for example for the RB with 9 panels in total, is 2080 kW h.

3.2. Economic evaluations of EEMs

Economic calculation was performed in compliance with the
global cost method, as previously described.

Initial investment cost (IC) is, for all EEMs, the most relevant
cost as can be seen in Fig. 6.

Fig. 7 only reports IC for all the considered EEMs. As can be
seen, a similar increment in EEMs, both for the envelope compo-
nents and both for the systems, is recorded. The highest increment
regards EEMs that consider EI2,3 and BTS2,3. For example, in Fig. 8,
the influence of each cost category, for the RB and EEMA40, is high-
lighted. EEM40 has EI3 as insulation level, BTS3 for system package
and a full PV roof (PV 6.3). IC increases from 47% (RB) to 49%
(EEM40), amounting, respectively, to 1193 €/m?2 and 1414 €/m?.
The increment of IC is far from being considered negligible, as it
accounts for about 19% on the total global cost. It is mainly caused
by the investment on high insulation, external shading devices and
PV systems.

Maintenance costs influence on the global cost is generally
limited (from 5 to 10%); systems with mechanical ventilation, such
as BTS1/2/3, tend to have higher maintenance costs. Replacement
costs are quite relevant as being the RB a new construction, calcu-
lation period was set to 50 years. Due to that, most of the building
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Table 6
Renewable energy from PV panels for some selected EEM and the RB.
RB EEM30 EEM34 EEM38 EEM39 EEM40
Electricity end use [kW h] 6503 6499 6491 8024 8064 8197
PV production [kW h] 2080 4140 8191 8191 8191 8191
PV electricity used on-site [kW h] 1698 2462 2951 2824 3153 3171
Net electricity coming from utility [kW h] 4805 4038 3541 5200 4911 5025
Surplus electricity going to utility [kW h] 382 1678 5240 5367 5038 5019
Ratio on-site use/total PV production [—] 0.82 0.59 0.36 0.34 0.38 0.39
Ratio surplus exported/total PV production [—] 0.18 0.41 0.64 0.66 0.62 0.61
Ratio on-site PV use/total electricity use [—] 0.26 0.38 0.45 0.35 0.39 0.39
Ratio total PV production/total electricity use [—] 0.32 0.64 1.26 1.02 1.02 1.00
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technical components were replaced two times during calculation
(e.g.components with 20 years lifespan as boilers, heat pumps, ven-
tilation units, pumps and solar collectors). Energy cost, related to
energy consumptions, as reported in the previous paragraph, range
from 20 to 7% over the total global cost.

3.3. Cost optimal solutions

The results, in terms of energy consumption (kW h/m? y) versus
global cost (€/m?2), are reported for the RB and all EEMs in Fig. 9.
A vertical line identifies the position of the Reference Building
(RB) which represents the maximum net primary energy con-
sumption (118 kWh/m?2y). The minimum net primary energy
consumption is achieved by EEMs 38/39/40 which represent net
zero energy buildings (0 kW h/m?2y). EEMs allow energy savings
from 2 to 118 kW h/m?y (net primary energy) in absolute terms,
and from 2 to 100% in percentage terms. Global cost ranges
from 2128 €/m? of EEM9, which is the cost-optimal solution, to
2457€/m? of EEM38 ZEB1 which is a highly efficient net zero
energy building. EEMs with the lowest costs, which also corre-
spond to the cost optimal levels, are EEM9 and EEM10 with a
global cost reduction of 17 and 9€/m? compared to RB. With
a net primary energy consumption decrease from 118 kW h/m?2y
(RB) to 103/98 kW h/m?y (EEM9,10) cost optimal solutions are
quite close to actual minimum requirements. However the
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Fig. 11. The effect of increasing PV.

reduction in terms of primary energy consumption is still relevant
(15-20%).

This study showed that cost optimal levels of energy per-
formance (EEM9,10) are reached with a level of thermal
insulation (EI1) higher than minimum requirements, combined
with internal or between-glass shading systems (SO0/1), conven-
tional building technical systems (BTSO) (condensing gas boiler
with water terminals integrated by solar collectors, and direct

expansion cooling) and a small amount of photovoltaic panels
(PV1.6).

The graph also shows that net zero energy balance can be
reached by different EEMs, but the difference between these solu-
tions, in terms of global cost, can be very relevant (>100€/m?).

Fig. 10 reports the effect of different system solution in terms
of primary energy and global cost. The worst performing EEMs, in
terms of primary energy consumptions, are the ones included into

# Total Heating Rate

il

® Sensible Cocling Rate

Fig. 12. Annual heating and cooling rate of the RB and of EEM40.
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Fig. 13. Energy flows [kW h/m? y] and system boundary of RB.

the red (BTSO) and dark blue (BTS1) clouds. They are similar on
the energy consumptions but differ on the global cost values. In
fact, conventional building technical systems, as BTSO, have lower
global costs because of small costs of investment, maintenance and
replacement; on the other hand, BTS1 solutions, which combine
a gas boiler with a heat pump for heating, show highest values
of global cost. In this case hybrid heating generation seems not
to pay off the initial investment for both boiler and heat pump.
The more performing EEMs, for the energy side, are the ones into
light blue (SO2) and yellow (SO3) clouds, which however have
the highest values of global cost. System BTS2, which involves the
use of a ground source heat pump, has very low energy costs and
maintenance costs, but the initial investment cost is quite relevant.
System BTS3 can be a valid alternative to conventional systems,
since the initial investment cost is limited (involving only the ven-
tilation system and not water terminals) together with the ones of
maintenance and replacement. Energy costs are also very small;
Fig. 11 points out the effect, on the global cost and on the pri-
mary energy consumption, of the increasing of PV, into all four
building technical systems measures. Since increasing PV panels
leads to a higher amount of electricity exported in the net, and the
feed-in tariff for PV electricity is quite small (<0.04 €), global cost
increases when large PV arrays are installed. However, increasing

the installed PV from 1.6 kW), to 3.2 kW), produces arelatively small
increase in the global cost, since most of the electricity generated
by PV is still consumed on site by the building, and a relatively small
amount of energy is exported in the grid.

The increment of PV panels tends to generate higher global
costs, however larger photovoltaic systems are more economi-
cally convenient for building designed with mechanical ventilation
and electric boilers or heat pumps. Since electricity demand is
increased, these systems allow a better matching between energy
generation and consumption.

Moreover the use of all electric systems consent to reduce the
building carbon print. CO, emissions of the RB amount approxi-
mately 19 kg CO,/m? per year, whereas with only electric systems,
compensated by the PV energy production, CO? emissions are
reduced of approximately 40%, ranging from 11 to 11.8 kg CO,/m?
per year (EEM 38, 39 and 40).

3.4. Net ZEB solutions

The main aim of this study was to provide guidelines for the
design of cost optimal solutions for net ZEB single family houses.
Due to that, among the EEMs proposed, EEM38, 39 and 40 suc-
ceeded to reach net zero performances. They have high levels

S
Vg s System boundary of deliveredenerey . _ . _ . . . 5 g
1, 47,1 PV elecuicity " 12
1 (18,1 use in the buil- 11,2 Solar et
1 Solar and intemal ding 29,0 exported) Thermal | ]
1 lieat gainsfloads 1=

1 1 =

I . 13
e I =
I ! [NET ENERGY NEED (676 kW) Jgtk2beatine___[BUILDING TECHNICAL | ! 12

1 - SYSTEMS ] ]

1, _ _ 13,9 DHW heating heat pump = 3.9 1 1=
b <

1 2% (ISR “ beating DHW clectricboiler=3.7 | | perrveren |

1 Ea, 12,3 cooling ]

: :i::ﬁ: s i1 clecricity = 3.6 | ENERGY source
1] 1™ o i‘“ N e - | eleciricity 29.0 1 energy
1 ;QH:‘I@ ' & COup Illslmng =129 imported

: - 63.1
I s 120 lighting | STPment = 17.2 t L
[ ] | fans = 5.6 1 1
11 - I I source
'y Heat exchange through pumps = 0,1 I 1 energy
|- the building envelope sum of electricity = 47,1 p ;’;le"d
1 EXPORTED ENERGY | I
] electricity 29,0
L
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of thermal insulation (EI2/3) combined with internal or external
blinds (S00/3), technical systems entirely based on heat pumps
with mechanical ventilation and heat recovery (BTS2/3), and the
maximum level of PV installed (PV 6.3).

Fig. 12 spots the difference into the heating and cooling energy
rate for the RB (on the left side) and EEM40 (on the right side).
As can be observed, larger reduction and low energy demand are
obtained especially for heating rate, due the highly insulated build-
ing envelope (EI3).

As can been observed from Fig. 9, the most cost efficient zero
energy solution is EEM40, with the lowest global cost between the
three ZEB EEMs, accounting for about 2350 € /m?.

In order to provide a clear comparison with the RB, the energy
flows, in kW h/m?2y, for the RB and EEM40 ZEB3 are presented in
Figs. 13 and 14. The system boundaries and energy flows are consis-
tent with the REHVA definition [52,53]. For the RB (Fig. 13) the main
consumption is associated with space heating, while in EEM40 with
electric equipment due to a higher thermal insulation (Fig. 14).

Renewable energy ratio, based on REHVA technical definition
[54], was calculated in terms of total primary energy, for all
energy uses, assuming that exported energy compensates deliv-
ered energy. Net imported electricity was assumed to be 100% non
renewable. As can also be observed in Fig. 15, the minimum renew-
able energy ratio is reached by RB (20%), while for net zero energy
buildings a 100% renewable energy ratio is achieved.

Fig. 16 shows for each EEM the net primary energy consumption,
that is equal to the primary energy imported minus the primary
energy exported. Both electricity from PV consumed on site, and
electricity exported on the net, are accounted in this graph. This
means that the nZEB cases (EEM 38, 39 and 40) can be considered
zero-energy buildings only if the net exchange between the utility

grid is taken into account and if the surplus exported energy is
weighted (in terms of primary energy) equally to the electricity
coming from the utility.

4. Conclusions

Cost optimal levels for a single family house in Northern Italy
were investigated. Different cost optimal solutions of HVAC sys-
tems were studied and proposed for nearly zero energy houses.
Three systems configurations achieved a net zero energy balance.
A well-defined procedure, based on the comparative methodol-
ogy framework of the EPBD guidelines, was followed to define
technically and economically feasible EEMs. Great attention was
paid to the study of cost optimal and net zero balance solu-
tions for the building system, but the building envelope EEMs
were not neglected and were studied in the first stage of the
procedure. It was thus necessary to minimize the space heating
and cooling need of the reference case study in order to start
designing the building system with a good building envelope
performance and consequently optimize the system configura-
tion.

This study showed that nearly zero energy levels can be reached
both with conventional technical systems (e.g. condensing gas
boiler with water terminals) with an average level of insulation,
adding a large number of PV panels (e.g. 35Wp/m?), and with
advanced technical systems [55] (e.g. all air ventilation systems
with heat pumps) with high levels of insulation and again a large
number of PV panels. However, in order to reach net zero bal-
ance solutions, high levels of thermal insulation (EI2/3) combined
with more energy efficient technical systems entirely based on heat
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pumps with mechanical ventilation and heat recovery (BTS2/3),
and the maximum level of PV installed (PV6,3), are required.

Cost optimal solutions tend to have a small renewable energy
ratio (20-30%) since they are mainly based on gas boiler systems,
while nearly zero energy solutions have higher values of renewable
energy ratio (60-90%). These high values can be reached increasing
on-site electricity production by means of PV systems, associated
with advanced heat pump systems but also with conventional gas
boiler systems (in this case the maximum renewable ratio achiev-
able is around 65-70%).

The economic calculations performed within this study, accord-
ing to the micro-economic approach of the EPBD guidelines,
investigated the investors’ perspective towards nZEB target. It
was observed, with regard to the feasibility of nZEBs solutions,
that the results obtained are consistent with the state of the
art. In fact, as anticipated in the introduction, net zero energy
building are still quite far in terms of cost optimality from match-
ing optimal solutions.Net ZEB solutions, hereby presented, were
selected to be technically feasible, but as from results they cannot
considered also economical practicable. As mentioned previously
(Fig. 12) net zero energy balance are reached into EEMs 38,
39 and 40, but the difference between these solutions and the
other EEMs studied, in terms of global cost, can be very rele-
vant (>212-313€/m? than cost optimal EEMs). The gap from RB
(minimum law requirements) to EEM40 ZEB3 (which is the most
convenient solution for ZEBs) is about 212€/m?2 (10% increase of
global cost) while the increase in initial investment cost is about
221€/m? (18% increase of investment cost). In order to make
nZEB real and support the design of nZEB as required by EBPD,
a system of incentives has to be provided at national or regional
levels.

Criticalities about the values of economic factors to be used for
the economic evaluation of the global cost should be taken into
account. For instance the value of the interest rate or the inflation
rate were set in the study as a mean of the last 10 years in Euro area,
but as the energy prices, they are subjected to evolution during the
applied calculation period is also an important issue. For this rea-
son further cost optimal studies should concentrate on sensitivity
analyses on the economic assumptions. Analysis on the possible
evolution of the energy costs and on the inflation rate to be used
in the global cost calculation would be for example an important
asset in order to achieve the nZEB target.

Furthermore, the comparison between the optimal solutions
in terms of achievable energy savings, and the economic cost
optimal ones, represents also an interesting topic. It would be
thus challenging, in further studies, to analyze the differences
between them and try to reduce the gap between energy and
economic optimal solutions, in order to have an unicum optimal
solution.

Besides, it would be useful trying to bridge the gap between
cost optimal solutions and nZEBs ones. From the results it is clear
that nZEB and net ZEB solutions could still not be considered cost
effective.

Finally, the range of EEMs to be investigated may be enlarged.
The use of automated optimization methodologies, such as those
performed by Corrado et al. [13] coupled with quasi-steady state
models and Ferrara et al. [14] coupled to dynamic building energy
simulation, would allow to consider a wider set of solutions.
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With an old mean construction age, Italian buildings are considered as long-lasting goods; 75% and 17% of
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Residential This paper analyzes the application of space heating control devices such as thermostatic radiators

valves (TRVs) on an old existing multi-family building in Turin by means of the EnergyPlus dynamic
simulation code. Measured data of the energy supplied by the district heating network were used for
calibrating the model. In order to evaluate the impact of the TRVs, simulations were performed with and
without TRVs. The application of the dynamic energy simulation to different patterns of TRVs use was

Thermostatic radiator valves
District heating

proved to bring back significant energy savings from a minimum of 2% up to a maximum of 10%.
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1. Introduction
1.1. The retrofit of existing residential buildings

In Europe the building sector contributes largely to the total
energy consumption with a 40% influence on the total assessed
energy uses [1]. To this regard, many energy efficiency targeted
policies and projects have been launched. In particular, the EPBD
recast Directive promotes nearly zero energy buildings for the pub-
lic and the private sectors as a mandatory regulation within 2020
[1]. Nonetheless, by the time this “energy efficient” approach will
become the standard best practice for buildings design, energy con-
sumptions will increase even more. Furthermore, concerns about
the state of the existing dwelling should be taken seriously. Most
of the energy consumptions are attributable to the existing stock
because of the buildings age, the construction technologies and
the low efficiency of the energy systems that supply the build-
ings. Moreover, the low replacement rate of old dwellings by
new ones amounts to 1-3% per year [2], and especially in Italy
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residential buildings are often seen as long-term assets. Approx-
imately 75% and 17% of Italians live respectively in buildings built
before 1990 and before 1950 [3], confirming the European trend
about the old mean building construction age. The amount of
energy consumed by the existing dwellings has not been quanti-
fied but it is beyond any doubt that great energy savings can be
achieved [4]. Moreover, the energy savings that can be obtained
with the energy retrofitting of existing dwellings are greater than
the ones that can be obtained with the construction of a relatively
small proportion of new dwellings. Therefore, the refurbishment of
the existing building stock has to be planned and applied in order
to have a timely energy reduction.

There again the major focus is nowadays on the design of new
buildings with low energy consumptions. Discussions about the
choice of demolishing old building and replacing them with new
and more efficient ones have raised without any real agreements
[5]. Some countries resort frequently and openly to building demo-
lition and re-construction. Indeed other countries like Italy usually
avoid demolition due to the cultural heritage of its proper existing
building stock. For them, to preserve and to renovate existing build-
ings is thus the most common and acceptable solution. Due to that,
a great amount of Italian energy refurbishment projects, approx-
imately 40% on the overall, regarded buildings built before 1960
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and characterized by low energy performance and without any
thermal insulation layer [6]. Moreover, among historical buildings
(all buildings built in a different period from the present), approxi-
mately 1.8% belong to the Italian Cultural Heritage [7] and are thus
subjected to protection by Ministerial Authorities. This means that
any retrofit intervention on such buildings should be aimed to the
preservation of the materials and goods, as well as to the protection
of the buildings cultural values [4].

Nowadays the number of energy retrofit technologies has been
increasing in size. Energy efficiency measures (EEMs) can range
from actions on the envelope to the system, and on building opera-
tion and control. According to a survey on the 2011 Italian 65% tax
reduction on existing building energy efficiency projects [6], the
most common retrofit measures are windows replacement (59%),
replacement of the heating system with a more efficient one (28%)
and installation of solar thermal collectors (11%). The improvement
of thermal insulation in the building envelope, in both vertical and
horizontal components, regards only 3% [6] of the retrofit appli-
cations sent for tax reduction. In fact, even if the improvement
of the building envelope performance could bring to higher mean
energy savings, the mean investment cost is higher than other mar-
ket available measures. To this regard, the decision on which type
of refurbishment should be applied to the building depends on vari-
ous factors and between them, the most influencing one relapses on
the investment profit [2]. It is not an easy task to decide if an energy
measure to undertake is worth the investment. Due to that, ad hoc
cost optimal levels of energy performance need to be defined for
the considered energy efficiency measures in compliance with the
EPBD recast requirements [1]. To this regard, analysis on the cost
optimal methodology [8], applied to reference building case stud-
ies [9] can guide and help in the selection of the most profitable
measures.

Moreover, the type of energy efficiency measures that can be
selected is quite small for buildings that are considered historical
and protected as cultural heritage. It is thus important to point out
energy retrofit actions to be widely applied to the whole building
stock and to be cost optimal. Thermostatic radiator valves (TRVs)
represent a quite common refurbishment measure, which is to be
reinforced by law by 2016 in the city of Turin. They have been
widely studied, ranging from the study of their adjustment charac-
teristics to their control effectives [10]. Additionally, past studies
have demonstrated that TRVs bring an average energy saving from
10% [11] to 50% if considered together with the increase of the
envelope thermal insulation [12,13].

1.2. Objective of the study

This study aims, by means of dynamic simulation, to investi-
gate the control effectiveness of TRVs. Additionally cost optimal
calculations are used to analyze the feasibility and application of
TRVs on an existing building as a low cost energy efficiency mea-
sure. The selected case study is an existing multifamily building
located in Turin (North Italy). The building, built at the begin-
ning of XIX century, belongs to that category of refined aristocratic
buildings characterized by obsolete mechanical systems and with-
out thermally insulated building envelopes, requiring thus heavy
retrofit interventions. However, due to its construction age and to
its belonging to the cultural heritage patrimony, TRVs represented
one of the most eligible EEMs for reducing the energy consump-
tions. Other kinds of EEMs, which may have higher energy savings,
such as those concerning the building envelope could not be taken
into consideration for theirimpact on the building fagade, subjected
to protection and thus to architectural restraints for its cultural her-
itage. The energy assessment of the case study was carried out by
means of dynamic energy simulation with the EnergyPlus code.
Measured data of about two months operation during the winter

season, were used for calibrating the energy model. The calibration
procedure was carried out based on the total heating energy rate
delivered at the building district heating sub-station. The case study
was simulated with and without TRVs. The application of TRVs
was proved to bring back significant energy savings, around 10%
in compliance with results found in literature [11]. A comparison
with measured data was also performed. In particular, the results of
the present study were also compared to the utility energy bills of
another residential existing multi-family building, subjected to the
application of TRVs in the last years. The comparison with the util-
ity bills, before and after the application of TRVs, of the other case
study brought back results similar to the simulated ones presented
within this study.

2. The case study

The case study hereby presented is a multi-family residential
building located in the city of Turin, in North Italy. It is an existing
historical building (Fig. 1) built at the beginning of XIX century.

The architectural protections and restraints for Cultural Her-
itage issues, shrinks quite a lot the kind of retrofit measures to be
applied to the buildings. Most of them are thus not allowed, even if
high energy savings, for their major impact on the building facade
(e.g. external increase of thermal insulation cannot be pursued in
order to preserve the original historical facade). For this reason, the
type of building envelope retrofit measures that could be applied to
it, are quite few, including the hereby studied application of TRVs
for the space heating control.

Data collection of the building geometry and construction fea-
tures came from the buildings energy certificate and technical
drawings. However, for a full and correct building characterization,
additional information were obtained from in situ inspections. In
particular, as there were no attic plans, the in situ inspections were
strictly necessary and they revealed the attic restoration, following
to the issue of the building energy certificate.

The case study is a four-storey building with a total gross volume
of 7820m?> and a 4m floor-to-ceiling height. The typical building
plan, with a gross floor area of approximately 500 m? is composed
of three apartments, with an overall number of 12 apartments. The
attic does not follow the apartment layout, but is divided into 11
small apartments/studio. The building also has a basement where
the district sub-station and the respective apartments cellars are
located. Except for the staircase and the basement, all areas are
conditioned. Table 1 lists the main geometrical information about
the case study.

With regard to the envelope, the building reflects the traditional
architecture of its construction age. It is thus composed of bearing
brick walls with no insulation and a pitched roof. The transparent
elements are single glazing windows with a wood frame. Except
for the attic interiors, the building envelope was not refurbished.
Consequently, the building does not fulfill with the current Italian
regulation, in terms of thermal insulation and energy conservation.
As no measured data for the building envelope characterization
were available, data from national manuals and standards were
adopted [14,15]. In particular the U-values of the building envelope
main components were defined based on the building construction
age, and also modified taking into consideration the envelope decay
until the current analysis.

Table 2 lists the main building envelope components U-values.

With regard to the heating system, as well as a great part of
the urban dwellings in Turin, the case study is served by the dis-
trict heating network. As mentioned previously, the district heating
building sub-station (Fig. 2) is located in the basement and has a
heating capacity of 250 kW. The supply side is composed of verti-
cal columns and the terminal units are iron-cast radiators; some
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Fig. 1. Case study photo and second floor plan.

of them still maintain the original size, others were replaced and
integrated with additional components. To this regard, the on-spot
investigations allowed to size correctly the apartments radiators.
TRVs, which as heating control strategies will be compulsory by law
from September 2016, were not present but were simulated within
this study.

3. Data monitoring

Measured data of the energy supplied to building were avail-
able at the district heating sub-station of the case study and they
were used for calibrating the building model. Data were available
only for half heating season from January to March. The data, avail-
able in a quite short time step (6 min), were harmonized in order
to fill in the possible gap in the measurements. The measured data
were detailed in: total water flow rate (m3/h), delivered heating

rate (W), primary loop inlet temperature (°C), primary loop out-
let temperature (°C) and outdoor dry-bulb temperature (°C). The
outdoor dry-bulb temperatures were used for creating the real
weather file to be used to simulate the building energy model.
Maximum water flow rate and delivered heating rate were used to
validate the sizing of the building system. As it is depicted in Fig. 3,
the heating system operates from 5a.m. to 9 p.m. with a 2 h stop
from the 9a.m. to 12 a.m. The highest point in power delivering is
recorded in the early morning, around 6 a.m., and after the stop at
mid-day.

Fig. 4 shows the trend of the measured primary and sec-
ondary loop inlet temperatures. The mean outlet temperatures
were approximately 110 °C for the primary loop and 65 °C (until the
end of February) for the secondary loop. Lower temperatures were
recorded in the outlet secondary loop toward the end of the heating
period (e.g. 50 °Cin April). From the 6th until the 14th February the

Fig. 2. Case study district heating sub-station.
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Fig. 3. Building power delivered in a typical winter day.

heating system operated continually due to atypical and extremely
cold weather conditions.

4. Energy modeling
4.1. Simulation assumptions

The building energy assessment was carried out by means of
dynamic simulation through a data driven approach. The building
model was created within the EnergyPlus program. In particular the
Openstudio plug-in for the 3d program Google Sketch-up was used
to define the building geometry following imported in EnergyPlus,
where the energy model was completed. The building was simu-
lated in climatic zone E (Northern Italy). In order to evaluate the
effect of each single TRV, as a common rule for the modeling, each
room with a radiator, and consequently with a TRV, was defined as
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a thermal zone. Considering that the dwelling was a multi-family
building, the building model proved to be quite detailed and com-
plex. The thermal zoning was indeed defined depending on the
day use (e.g. living room, kitchen) and night use of the rooms (e.g.
bedrooms). Each apartment was divided into five main thermal
zones. In order to make the model lighter, when it was possible,
some rooms with the same type use, were merged into a unique
thermal zone (e.g. two bedroom composed a unique thermal
zone). Overall 55 conditioned thermal zones and 5 unconditioned
ones were defined. Internal mass was also defined to represent
the dividing ceiling/floor of the unconditioned staircases thermal
zone.

Furthermore, the influence of the surrounding urban context
was taken into account with the definition of shading surfaces (each
one with its own reflectance proprieties), for each neighboring
building, as depicted in Fig. 5.

Outlet Primary loop
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Inlet temperature of primary and secondary loop trend and outlet temperature of the primary loop trend during one-month period.
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Fig. 5. View of the building model with the surrounding context.

Table 1

Case study main geometrical data.
Number of storeys 4
Number of apartments 12
Conditioned gross floor area 2114 m?
Total gross volume 7820 m?
Typical storey gross floor area 498 m?
Floor-to-ceiling height 4m
North facade
Opaque building envelope 322m?
Transparent building facade 76 m?
South fagade
Opaque building envelope 412 m?
Transparent building facade 65 m?
East fagade
Opaque building envelope 208 m?
Transparent building facade 35m?
West facade
Opaque building envelope 275m?
Transparent building facade 34m?

Typical Meteorological Year (TMY) data of Turin was used in first
simulation runs. Secondly, for the building model calibration, a real
weather file was then used.

The internal gains of the building were defined on the basis of the
reference commercial building models database (which includes
residential and non-residential buildings) created by the United
States Department of Energy laboratories [16]. Schedules for occu-
pancy, lighting and equipment were distinguished depending on
the zone daily or night use. Lighting and appliances power densi-
ties were set respectively to 3.88 W/m?2 and 5.38 W/m?2. According
to Italian regulation the occupancy rate was fixed to 0.04 pers/m?
[17].

Natural ventilation and infiltration air flow rate was set to 0.5
ACH for dimensioning the radiator units.

The heating thermostat was set according to calibration
assumptions, as reported in the next paragraph. Temperature set
point are not constant during the whole day but they are set to
make the heating system operates from 5 a.m. to 9 p.m., witha 2 h
stop, from the 9 a.m. to 12 a.m.

Table 2
Case study envelope main components U-value.

Building envelope component U-value [W/m2 K]

Exterior walls 1.9
Roof 217
Ground slab 2.1
Attic slab 2.15
Window 49

4.2. Calibration assumptions

In order to compare the simulate building energy performance
with measured data, the building energy model was adjusted
through a calibration methodology until the simulated heating
demand of the whole building matched with the monitored one.

As measured data were available for a limited period (from the
end of January until the end of March), the calibration process
regarded only half of the heating season. A real weather data file
was created for calibrating the model. Assumptions, based on mon-
itored data, were made in order to tune realistically the model and
obtain valuable results.

A first simulation for sizing the radiator heating rate was run.
From monitoring, there were no data about the heating rate portion
for each radiator; only the total building heating rate was noted.
Due to that, in order to proceed with the radiators sizing, on-spot
investigation on a typical apartment allowed radiators typology
and dimensions to be clarified. The simplified procedure of Italian
Standard [18] that regards the allocation of heating and domes-
tic hot water consumptions in multi-family buildings with central
heating systems, was also used to support the correct radiators
sizing. In particular the procedure allows to estimate the nominal
thermal power affecting each radiator unit, depending on typology
and dimensions of the terminal units.

Then, the building model was simulated without TRVs, before
their installation. As already mentioned, no monitored data about
the real occupants’ habits were available, so the heating thermostat
was defined on an expected users’ behavior as pictured in Fig. 6.

The ground floor, due to its commercial use (e.g. professional
bureau), has a lower heating temperature set point, set at 20.5°C,
than the higher ones, approximately 21.5-22 °C, of the upper resi-
dential floors. For the middle storey, an intermediate temperature
at 21 °Cwas set for thermostat. During the short monitoring period,
from January to March, that is less than half heating season, the
total building heating energy consumption, at the district heating
sub-station, amounted approximately to 59 kWh/m?2 while from
calibrated simulations they were 52 kWh/m?2.

After this first simulation, during the monitored period, a com-
plete simulation, for the whole heating season, from October 15th
to April 15th, was run to assess the total building heating energy
consumption with the standard TRY of the Torino location. Fig. 7
outlines the step of the procedure followed within this study.

4.3. TRVs application

The aim of the study was to simulate the obtainable effect of the
application of the TRVs on a multi-family building. A scheme of the
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Fig. 6. Calibration heating temperature thermostat.

application of TRVs on a classical system configuration of central
heating system connected to a district heating plant is pictured in
Fig. 8.

No measured data about the real occupants’ habits (e.g. heating
temperature set point) were available. For simulating the use of the
TRVs by the occupants’ opening of the TRVs, different temperature
set points, and thus different thermostats were defined. They were
set on the basis of the occupants’ habits with the TRVs setting. In
literature the use of a similar approach to simulate the effect of TRVs
inresidential buildings through different temperature set point was
also adopted [19].

Within this study, three sets of thermostat were created and
applied to the building model in order to simulate different sce-
narios. For each scenario three different thermostats were defined.

Within each scenario, a 0.50°C gradient difference was set for
every thermostat. Overall nine different solutions were tested on
the model. In particular, the first solution (Scenario 1) defined
a constant thermostat for all flat in all storey; three tempera-
ture set points of 20.5°C (Scenario 1A), 21°C (Scenario 1B), and
21.5°C(Scenario 1C), were applied once at time as considered the
most frequently set point used by the occupants. The second solu-
tion (Scenario 2) considered a different thermostat for the ground,
middle and top storey, due to different boundary conditions (e.g.
intermediate storey tend thus are affected by lower energy losses).
For instance, the thermostat of Scenario 2A applied a 19.5°C set
point to ground floor, 20°C set point to middle floor and 20.5°C to
the top storey. The third scenario (Scenario 3), that can be consid-
ered the most realistic one, distinguished the heating temperature
set point depending on the room typology (living or sleeping area),
but only in the middle storey. The thermostat in Scenario 3 C was
set to 19.5°Cin the bedrooms, 20.5° in the entrance area and 21.5°
in the living rooms. Ground and upper storey temperature were set
in compliance with the second scenario.

5. Results
5.1. Energy assessment

Fig. 9 outlines the main results obtained from the application
of the TRV of the building models through different thermostat.
Nine scenarios were simulated. The blue bar represents the heat-
ing energy consumptions attributable to the calibrated building
model without the thermostatic radiator valves, amounting to
115.4kWh/m2. The greater energy saving achieved is recorded in
Scenario 3A, that with 103.4 kWh/m? brought to a reduction of 10%
on the building heating energy consumptions. The lower reduc-
tion is indeed encountered within Scenario 1C, that achieved a 2%
reduction on the energy consumptions. In general scenarios “A”
(1A, 2A and 3A), which bring to greater energy savings, have lower
temperature set points.

Fig. 10 draws the typical daily trend of the power delivered
to the heating sub-station. The curves sketched within the graph,
represent the trend attributable to Scenario 1 (1A, 1B and 1c¢)
as well as the trend of the building before the TRVs applica-
tion. The curve hereby pictured is defined from measured data.
The power delivered to the building is thus reduced due to the
TRVs.

A similar range of energy savings, from a minimum of 5% to
a maximum of 20%, was encountered within the application of

l.| simulation for radiators’ sizing ( single radiator heating rate)

Calibration of building models based on supplied energy measured data

3. Building simulation before the TRVs installation

Application of TRVSs: nine different thermostat scenario depending on
different TRVs opening (expected occupants’ behavior)

S Analysis of the results

Fig. 7. Flow diagram of the methodology approach followed within the study.
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this same methodology to another multi-family building already
equipped with TRVs (confidential information). Historical energy
consumptions of the years previous the TRVs installation were
noted in addition to the measurements coming from the district
heating building sub-station. Real historical annual gas consump-
tions from the bills were normalized to the standard Heating Degree
Days of the Turin location and aggregated into a mean value before
the installation of the TRVs and a mean value after the installation
of the TRVs. The percentage reduction between the values after and
before TRVs was between 10% and 15% and confirmed the results
of the simulations.

5.2. Economical assessment

An economical analysis was carried out in order to investi-
gate the economical feasibility of TRVs as low investment energy
efficiency measures. The cost optimal approach, required by the
European Directive EPBD recast [1], is now commonly used for
assessing the whole-cycle financial feasibility of EEMs in the resi-
dential sector [20,21] and was applied to the case study. The global
cost, calculated for the installation of the TRVs on the case study
corresponds to the net present value of costs occurred during a
defined calculation period of 30 years, taking into account the
residual values of the TRVs replacements. As in compliance with
the European Standard EN 15459, global cost is directly linked
to the duration of the calculation period 7 and it can be written
as:

Co(D) =G+ Y | (Caili) - Ral) = Vi) )

j i—1

where C; (1) represents the global cost referred to starting year
Tp. G is the initial investment cost. C,; (j) is the annual cost for
component j at the year i (including running costs and periodic or
replacement costs). Ry (i) is the discount rate for year i, Vg, (j) is
the final value of component j at the end of the calculation period
(referred to the starting year tg).

The discount rate Ry is used to refer the costs to the start-
ing year; it is expressed in real terms, hence excluding inflation,
and it depends from the real interest rate, set to 4.5%. The invest-
ment costs of the TRVs were calculated with reference to the 2013
Piedmont Region price list[17] and to some technical specifications.
The economical assessment considered not only the installation of
the TRVs but also others measures (e.g. variable flow rate pump
installation, etc.) at the building level for the implementation of
TRVs. Table 3 summarizes briefly the main item considered in the
economical assessment (investment cost).

With regard to the periodic cost of replacement, it was assumed
that TRVs, together with the heating energy counter, should be
changed after 20 years. The annual maintenance cost of the TRVs
package was set to 1.5%, in compliance with the Appendix A of EN
15,459 [22]. The district heating energy tariff was set to 0.12 €/kWh
with reference to the residential buildings energy rate of the main

Table 3
Investment cost for the TRVs installation.

TRVs package per
radiator

Unitary cost [€] Total cost [€]

Valve with lockshield 27.92 2345.28
(supply included)

Radiator control
(supply included)

Radiatior radio heating 30
counter (supply
included)

Assembly (removing of 5.19
old valves and
installation of new
TRVs)

Energy measures at the building level
System pump with 3200
variable flow rate
System scrubbing for
removing
contaminants

23.25 1953.00

2520.00

435.96

6400.00

1830 1830.00

Total cost 15,484.24

district energy company in Turin. Only the costs related to energy
consumption for space were considered.

The investment cost of the TRV installation on each radiator
amounts to 84 € excluding the investment cost attributable to the
whole building systems (e.g. implementation of variable flow rate
pumps). Table 4 lists the disaggregated global cost components for
the building without TRVs and the Scenario 1B, with TRVs.

Overall the total investment cost can be considered affordable,
accounts for approximately 7.3€/m2. Due to a reduction on the
running cost, also a lower global cost is achieved. Looking at the
“Scenario 3” a mean energy savings of 9.11 kWh/m? was achieved.
It means that in less than 7 years the overall investment cost
(15,484 €) can be overcome. Considering the building is served by
the district heating network, approximately 2300</year may be
saved. If not served by the district heating grid, higher savings,
around 14,000 €, may be reached.

In a view of retrofitting the existing building stock, among a
wide range of EEMs, from the building envelope interventions to
the improvement of the building systems, TRVs can thus be con-
sidered one of the lowest investment cost measures, that can be
easily applied to a large portion of the existing dwellings, including
the historical buildings. Previous studies with a view of cost opti-
mality, investigated different packages of EEMs on a multi-family
residential building, assessing much higher global cost compared
to the ones presented within this study [23]. For example build-
ing envelope EEMs could thus bring to global cost values, from 650
to 680€/m? while the global cost values of EEMs for the building
envelope together to the building system and the integration of
renewable sources, range from a minimum of 560 to 770 €/m?.

Table 4
Global cost components for “Scenario 3”.
Energy Investment Replacement Running cost Final value Total global
consumptions cost [€/m?] cost [€/m?] [€/m?] [€/m?] cost [€/m?]
[kWh/m? year]
ANTE TRV 115 0.00 0.71 303.03 —-0.45 303.3
S3A 103 7.3 2.19 275.8 -0.93 2844
S3B 105 7.3 2.19 283.1 -0.93 291.7
S3C 108 7.3 2.19 290.5 -0.93 299.1
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6. Conclusions

The case study was calibrated based on monitored data and then
simulations were run with and without TRVs in order to evaluate
their effect as a reduction on the building heating energy con-
sumptions. The results showed that the use of TRVs can bring to a
reduction on the total heating energy consumption, during a com-
plete heating season up to a maximum of 10% for the presented
case study. They also confirmed the application of TRVs to a multi-
family building as low investment retrofit measure that can be
easily applied also to historical buildings.

TRVs were simulated only on the basis of theoretical assump-
tions and expected occupants’ behavior. In order to have a more
accurate calibration a higher quantity and variety of monitored data
is necessary. For instance, the temperature set point imposed by the
occupants could improve the calibration process, helping to under-
stand the real occupants’ behavior and their comfort requirements.
This information would thus have allow defining a more realistic
thermostat for the TRVs regulation. Nevertheless, the calibration
methodology gave back reliable results that are consistent with
other studies concerning the TRVs [12].

Further studies could regard the application of a more consis-
tent calibration methodology to the case study hereby presented; a
sensitivity and uncertainty analysis-based calibration could be car-
ried for defining the most influencing parameters for the building
model calibration. Once defined them, the model could proceed to
be tuned.
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Abstract: Buildings do not usually perform during operation as well as predicted during the
design stage. Disagreement between simulated and metered energy consumption represents
a common issue in building simulation. For this reason, the calibration of building simulation
models is of growing interest. Sensitivity and uncertainty analyses play an important role in
building model accuracy. They can be used to identify the building model parameters most
influent on the energy consumption. Given this, these analyses should be integrated within
calibration methodologies and applications for tuning the parameters. This paper aims at
providing a picture of the state of the art of calibration methodologies in the domain of
building energy performance assessment. First, the most common methodologies for
calibration are presented, emphasizing criticalities and gaps that can be faced. In particular
the main issues to be addressed, when carrying out calibrated simulation, are discussed.
The standard statistical criteria for considering the building models calibrated and for
evaluating their goodness-of-fit are also presented. Second, the commonly used techniques
for investigating uncertainties in building models are reviewed. Third, a review of the latest
main studies in the calibrated simulation domain is presented. Criticalities and recommendations
for new studies are finally provided.



Energies 2015, § 2549

Keywords: calibration methodologies; building performance simulation; sensitivity analysis;
uncertainty analysis; existing buildings

1. Introduction

Since the mid-1970s, building simulation (BS) has emerged as an attempt to emulate reality [1] and
improve on traditional manual methods to study and optimize the energy performance of buildings and
systems. At first, BS was used throughout the design process, from the early stages to detailed
construction phases. As Clarke pointed out [1], simulation may be used at any design stage to address
relevant questions when assisting the building design practice. So far, the BS domain has grown and
continuous improvements are being made to software features and, above all, to the building models
robustness [2]. In response to current high and ambitious sustainability goals, building design has been
recently subjected to changes, involving BS directly. As the main focus is still to reduce the energy
demand of the building and optimize its energy performance, BS, as a clear response, is of growing
importance. However, its potential is not fully exploited and even acknowledging the upward slope of
its productivity for the last two decades, its uptake is still restricted [2]. It is much more common to see
BS applications in construction or advanced design phases rather than in early phases (e.g., concept
design). Despite this, a recent boost has been given to BS by its application in post-construction stages [3].
Buildings do not perform as well as predicted. Several studies have thus highlighted great discrepancies
between simulated building energy performance and measured performance [3-5]. Due to this,
an extensive interest in building real-monitoring and operation diagnostic has been aroused and the
disagreement between measured and simulated data has thus become a primary issue in the BS domain.
In order to make BS a more reliable tool for the design process, improvements towards a better match
of the simulated and monitored building energy performance have emerged as an imminent need.

This particular application of building simulation is customarily called calibrated simulation (CS).
It corresponds to the process of fine-tuning or of “calibrating” the simulation inputs so that the observed
energy consumptions closely match those predicted by the simulation program [6]. The use of CS is
growing in importance and many activities [3], mostly related to the commissioning or the assessment
of the energy retrofit scenario of existing buildings, in fact require a calibration-based study. In particular,
on-going and post-construction commissioning of new and existing buildings requires the use of
calibrated simulation for operational optimization of control strategies or for diagnostic purposes for
further prediction of energy savings [7-9].

Additionally, CS has been officially endorsed by the International Performance Measurements and
Verification protocol (IPMVP) [10]. Within IPMVP two main approaches for energy savings projects
are listed; retrofit isolation options (Option A and B) and whole facility options (Option C and D) [10].
Option D is a simulation-based approach that requires models to be calibrated based on measured
monthly or hourly data. CS, within Option D, is the suggested procedure for performance and usage
verification of the whole building or specific building components. The IMPVP approach is also
applied in the Federal Energy Management Program (FEMP) Measurements and Verification (M&V)
guidelines [11].
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However, although many improvements have been made in BS and the use of CS is growing fast,
many issues and criticalities still characterize the calibration process. When performing CS, it is
important to distinguish different levels of calibration. First, depending on the monitored data available,
calibration can be performed hourly, or monthly. Second, the type of in-depth analysis on the
building model can regard only the building system or the whole building, also described within M&V
guidelines [10].

Several studies based on calibration have been carried out [6,12—17] but as yet no universal consensus
guidelines have been presented. There are thus standard criteria for validating a calibrated model but the
lack of a formal and recognized methodology still makes CS a process highly dependent on the user’s
skills and judgments.

This paper aims at providing a review of the state of the art in the domain of calibrated simulation.
In particular it reviews the current techniques used for calibrating a building model, focusing on gaps
and criticalities related to CS. The paper is organized as follows: the scope and applications of CS is
given in the introduction; Section 2 briefly outlines the main issues faced when calibrating a building
model; Section 3 presents the statistical criteria used for judging the goodness-of-fit of the calibrated
models; Section 4 reviews the most used calibration techniques in building simulation domain;
Section 5 focuses on the reliability of building models and presents the techniques for investigating
uncertainties; Sections 6 and 7, respectively, provide a brief description of the main CS applications and
point out criticalities and gaps in CS.

2. Typical Calibration Issues

Building energy models are complex and composed of a large number of input data. When modeling
a building within a simulation program, the accuracy especially relies on the ability of the user to input
the parameters (input data) that results in a good model of the actual building energy use [3]. Given the
large number of parameters involved, the process of calibrating a detailed energy model is a highly
undetermined problem that brings to a non-unique solution [15,18].

It is quite common to use a “trial and error” method to calibrate a building model. This kind of
approach, driven by experience assumptions, may bring inexperienced users to time consuming and
unsolved problems. Usually building energy models are complex. Many assumptions on the building
characterization, with a direct impact on the simulation results, have to be made. Moreover the process
of modeling acquires higher degree of difficulty during calibration. Therefore, in order to handle
properly the model complexity during calibration, the tuning process of the model parameters requires
domain experts’ knowledge.

It is essential to define the level of calibration to work on and, more importantly, to verify if the data
collected are adequate for carrying out the calibration. To this regard, in order to compare predicted
consumption with measured consumption, utility bills data are necessary; they represent the minimum
requirement for CS, in terms of measurements and history data about the building. Additionally,
depending on the input data available, different levels of calibration can be listed [17,18], as reported in
Table 1. Utility bills are necessary for all the calibration levels. The period of availability of measured
data or utility bills should be at least one-year-long in order to provide reliable results. Level 1 is a first
calibration based on incomplete and split information due to the availability of nothing but as-built data.
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It is thus the weakest calibration level as the information about the building definition and operation is
not detailed and cannot be cross-checked with on-site visits. In Level 2 site visits or inspections allow
verifying as-built data and collect more information. In Level 3, which is based on detailed audit of the
case study, on-spot measurement of the building operation and energy consumption are collected.
Level 4 and 5, based, respectively, on short-term and long-term monitoring, are the most detailed levels
of calibration. At this level data loggers are thus installed in the building to collect all the required
missing information.

Table 1. Calibration levels based on the building information available [17,18].

Building Input Data Available

Calibration

Levels Utility As-Built  Site Visit or Detailed Short-Term Long-Term
Bills 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

CS is a complex process, which is usually based on the users’ experience. Many issues can be faced
when dealing with calibration. Previous studies [6,17-20] investigated CS application focusing on the
main issues that characterize CS. In particular a very detailed review was carried out recently by
Coakley et al. [19], about the state of the art, in the CS domain, gathering the most recent applications
of CS depending on the type of building model and on the approach used (manual or automated).
The review hereby presented intents to start from the background provided within [19] and integrate it
with the more recent applications and findings in the CS domain. In particular, a detailed review of the
current sensitivity and uncertainty analyses used for calibration is also presented aiming at underpin it
as crucial and essential part of the process of calibration.

The list of the issues affecting calibration proposed by [19], revised and integrated by the authors of

this paper is hereinafter provided as follows:

- Standardization. Statistical criteria are used for assessing whether or not a building model can be

considered calibrated. They do not provide a method about how calibrating a building model.
Therefore, so far, there is no formal and recognized standard methodology or guidelines for CS,
which is usually carried out based on users’ judgment and experience.

- Calibration costs. The modeling process does not represent an easy task, even for building

simulation that does not require calibration. Calibrated models are far more complicated and
require higher expenses than “uncalibrated” models. Calibration, as no automated procedure has
been defined yet, is highly time-consuming indeed. Furthermore time and expense for collecting
sub-metered data, contribute to CS costs.

- Model complexity. Depending on the type of energy model created and on the model complexity,

the number of input data considered may vary. Normative quasi-steady models are simpler than
transient energy models, created within energy simulation program (e.g., EnergyPlus, TRNSYS
(Transient System Simulation Tool), etc.). The degree of simplification of the building model
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concerns directly the input data, as the more complex the models is, the larger amount of input
data are required.
Model input data. Large quantity of input data are always involved in the building modeling

process. However, the quantity may vary depending on the level of detail pursued in the model
definition and on the data availability (e.g., problems of data quality). Measured data are
sometime used for providing the model with further information (e.g., building occupancy,
temperature set point, etc.) during validation of the calibrated model based on statistical indices.
Uncertainty in building models. When manual calibration is carried out, a deterministic approach

is usually adopted. However as not all input data affect the investigated energy consumption in
the same ways, it is important to identify, throughout a screening analysis, the parameters that
influence the most the building model, and define their level of uncertainty.

Discrepancies identification. Issues concerning the reason of discrepancies between simulated

consumption and measured consumption is often encountered during CS. Experienced users may
be able to detect the underlying causes of the mismatch due to their building simulation skills
and knowledge. These disagreements may be linked to a chain of causes or imputation errors in
building model definition or also to measurements errors.

Automation. So far, no approved automated methodology for calibration has been presented.
Various CS application, based on users’ experience and manual approach, can be listed.
An automated methodology will so far reduce expenses and also attempt to wider the knowledge
of calibration to other professionals.

User’s experience. Another issue that should be taken into consideration is the user’s experience.

Reddy et al. [17] claims that “calibration is highly dependent on the personal judgment of the
analyst doing the calibration”. Since from the first stages of simulation, the user’s experience can
affect calibration results. Even with a systematic and automated procedure, users are still
responsible of CS and a more than basic knowledge of the building simulation domain is required
for applying the procedure. A deep sensibility towards the modeling process may in fact reduce
calibration expenses, in terms of timing and avoiding mistakes.

3. Criteria for the Model Goodness-of-Fit

So far statistical indices are the most used criteria for evaluating the accuracy of calibration and

whether or not a model should be considered calibrated. These criteria determine how well simulated

energy consumption matches the measured utility data at the selected time interval. They do not

constitute a methodology for calibrating buildings models, but rather a measure of the goodness-of-fit

of the building energy model.

After calibration has been endorsed as a methodology for the energy savings estimation, statistical

indices have become the international reference criteria for the validation of calibrated models.

They have been recommended by three main international bodies in the following documents:

American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
Guidelines 14 [21];

International Performance Measurements and Verification protocol (IPMVP) [19]; and

M&V guidelines for FEMP [11].
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During calibration two main sets of data are needed: the simulation data set, from the building model
created, and the metered data set, from the real building monitoring. The building model data set is
composed of large quantity of data, among which, the most influencing parameters have to be selected
in order to find a matching between simulated and measured energy consumption. Commonly the Mean
Bias Error (MBE) and the Coefficient of variation of the Root Mean Square Error (Cv(RMSE)) are the
two statistical indices used. The consideration of both indices allows preventing any calibration error
due to errors compensation. MBE measures how closely simulated data corresponds to monitored data.
It is an overall measure of how biased the data are. MBE is calculated, as reported in Equation (1),
as the total sum of the difference between measured and simulated energy consumption at the calculation
time intervals (e.g., month) of the considered period. The difference is then divided by the sum of the
measured energy consumption.

i0q(S —M
MBE (%) — ZPenod( )Interval % 100% (1)

ZPeriod MInterval

where

- M is the measured energy data point during the time interval; and
- Sis the simulated energy data point during the same time interval.

Due to a compensation effect (positive and negative values contribute to reduce MBE final value),
MBE usually is not a “stand-alone” index, but it is assessed together with the Cv(RMSE). The Root Mean
Squared Error (RMSE) is a measure of the sample deviation of the differences between the measured
values and the values predicted by the model. The Cv(RMSE) is the Coefficient of Variation of RMSE
and is calculated as the RMSD normalized to the mean of the observed values. Cv(RMSE) is either a
normalized measure of the variability between measured and simulated data and a measure of the
goodness-of-fit of the model. It specifies the overall uncertainty in the prediction of the building energy
consumption, reflecting the errors size and the amount of scatter. It is always positive. Lower Cv(RMSE)
values bring to better calibration. It is calculated as follows in Equations (2)—(4):

RMSE,,
Cv(RMSEporiog) = A—Pe”"d X 100 )
Period
S — M)?
RMSEperioa = F( m intersa 3)
Interval
ioq M
Aperiod _ ZPerwd Interval (4)

N Interval

where Nimervar 1s the number of time intervals considered for the monitored period.

In addition, Reddy et al. [6] have proposed an aggregated index that considers all three main types of
the building energy uses (electricity in kWh, demand in kW, gas use in m®). It is a weighted mean of
MBE and Cv that takes into account the weight of each energy quantity on the total annual energy cost.

In order to consider a model calibrated, a threshold limit of the MBE and the Cv(RMSE) must be
respected. Depending on the time interval for the calibration (monthly or hourly) and in compliance with
the requirements of the Standard/Protocol considered, the limit threshold is subjected to slight
differences, as reported in Table 2.
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Table 2. Threshold limits of statistical criteria for calibration in compliance with [10,11,21].

Statistical Monthly Calibration Hourly Calibration
Indices St.14 IPMVP FEMP St.14 IPMVP FEMP
MBE [%] +5 +20 +5 +10 +5 +10
Cv(RMSE) [%] 15 - 15 30 20 30

If a model is calibrated in compliance with these limits, “it is sufficiently close to the physical reality
that it is intended to simulate” [16]. However, these thresholds represent a first guidance for the building
calibration and should not be taken as definite values. The presented statistical indices are related only
to the predicted building energy consumption. The compliance with the thresholds can also be achieved
with different models, as the solution is not unique and may not guarantee that all the model input data
are correctly tuned. As stated before, calibration is an underdetermined problem.

Moreover it is important to note that this validation approach does not take into account uncertainties
in the model and takes no notice of other influent parameters, such as indoor condition, temperature
trend and occupancy.

4. Calibration Methodologies for Building Simulation Models

Clarke et al. [22] have proposed four main categories of calibration methodologies, revised also by
Reddy et al. [16]:

(1) manual calibration methods based on an iterative approach;

(2) graphical-based calibration methods;

(3) calibration based on special tests and analysis procedures; and

(4) automated techniques for calibration, based on analytical and mathematical approaches.

Different methods, from the four main categories above, can be used during the same calibration
process. For example, both graphical and mathematical/statistical methods can be used in synergy to
improve the calibration of a building model. Moreover, both manual and automated calibration can be
based on analytical procedures.

4.1. Manual Calibration

This first category includes all CS applications without a systematic or an automated procedure.
It is based on users’ experience and judgment and it is also the most commonly used in simulation
applications [12,23,24]. It includes “trial and error” approaches, which are based on an iterative manual
tuning of the model input parameters. Input data are altered based on the users’ experience and
knowledge about the building. Manual calibration corresponds thus to subjective and ad-hoc approaches.
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4.2. Graphical Techniques

Within the manual calibration methodologies, techniques based on graphical representations and
comparative displays of the results are included. They generally consist of time-series and scatter plots.
Apart from classical and time-series plots [23—25] still used for calibration purposes, innovative methods
have been also employed to this regard; two main techniques can be listed for their wide application:

- 3D comparative plots; and
- calibration and Characteristic signature.

4.2.1. 3D Comparative Plots

A 3D plot approach has been developed to analyze hourly differences, during the whole simulation
period, between simulated and measured data [26]. This method is used for calibrating time-dependent
parameters, such as schedule loads. Hourly values are computed and compared in the plot.
The originality of this method relies on the increased ease of identifying even small differences in the
measured and simulation data comparison. An example 3D plot, created by the authors and pictured in
Figure 1 shows on a daily basis three different D graphical plots, representing measured data, simulated
data and the difference between simulated and measured data, respectively. This type of representation
has also been used with statistical indices (MBE and Cv(RMSE)) for analyzing the goodness-of-fit of the
building model.

Measured Data

Time period [hours]
3

Simulated Data

23
- 2! Timeperiod [hours]

Time period comidéred [days]

Figure 1. Cont.
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Difference = S-M

kW]

23

21
Time period [hours]

Time period considered [days] 1

Figure 1. Example of 3D comparative plots.
4.2.2. Calibration Signature

The term signature is used to refer to a graphical representation of the difference between the
simulated and the measured energy performance of a particular case study [27]. It corresponds to
a normalized plot of the differences between the predicted and simulated energy consumption,
as a function of the outdoor air temperature.

Residual =S — M (%)
] ) ) — Residual
Calibration signature = ——— X 100% (6)
Mmaximum

For each temperature, the difference between measured and simulated energy values, divided by the
maximum measured energy value and multiplied by 100%, is plotted versus the temperature, to draw
the trend of the signature. For a model perfectly calibrated the signature should be a flat line. An example
calibration signature is depicted in Figure 2.

Heating calibration signature
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Figure 2. Example of calibration signature.
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Another signature, referred as characteristic signature, should be defined for comparing values from
two distinguished simulations, instead of values from measured and simulated data. The characteristic
signature should be taken as reference or baseline for the measured values. Characteristic signatures are
generally calculated based on a daily average basis and are denoted by a characteristic shape due to the
climate and the system type considered.

. Change in energy consumption
Characteristic signature = X 100% (7)

M. maximum

When assessing both characteristic and calibration signatures, the differences between the two curves
help users detect errors in the simulation inputs for calibrating the model. It is thus possible to study the
effect of the input parameters variation in the building models looking at the calculated signature.

A proposed methodology based on the use of the calibration and characteristic signatures is presented
in [27] as a fast procedure. Assessed for both heating and cooling consumption, usually the calibration
signature is compared to the characteristic signature of the investigated system configuration or studied
climate, to verify if, varying one or more parameters, the signatures are similar, and an acceptable value
of the combined error, ERRORToT, is reached. This error is calculated as follows:

ERROR7or = [(RMSE%,; + RMSE2;;) + (MBEZ,; + MBEZ,.)] (8)
where

subscripts nrc and cLg refer, respectively, to the heating and cooling time intervals considered;
RSME is the Root Mean Squared Error calculated as in Equation (3); and
MBE is the Mean Bias Error calculated as in compliance with Equation (1).

When the minimum of ERRORToT is achieved, then the calibration can be considered concluded.

Several applications of this methodology can be found in research and academic US studies [28-30].
In particular, it has been presented within Sub-Task D2 of the International Energy Agency ECBCS
Annex 40 “Commissioning of Buildings and HVAC Systems for Improved Energy Performance” [31].

4.3. Calibration Based on Analytical Procedures

This category is based on analytical and test procedures, such as short or long-term monitoring
periods. It can be distinguished from the automated methodologies as it does not employ mathematical
or statistical procedure for the calibration process.

Among the special tests that can be used for calibrating the building models, measurement tests
(such as blower door tests or wall thermal transmittance measures) are considered. As they are quite
invasive, especially when buildings are constantly occupied, they cannot always be performed.

Short-term monitoring and in situ inspections can also assist the calibration process. For example,
the PSTAR (Primary and Secondary Term Analysis and Renormalization) method [32] is a unified
method of hourly simulations of a building and analysis of performance data, based on the use of
short-term monitoring data.

The building energy balance is assessed as sum of the heat flows calculated after the audit inspection.
Heat flows are assessed based on macro-dynamic calculations. Each heat flow term is then classified as
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primary or secondary depending on its magnitude. Primary terms are then renormalized (calibrated)
based on monitored data.

Within this category, calibrations that are assisted by audit reports are also included. This builds on
building verification from the audit information and technical specifications.

4.4. Automated Techniques for Calibration Based on Analytical and Mathematical Approaches

Automated techniques include all approaches that cannot be considered user driven and are built on
sort of automated procedures [19]. They can be based on mathematical procedures (e.g., Bayesian
calibration) or analytical approaches.

4.4.1. Bayesian Calibration

Bayesian analysis is a statistical method that employs probability theory to compute a posterior
distribution for unknown parameters (0) given the observed data (). It is used for calibration purposes
for incorporating directly uncertainties in the process [33,34]. Traditionally, the Bayesian technique was
used for the model predictions in other domains (such as geochemistry [35] or geology [36,37])
rather than in building physics simulation. However, recently different studies [38—40] have focused on
the application of this technique to the building simulation domain.

Based on the Bayesian theory [41], a set of values of the uncertain parameters 0 of the energy model
1s formulated in order to find a matching between the simulation outcomes and the measured data y.
Three different sources of uncertainty are investigated: parameter uncertainty in the energy model;
discrepancy d(x) between the energy model and the real building behavior; observation error g(x).
A prior probability density function is assigned to each calibration uncertain parameter based on users’
judgment and experience.

The formulation adopted for denoting the observation y(x) is the following:

y(x) = n(x,0) +8(x) + (x) ©)

Observations (y) are calculated as a results of simulation outcomes from the model (n(x, 0)) having
known parameters (x), unknown parameters (8), observation errors (e(x)) and discrepancies O(x).
A Gaussian process, based on a multivariate normal vector is adopted to denote m(x,0) and o(x).
The energy model outputs are thus denoted as normal distribution. In order to solve the multivariate
distribution the Markov Chain Monte Carlo algorithm is used to compute the probability density function
of the calibration parameters considered. Finally a posterior distributions function of each uncertain
parameter is assessed.

4.4.2. Meta-Modeling

According to Van Gelder ef al. [42], a meta-model is a mathematical function which coefficients are
determined based on a limited number of input/output combinations. Different meta-models techniques can
be found in literature [42]: polynomial regression (PR), multivariate adaptive regression splines (MARS),
kriging (KR), radial basis function networks (RBF), and sigmoidal neural networks (NN).

A meta-model can be defined as a “model of a model” [43] or a surrogate model that is usually used
for reducing the model complexity. It is thus a simpler and computationally faster version of the model.
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For instance, meta-models created within building simulation programs are based on an essential
characterization of the building. This type of building energy models is defined by varying all of the
input parameters of the original and more complex model within a certain range, around its baseline
design. Usually for creating an n sample of the p inputs, sampling techniques, like in the Monte Carlo
Analysis as further described in the paper, are used.

Once the meta-model is derived from the full original model, an optimization algorithm is applied.
One of the main benefits of meta-modeling is the reduced simulation time that allow different
optimization scenarios to be performed. Meta-modeling is also employed as sensitivity analysis for the
assessment of the building energy performance.

4.4.3. Optimization-Based Methods

The term optimization is used in building simulation to refer to an automated approach based on
numerical simulation and mathematical optimization [44,45]. Optimization-based methods are usually
built on the coupling between a building simulation software (e.g., EnergyPlus, TRNSYS, etc.) and an
optimization program (e.g., GenOpt), which employs optimization algorithms [45—47]. Simulation-based
optimization has recently been used for various applications in building simulation [48—50], and also for
the calibration of building models [43,51]. In order to perform the optimization, an objective function
has to be set within the optimization program. Usually in calibration application the objective function
is defined as a function of the difference between measured and simulated data. The optimization is thus
based on the matching between a set of measured data and simulated data.

5. Model Uncertainties

Uncertainty and sensitivity analyses represent an integral part of the modeling process, especially for
calibrated simulation. Saltelli ef al. [52] claimed the relevance of sensitivity analyses in the modeling
process models when dealing with uncertainties, treating the choice of the model as one of the sources
of uncertainty. Recently uncertainty and sensitivity analyses have found applications in various
engineering fields and especially in the building physics domain [18,33,39,53—-64]. They can help
overcoming gaps in the building knowledge, identifying and ranking the sources of uncertainties.
As Campolongo et al. [54] stated, “uncertainty and sensitivity analyses study how the uncertainties in the
model inputs (X1, X2, ..., Xk) affect the model response Y. The uncertainty analysis (UA) aims to quantify
the output variability. On the other hand, as claimed by Saltelli et al. [41] “sensitivity analysis (SA) is
the study of how the uncertainty in the output of a model can be apportioned to different sources of
uncertainty in the model input”.

Notwithstanding uncertainties are often overlooked in calibration studies and not included in
calibration methodologies. They are referred as procedural techniques [19] that can be used to assist
improving the calibration process. Nevertheless, considering that calibration is a highly under-determined
problem, it is important to account for uncertainties in the model during CS. Uncertainties can thus hold
a great potential for the design practice. Their identification can have a great impact on the model
reliability. Uncertainty analyses may assist calibration for better probabilistic predictions, especially
when analyzing different retrofit scenario or during commissioning. In fact even when the building
model is created upon the “best plausible estimates”, in terms of input parameters values and building
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system and operation definition, disagreements between simulated and measured energy consumption
may be encountered. Such discrepancies may be attributed to an incomplete knowledge of the building;
the building model may thus not reflect correctly the real behavior of the building intended to be simulated.

In the building physics domain, uncertainties may result from different sources. Heo [34] identified
four main categories of uncertainty sources in building models, when carrying out studies on energy
retrofit analyses. Table 3 lists them.

Table 3. Source of uncertainty in building energy models [34].

Category Factors

3 . Ftaint Outdoor weather conditions
cenario uncertain o
y Building usage/occupancy schedule

Building envelope properties
Internal gains

HVAC systems

Operation and control settings

Building physical/operational uncertainty

Modeling assumptions
Model inadequacy Simplification in the model algorithm
Ignored phenomena in the algorithm

Observation error Metered data accuracy

All four categories refer to uncertainties in the physical domain of the building. The first category
“Scenario uncertainty” concerns the external environment (e.g., outdoor weather conditions) and the
building use. Usually, real weather data are used for creating real weather file to be employed in
simulation instead of TMY weather data. Incomplete and fragmented data can determine uncertainties
in the data collection and consequently in the definition of the real weather data. Similarly, uncertainties
can affect the definition of the building use, which is set by means of schedules expressing the building
occupancy and operation. The second category refers to uncertainties in the building modeling, with
special regard to the building envelope thermo-physical properties, the building internal gains (people,
appliances, lightings, etc.), the HVAC definition and its operational and control settings. The third
category refers to uncertainties in the building model as physical representation of the real phenomena.
Each building model is thus an approximation of a real building, created on the basis of assumptions and
simplifications. The last category refers to observation errors in the measured data. The data quality of
measurement used for calibrating the model can affect the accuracy of the results. Therefore uncertainties
in measured data have thus to be taken into account.

From literature, different methods for SA and UA can be applied. First, it is essential to distinguish
two main approaches: external and internal methods [55]. Within internal methods fall all those
approaches where, the mathematics equations, which the simulation models are built on, are not
subjected to review. Internal methods won’t be described within the present paper, as the focus of this
section will be on uncertainties coming from outside the system. The deterministic approach used for
defining and simulating the building models is not discussed. Indeed, external methods include all
methods aiming to alter the simulation model parameters and measure the effect of their variation on the
outputs. Under the umbrella of the external methods two different categories can be identified [54]: local
and global approaches. The first category includes both screening methods and local methods. They are
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both considered One At a Time (OAT) method as one parameter (input data) is varied at time while all
the others are maintained constant. Uncertainties in one parameter are thus calculated for studying how
the variations affect the model output. Interactions between different model inputs are therefore
overlooked. Global sensitivity methods are, on the other hands, based on varying more parameters
simultaneously. They study thus the influence of uncertain input on the whole space.

5.1. Screening-Based Method

Screening analyses are local sensitivity analyses usually aimed at identifying the most important or
influent parameters to be considered in further global SA.

5.1.1. Sensitivity Index

It is an OAT method and one of the simplest methods for screening the most important parameters
over the investigated output in a model. Standard values and two extreme values on the standard one
(minimum and maximum values) are defined for the studied model parameters. To evaluate the sensitivity
of each parameter a specific measure, the sensitivity index (SI) is calculated. It corresponds to the output
difference, in %, for the extreme values of the parameter considered. It is calculated for each parameter
once at time. It is formulated as follows [57]:

E — E.;
Sl = X MR 100% (10)

Emax

When the parameter SI changes considerably, the parameter can be considered sensitive, thus influent.
5.1.2. Differential Sensitivity Analysis

Another simple method used for carrying out a sensitivity analysis is the Differential Sensitivity
Analysis method (DSA) [64]. Each parameter is varied once at a time. The measure used for assessing
the variation of the input on the studied output is the influence coefficient (IC). It is a non-dimensional
measure calculated as follows:

AOP
0P,

AIP (1)
Pye

IC =

where

OP is the output data value;
IP is the input data value; and
the subscript e indicates the values referring to the baseline model.

Usually DSA is employed in compliance with other screening techniques, like the Morris method [18,64].
5.1.3. Elementary Effects

The most common screening technique is the Morris method, also known as method of the “Elementary
Effects” (EE) [54,65]. It is an OAT method as well. It is one of the most effective local SA methods
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due to its global approach. For this reason it also considered a global SA method rather than a local one.
The model sensitivity to the parameter analyzed is investigated through two measures: the mean value and
standard deviation of the computed EE for each factor investigated. They are both used to rank the
parameters for their influence on the output considered. For this reason this method is also referred as the
EE method. The EE of a given parameter Xi at a given point is formulated as follows [54,56]:

Y, %21, +Djq, o, X)) — Y (X4, ..., X
EEi — ( 1 Ai-1 4 l+1A' k) ( 1 k) (12)
L

where

Y is the system output evaluated before and after the variation of the is parameter; and
A is an incremental effect that is a multiple of 1/(p — 1).

As different trajectories are defined each time a new parameter is changed, the baseline value is every
time different.

For each factor k, r different elementary effects, as » different trajectories, are sampled. The mean
values w of the sample of » value of EE;, as measure of the overall effect of the input X; on the output Y,
is then assessed. Moreover, the standard deviation o; of each of the k distributions of values of EE;,
as an expression of the interactions effects, is also computed. The formulation for p; and o; are, respectively,
presented in Equations (12) and (13):

“i:w (13)
. j 5D — "

The results are usually plotted in the typical two-dimensional graph proposed by Morris [65].
Mean values p for each parameter (on the X-axe) are compared to the corresponding standard deviation
o (on the Y-axe). The points with the highest values of both the measures are the most critical for
calibration. The parameters with high standard deviations but low mean have also to be considered
influential for calibration, as the lower values of p can be attributed to compensation errors (negative
and positive values).

A revised version of the Morris method has been developed by Saltelli ez al. [18,54,56]. Instead of
the mean value calculation, this version is based on the absolute value of the mean, L ;-, in order to

avoid cancellation errors.

i = LIIEE;(waio s

The EE method does not allow UA as it does not take into account the shape of probability density
function of the parameters. It cannot be considered a quantitative analysis as it does not quantify the
parameters influence. However this method can be used to isolate the very few influent parameters and
rank them among a large number of studied parameters. For this reason it has been widely employed in
building energy analyses and in the first stages of calibrated simulation [38,64,66,67].
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5.2. Regression Analysis

Regression analysis are used both in the early design stages, for considering different design scenarios
and their impact on the building energy consumption, and in post-construction stages, for assisting the
calibration of building models. Regression equations are thus employed for carrying out global
sensitivity analysis to identify the most influencing parameters in the energy consumptions of the
building model to be calibrated [41]. It is a method commonly used to reduce the computational costs.
As statistical method, it aims to estimate the relationships between different variables in a model,
investigating how a dependent variable changes based on the variation of an independent variable.
Specifically it aims to estimate the regression function, which is the function of the independent variable.
In particular standardized regression coefficients are used in SA for applying sensitivity rankings to the
input parameters [41]. They represent a mean of the parameter influence on the model. Based on the
relative magnitude of the regression coefficients, a sensitivity ranking is assessed.

Applications of similar mathematical models to the domain of building simulation can be found
in literature [62,63,68,69].

5.3. Variance-Based Method

Variance-based methods aim to decompose the uncertainty of the outputs over the input variables.
Usually two main sensitivity measures are assessed within this type of technique:

- first-order index, Si, which represents the effect of the input parameter X; on output variation y;
- total order index, Sr, that measures the effect of the parameter alone and the sensitivity of the
interaction of the parameter with all other parameters, as described in Equation (16).

STi :Si+Sij+Sik+“'+Sijk+"' (16)

The variance-based method can cope with non-linear and non-monotonic models and appreciate the
interaction effects among input factors.

5.3.1. ANOVA

The Analysis Of Variance (ANOVA) technique is a variance-based method used for global sensitivity
analysis purpose [70,71]. This is a statistical technique where the output variance is divided over the
input variables. The variance is a measure of the output dispersion, used to assess the relevance of each
input design variable. This technique is based on the decomposition of the model variance into
first-order index, second-order or higher-order indices and the total effect index.

5.3.2. FAST

The Fourier amplitude sensitivity test (FAST) was first introduced by Cukier et al. [72] in the 1970s
and used for carrying out global SA of mathematical models. The classical FAST method [72] was used
to compute only the first order sensitivity index S;, while an extended version has been later proposed
by Saltelli ez al. [73] for the simultaneous estimation of the first and total sensitivity index, respectively,
Si and S, for a given factor X; [41].
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The FAST method is considered superior to other local SA methods as it allows apportioning the
output variance to the variance in the input parameters [73]. It computes the individual contribution of
each input factor, referred as “main effect” in Statistics, to the output variance [41,73].

Sobol [41,73] has developed a global SA method, which is considered a natural and more general
extension of the FAST approach. In this case, the main effect, S;, and the interaction terms, S, are
calculated together with higher-order terms computed by means of MCA. Both FAST and Sobol’s
method allow the evaluation of each parameter contribution to the variance caused by the main effect,
however FAST is computationally faster than Sobol’s that decomposes all the output variance indeed.

5.4. Monte Carlo Method

Monte Carlo analysis (MCA) is one of the most commonly used techniques for carrying out global
sensitivity and uncertainty analysis [43,59,67,74-78]. It is based on a repeated number of simulations
with a random sampling of the models input. Each uncertain model input is defined through a probability
distribution. All input parameters are then varied simultaneously. MCA assesses an estimate of the
overall uncertainty in the model predictions based on the uncertainties in the input parameters.

Different techniques may be used for sampling the data: random, stratified sampling and Latin
Hypercube Sampling [79]. In the first case the input values are a random sample from the probability
distribution. Stratified sampling is an improvement of the random technique that, based on the
subdivision of the probability distribution of the input factor into different strata of equal probability,
force the sample to conform to the whole distribution studied [80]. Latin Hypercube sampling is a stratified
sampling where the values generated for each input factor come from a different stratum.

MCA is based on a matrix that contains, for N model runs, the randomly generated sample values of
each of the input parameters under examination. MCA allows a better coverage of the sample space of
the input parameters [77] as, for example with a Latin Hypercube Sampling, N, then evaluated N times,
once for each row of the sample, creating an input-output map within the parameters.

6. Calibrated Simulation Applications

A list of the main and most recent applications of CS is reported in Table 4. All studies are classified
according to some criteria characterizing the calibration process:

- the calibration methodology adopted;

- the calibration level pursued;

- the model complexity;

- the simulation tool used; and

- the integration of SA/UA in the calibration process.

Reddy et al. [6] presented a four-step general methodology for calibrating building models, which is
accompanied by a detailed review of calibration techniques [17] and applied to three case studies [16].
The methodology proposed does not aim to find a unique and best calibrated solution but it rather aims
to find a small set of most plausible solutions indeed. Although tested with the DOE-2, in the ASHRAE
research project 1051-RP, the methodology can be applied to any simulation program. It was developed
as a robust but flexible methodology for calibrating building models. The core of the methodology is
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represented by the sensitivity analysis for identifying the parameters that influence the most the model
outputs during calibration. First a set of influential parameters are defined with their best-guess value;
secondly Monte Carlo simulations are run to filter and to identify the more sensitive parameters to be
tuned for calibration. The case studies were investigated for the calibration level 4. After sensitivity
analysis is performed, a set of the most plausible solutions for the parameters tuning is defined to make
the measured consumption match the predicted ones from the simulation program. The methodology has
also been applied to other case studies [81] and used for research activities [82].

Bertagnolio et al. [18] developed an evidence-based calibration methodology intended to be manual
but systematic [83] and applied it to a real office building. The application of the developed methodology
is quite detailed, and ranges from the calibration level 1 to level 4 (see Table 1 for further specifications).
The methodology builds mainly on an intensive use of a sensitivity analysis (Morris method) and
(non-intrusive) measurements. The case study was modeled, based on the available measured energy use
data, as a simplified building energy model. The accuracy of the building model was verified for each
calibration level fulfilling the MBE and Cv(RMSE) statistical indices.

Eisenhower et al. [13] developed a systematic and automated approach for calibrating building energy
models. The methodology identifies critical and influential parameters and automatically tunes them to
calibrate the building model. In particular, after a first sampling of all the model parameters (2063),
a sensitivity analysis was run for ranking the parameters, in terms of their impact on the output results.
A quasi-Monte Carlo approach was used as SA. From 2063 input data sampled, a set of top 10 parameters
was defined for the calibration stage. In order to reduce the calibration computation time a meta-model
of the case study was created within the EnergyPlus program.

Heo et al. [34,38] applied a Bayesian calibration of normative energy models for accounting
uncertainties during the retrofitting of existing buildings. Calibration was carried out to assess a set of
energy retrofit measures to apply to the case study. The normative energy model of the case study was
also compared with a detailed transient model created in EnergyPlus. CS is assisted by the Morris
method, to screen and reduce the number of parameters to calibrate. From the results, it emerged that the
calibrated normative model predicts as accurately as the calibrated transient model, but requires much
lower computation time.

Raftery et al. [84] presented an evidence-based method for CS and applied it to a real monitored
building [85]. The method aims to improve the reliability of calibrated models classifying the changes
made to the building model depending on a hierarchy of sources. This hierarchy impacts on the source
reliability that brings to changes in the model. These changes are stored by a control program that allows
the users to review the building model and the changes made to its. After the modeling is completed, an
iterative calibration is carried out until the model can be considered calibrated and its accuracy verified.

Taheri et al. [51] carried out an optimization-aided model calibration method and applied it to an
existing university building for a five-month calibration period. Based on first monitored data, occupancy
schedules were created and implemented in the EnergyPlus building model. An objective function, based
on the difference between the measured and simulated zone mean air temperature was defined to
calibrate the building model. The calibration process was divided into four steps in order to investigate
and tune the most influent parameters, in the building model; starting from a number of eight parameters
in the first calibration, the number of parameters investigated was reduced to two in the second and third
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calibrations, and to one in the fourth and fifth calibrations. The same method was also applied to other
case studies [86—88].

Maile et al. [20] developed a method, named Energy Performance Comparison Methodology (EPCM),
for providing feedback in the building design and operation, and especially for investigating the
buildings performance problems based on a comparison of measured and simulated energy performance
data. The EPCM is a three-step method: preparation, matching, and evaluation steps.

Another interesting two-step methodology was proposed by Palomo del Barrio et al. [89], with
specific regard to the validation of empirical models. Based on the analysis of the model parameters
space, the methodology first checks the model validity to detect significant disagreements between
measurements and simulations in the model performance (sensitivity analysis), and then investigates the
differences between model simulations and measurements (optimization of model parameters).

7. Conclusions

Due to recent interest both in studies concerning the disagreement between measured building energy
consumption and predicted energy consumption by building energy simulation programs and in the
assessment of the occupant behavior, the application of calibration has expanded. Assessment of
occupant behavior also involves sensitivity and uncertainty analyses, since the occupancy related to the
building usage is one of the main sources of uncertainty in the building simulation models. However,
despite the increasing importance and use of CS, the lack of a harmonized and officially recognized
procedure for performing calibration of building energy models still remains a major issue.

This study reviews the most used calibration methodologies in the domain of building simulation,

aiming to highlight the pros and cons of the calibration and pointing out criticalities and gaps of such
methodologies. With regard to the model complexity, automated models, based on mathematical and
statistical techniques, tend to use simplified models, rather than more detailed ones, in order to reduce
computational time. Manual and graphical methods may also avoid the use of highly complex models.
Complex models are in fact hard to handle and to tune when using both manual methods and automated
procedures. Additionally, automated methods may bring a reduction on the computational time of the
calibration process. Of course even if automated methods can provide guidance to “non-properly”
experienced users towards calibration, they may represent procedures, which are too complex, bringing
users to a confusing and unorganized process. User’s skills and knowledge constitute an essential and
primary element for performing calibration; they thus directly impact on the calibration running time,
regardless of the calibration method applied and the accuracy of the building models achieved.
Among the methods presented some are emerging more than others, being applied in many studies. The
current trend, based on the literature review hereby presented, is the search for and use of automated
methods, based on the implementation of sensitivity and uncertainty analysis, to fine-tune the models
and improve thus their accuracy. This is particularly true for complex dynamic models of buildings that
are used by professionals. In many cases, it is possible to have large sets of measured data, however, due
to the high number of parameters of a dynamic model and the computational time necessary, the process
of calibrating the model is done merely with a trial error approach. Application in the design
professionals’ community is the challenge that calibrated simulation will face in the next future.
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Abstract

This study applies an optimization-based approach for calibrating building energy models using monitored data. The calibration
was carried out on a test building coupling the EnergyPlus energy simulation tool with the GenOpt optimization tool. The
objective function was set to minimize the difference between simulated and monitored energy consumption. For evaluating the
model accuracy, the Mean Bias Error (MBE) and the Coefficient of Variation of the RMSE (Cv (RMSE)) were calculated and
found consistent with ASHRAE guideline 14 limits for a model to be considered calibrated.

© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction

So far disagreement between simulated and monitored building energy consumption has become a common
research issue. To this regard today building simulation concerns not only building design but also building
operation, diagnosis and commissioning [1]. In particular, an extensive interest into building monitoring and
operation diagnostic led to more frequent applications of building models calibration for the energy assessment. In
order to have accurate results and make simulation predictions match closely real consumptions, calibration has
become an essential process to be carried out for building simulation.

Usually, when data from monitoring are not available, building models are developed based on rules-of-thumb
and on designers’ experience. Indeed for calibrating a building model, the definition and the process of tuning the
building input data has high relevance. Among all input data, it is especially important to accurately define, by
means of sensitivity and uncertainty analysis, those data having a major impact on the building energy consumption.

This study presents a methodology for calibrating building energy models based on monitored data. An
optimization-based approach was chosen and carried out based on the coupling of the EnergyPlus simulation
software with the GenOpt optimization program. A test building located in a Belgian university campus was selected

1876-6102 © 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL.
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as case study for testing the methodology. A short monitoring period of one month, during the winter season, was
investigated for calibration on an hourly basis.

2. Methodology

The aim of this study is to present a simplified methodology to be used by professionals as well as by researchers,
for the calibration of dynamic building energy models. The methodology described and applied within this paper
was defined referring to a detailed literature review on the most recent approaches used for calibration [2] and in
particular to Tahmasebi [3]. An optimization-based calibration methodology, builds on a four-steps methodology,
was studied and applied to a test building. In general, the process of optimization, as applied nowadays to building
simulation, consists into finding the parameters optimal values for a better building energy performance. As applied
to calibration, optimization regards the parameters tuning for a better matching with the building measured data.

In Step 1 the building energy assessment is carried out by means of a dynamic energy simulation tool. The model
defined at this stage is uncalibrated and based on the design data and standard boundary conditions.

From Step 2 to Step 4, the process of calibration, divided into three sub-stages (Pre-processing, Optimization and
Post-processing and Validation) is performed. Depending on the input data availability, 4 different calibration levels
can be distinguished as defined by Reddy in [4], from a first one based on as-built data and a more detailed one
based on audit information, inspection and monitoring. The calibration conducted within this study fulfills with
calibration level 4. Step 2 “Pre-processing” represents the very first stage of calibration, regarding the collection of
data to use for tuning At first, an analysis on the metered data and on the building model input data was carried out.
Metered meteorological data (e.g. outdoor dry bulb air, relative humidity, etc) are used for creating a real weather
file for the simulations and other data from monitoring (e.g. indoor ambient temperature, heating energy
consumption) are also processed. When calibrating a building model, the presence of different sources of uncertainty
[5] should be considered by means of sensitivity and uncertainty analyses. Within this study, due to the large
computational time related to the use of a dynamic energy simulation tool, sensitivity and uncertainty analyses are
not conducted but, based on a detailed literature review [2], a set of parameters, referred as the most influencing the
building energy consumption, is defined. Each influencing parameter is constrained in a range between a lower and
an upper bound, representing the relative uncertainty domain. The selected parameters are gathered into four
categories (site, building envelope, operation, building system).

For calibration, the optimization objective function is set on the building heating energy consumption. Four
different files to be used in the optimization phase (where EnergyPlus is coupled with GenOpt) are prepared; the
initialization file specifies the files location; the configuration file sets the configuration of the simulation program;
the simulation input template file as a copy of the energy model where the values of each parameter, to be altered
during optimization, are replaced by its variable name; the command file specifies all the parameters to be altered in
the energy model, their variation constraints and the algorithm selected to perform the optimization.

During Step 3, the optimization-based calibration is performed: the building model parameters are altered, based
on constraints, until the optimization problem is solved. The optimization is defined, within the initialization file,
through a specific error-minimizing objective function aimed at reducing the difference between measured and
simulated data. The optimization process stops when the minimum difference is found, that means that simulated
heating energy consumption of the case study matches closely the monitored data. Different optimization runs are
performed to find the “best estimates” for calibration, varying within each run, different parameters in the energy
model (e.g. internal gains, building envelope features, etc).

Finally, Step 4 post-processes the optimization outputs for validating the calibrated building model based on its
accuracy. The Mean Bias Error (MBE), the Root Mean Square Error (RMSE) and the Coefficient of Variation of the
RMSE (Cv(RMSE)) are calculated and verified to be consistent with the ASHRAE guideline 14 limits [6],
respectively £10% and 30% on hourly basis.

3. Case study

3.1. Building characteristics
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The case study is the two-storey test building “Jacques Geleen”, located in the Ulg environmental campus, in
Arlon, Southern Belgium. The building was chosen first for the availability of monitored data and second,
considering the small and manageable dimensions (total gross floor area of 162 m?), for the affordable time
estimation either for the modelling and the simulation process. Being a test building, it is built around a climatic
room, surrounded by a buffer area. At each side of the climatic room two main zones can be identified: a two storeys
office area on the north-east side of the building, including a small service area on the ground floor, and a technical
room on the south-east side. The climatic room ceiling faces the unconditioned attic. A schematic 3d-skecth of the
ground floor is pictured in Fig.1. The building has an all wooden structure and envelope. Windows are equipped
with exterior wooden blinds that were shut during monitoring.
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Fig. 1. Schematic 3d view of the ground floor.
3.2. Energy model

An energy model of the case study was created in EnergyPlus (version 7.0). The modeling was carried out in
compliance with Step 1 of the methodology. Given the small dimensions, the modeling was quite detailed. A
thermal zone was defined for each room (seven thermal zones in total); four conditioned zones (climatic room,
office, buffer and upper-floor office) and three not conditioned (technical room, attic, toilet). The building envelope
constructions, which U-value are reported in Table 1, were characterized in compliance with as-built technical
documentation. Subsequently, during calibration, the thermal features of the building envelope material were
altered. Except for the window in the upper-floor office, a wooden vertical venetian was modeled and applied to all
exterior windows. Moreover, for higher accuracy in the simulations, the neighboring and buildings facing the case
study were modeled as shading surfaces with their own reflectance properties.

Table 1. Thermal features of the main building envelope components of the case study.

Envelope component Exterior wall Roof Ground slab Window Interior wall Ceiling
U-value [Wm?K] 0.235 0.241 0.316 11 0.396 0.161

As the building is only used for experimental activities, occupancy was not considered. The definition of internal
gains was limited to appliances (two computers in the office and a server in the attic) and other unlikely rated gains
in the technical room. The two computers installed power was initially set to 230W based on a literature review.
Based on on-spot-investigations, the server installed power was fixed to 120W. The natural ventilation and
infiltration air flow rate was set to 0.43 ACH on the basis of blower door test investigations in some zones and to
0.5 ACH on the other zones. The office areas, the climatic room and the buffer were conditioned by means of
electric resistances with a 20°C constant heating set point. Some resistances were equipped with PID controller and
others with an on/off controller. A fan was set next to each electric resistance for diffusing the heating in the
ambient air. The heating set point temperature was set as scheduled in function of the measured ambient air
temperature. The monitoring period extends from the 8" of February to the 5™ of March. Table 2 reports the heating
energy consumption of the first “uncalibrated” energy model simulation. Even is at the whole building level
simulation results are close to measured data, great discrepancies were noted between measured and simulated
energy consumption in the single zones. Moreover, given the building small extent, a thermal zone calibration was
chosen to be performed rather than a calibration at the whole building level.
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Table 2. Measured and simulated (before calibration) heating energy consumption of the case study.

Energy consumption Climatic Room Buffer Office Office (1™ floor)  Whole building
Measured [KWh/m?] 1.0 18.9 59 11.4 37.2
Simulated [kWh/m?] 4.6 16.7 4.7 10.6 36.6

3.3. Calibration

According to step 2 “Pre-processing”, metered meteorological data from the university campus weather station
were processed for creating the real weather file. Other data from monitoring (e.g. indoor ambient temperature,
heating energy consumption) were retrieved from ambient sensors located in the case study rooms. A set of the
parameters considered as the most influent on the building energy consumption, was defined based on a detailed
literature review [2]. For each parameter, a constraint, with a lower and an upper bound, was set based on spot-
investigations. For the material properties parameters, the variation constraints (lower and upper bounds) were
always set to 25%, while for the material thickness was limited to a 10%. An extract of the equipment internal gains
parameters altered during optimization is reported in Table 3. For instance, the installed power in the attic room was
set to 120W based on to on-spot measurements, while the computers power was set to 140W as initial value, with a
lower bound of 80W and an upper bound of 230W, based on a literature review.

Table 3. Extract of the equipment related parameters altered during optimization.

Equipment: Power [W] Starting value Min Max Step Variation range
Technical room 100 75 125 5 25%
Office 140 80 230 5 based on literature review
Attic 120 120 120.00 - constant
Equipment: Radiative fraction [-]  Starting value Min Max Step Variation range
Technical room 0.5 0.375 0.625 5 25%
Office 0.5 0.375 0.625 5 25%
Attic 0.5 0.375 0.625 5 25%

As described in the methodology, during stage 3, the calibration was performed based on the optimization
function. GenOpt was run, coupled with EnergyPlus, for optimizing the influencing parameters to make the
simulated heating energy consumption match the measured one. A hybrid generalized pattern search with particle
swarm optimization algorithm was used as generally recommended algorithm for problems where the cost function
cannot be simply and explicitly stated, but can be approximated numerically by a thermal building simulation
program. The optimization process stopped when the minimum absolute difference was found, that means that
simulated heating energy consumption of the case study matched closely the monitored one. Two main sets of
optimization runs were performed. First, a series of runs (from Calibration 1 to 6) was performed varying time
dependent parameters (equipment, infiltration and ground temperature). Second, from Calibration 7 to 11, building
envelope related parameters (thickness, density, conductivity and specific heat) were included in the optimization
process. During stage 4 data from the calibration process were post-processed. For evaluating the model accuracy,
the MBE and the Cv(RMSE) were calculated.

4. Results

Generally, one iteration should be sufficient to calibrate the building model. However as the process of
calibration is a highly undetermined problem that leads to a non-unique solution [7], eleven calibration runs were
performed. For each run, GenOpt recalled the EnergyPlus program and reached the objective function minimum
after approximately 1500-1600 EnergyPlus simulations. Table 3 reports the list of the parameters involved in the
GenOpt optimization process: the initial value (uncalibrated model), the defined constraints (lower and upper
bound) and the final (calibrated) value for Calibration run 11 of each parameter.

Table 3. Thermal features of the case study building envelope main components for Calibration run 11.



Author name / Energy Procedia 00 (2015) 000-000 5

Initial value Lower bound Upper bound Final value
Ground temperature
Core 6.96 8.050 14.90 8.65
Perimeter 7.38 8.510 15.21 9.04
Internal gains
Technical room: Power [W] 100 75 125 75
Technical Room: Radiative fraction [-] 0.5 0.25 0.75 0.35
Office: Power [W] 140 80 230 80
Office: Radiative fraction [-] 0.5 0.25 0.75 0.65
Attic: Radiative fraction [-] 0.5 0.25 0.75 0.75
Ventilation
Office: infiltration [ACH] 0.43 0.1 1 0.3
Technical Room: infiltration [ACH] 0.5 0.1 1 0.9
Climatic Room: infiltration [ACH] 0.43 0.1 0.75 0.1
Buffer: infiltration [ACH] 0.43 0.1 0.75 0.75
Attic: infiltration [ACH] 0.5 0.1 1 0.2
Office 1% fllor: infiltration [ACH] 0.43 0.1 1 0.46
Entrance: infiltration [ACH] 0.43 0.1 1 1
Building envelope*
OSB Panel 12mm
Thickness [m] 0.012 0.009 0.015 0.011
Conductivity [W/ mK] 0.13 0.097 0.162 0.162
Density [kg/ m?] 650 487 812 812
Specific Heat [J/kgK] 1880 1410 2350 2162
Rockwool 89mm
Thickness [m] 0.089 0.07 0.11 0.08
Conductivity [W/ mK] 0.04 0.030 0.050 0.05
Density [kg/ m*] 100 75 125 120
Specific Heat [J/kgK] 920 630 1050 874

* Only a selection of the materials parameters is reported.

MBE and CV(RMSE) were calculated and verified for each conditioned zone based on the heating building
energy consumption. Table 4 reports the results of Step 4 of the calibration process (validation) related to the
calibration run 5 (1% stage) and to the run 11 (second stage). MBE is always consistent with the +10% threshold
limit recommended by the ASHRAE guidelines 14 for hourly calibration, while Cv (RMSE) significantly improved
during the second set of runs (run 11). In fact, in calibration run 5 MBE is consistent to the constraint limit due to
compensation errors but except for the Climatic Room, the other zones are beyond the 30% limit. Initial calibration
runs didn’t achieve good results (MBE and Cv(RMSE) always out of threshold limits). The inclusion of non-time
dependent variables, such as material proprieties, allowed considering the decaying of the building envelope and
light “disagreements” between design and as-built construction, and achieving a better model performance.

Table 4. Validation results: values of MBE and Cv(RMSE) in calibration run 5 and 11.

Heating energy consumption [kWh/m?] MBE [%] Cv(RMSE) [%]
Measured wun’s un 11 Uncalibrated un’s run 11 Uncalibrated wns  run il
data model model
Climatic Room 1.0 1.0 1.0 352 0.58 0.83 8696 14.34  20.40
Office 5.9 6.0 5.9 -20 2.14 -0.14 490 53.01 351
Office (1™ floor) 11.4 11.7 11.4 -7 3.00 0.06 177 74.94 1.54
Buffer 18.9 18.5 18.9 -11 -2.22 -0.01 286 0.01 0.19

With regard to the variation of the parameters values during the calibration runs, in general the most stable
parameters are those related to the building envelope, whose final values have light deviations from the respective
initial values. On the contrary, the most unstable parameters are those related to the internal gains and ventilation
rates. Fig.1 depicts the tuning results of some parameters. As it can be observed, for the installed power of the office
computers and the infiltration rate of technical room, the tuning final value significantly varies during the calibration
runs.
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In particular, while computer power achieved the same final value from run 8 to 11, the infiltration rate still assumed
different values. On the other hand, the variation of the materials thermal properties is milder, that means they hold a
smaller influence on the optimization process.
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Fig. 1. Value variation of the office equipment parameters during the various calibration runs.
5. Conclusion

An optimization-based calibration was conducted on a test building for a short-term monitoring period. This
automated approach was preferred to a manual approach for the possibility of including a higher number of
parameters and changing simultaneously more than one parameters. The validation of the building model was based
on the hourly threshold limits of the MBE and Cv(RMSE) statistical indices. Undoubtedly, further improvements
can be made to refine the calibration process: statistical indices may be integrated in the optimization objective
function and additional variables such as the indoor ambient temperature can be employed for calibration beyond the
building energy consumption. The methodology should also be tested on more complex buildings and for a longer
monitoring period.
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