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Abstract: Building a reliable energy model for old residential buildings with insufficient documen-
tation and user assistance is a challenging and time-consuming task. Nevertheless, the ambitious
European decarbonization targets require this building stock to be renovated, making energy as-
sessment a key priority. In line with this goal, the following study explores a more simplified and
automatic framework to generate a residential building energy model (BEM). The paper’s approach is
based on the concept of urban building energy modelling (UBEM) archetypes or building prototypes
and is customized according to the principles of dynamic simulations performed in the existing
BEM software, Integrated Environmental Solutions Virtual Environment IES VE, and Solemma Open
Studio. Therefore, based on three real starting inputs, a prototype database (DB) of assigned inputs is
generated, i.e., an input matrix, using Google Maps as a geometry source. Other data are drawn from
tabular DB. The proposed approach is evaluated by benchmarking the simulation results with precise
models and monitoring the data that come from the Horizon2020 project REZBUILD. Nevertheless, a
level of simplification is introduced that creates less accurate results for total or system-level energy
consumption; this is compensated for using a set of simple calibration steps. The approach gives
promising results for daily indoor temperature, making it a suitable indicator for evaluating further
retrofitting alternatives.

Keywords: decarbonization targets; old residential buildings; energy assessment; BEM input database;
dynamic simulations; tabular data; Google Maps geometry extraction

1. Introduction

The construction sector constitutes about one-third of the final energy consumption
in Europe, with 62.8% of that being space heating, 15.1% for water heating, 20.6% for
lightning and appliances (including cooking), and the rest for space cooling and other [1].
Renovating the existing building stock to a zero-carbon-ready level is a key priority for
achieving the sector’s decarbonization targets for 2030 and 2050 in the Net Zero Emission
Scenario [2,3]. However, “the retrofitting of buildings is a significant challenge since at least
40% of a building’s floor area in developed economies was built before 1980 when the first
thermal regulations came into force” [4,5]. Therefore, the retrofit of building which existed
prior to the 1980s is a necessary but demanding task.

A general retrofit process includes five phases: (i) project setup and pre-retrofit survey,
(ii) performance assessment, (iii) identification of retrofitting options, (iv) site implementa-
tion and commissioning, and (v) validation and verification [6]. The first three steps clarify
the feasibility studies and energy performance certificates (EPCs) that will be necessary
before application permits and/or government funding benefits can be obtained [7]. The
refurbishment laws and regulations might vary depending on the country, but the need for
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an energy assessment is constant. Therefore, a key point of the retrofit plan is choosing the
most suitable mathematical model for an accurate energy assessment of the existing and
refurbished building state [8,9].

Indeed, there is a wide spectrum of available methodologies for energy assessment of
buildings. The existing methodologies can be divided into two main groups, bottom-up
and top-down. The top-down methods are based on large public or national datasets
and are mainly used for building stock analysis (e.g., energy benchmarking) [10]. The
bottom-up approaches, on the other hand, consider the experience per building-level
and are classified as white-, grey- and black-box modelling analysis. Compared to the
grey- and black- models, the white-box approach is not data-driven, but it can provide a
comprehensive understanding of building behaviour. Which methodology is more suitable
is determined based on the analysis scope and data availability [11,12].

The white-box models (i.e., building energy models BEM) are physics-based models
built on the principle of conservation of matter and energy. The concept follows five steps:
(i) data collection and processing, (ii) model generation, (iii) simulation, (iv) calibration, and
(v) application [13,14]. Therefore, the modelling complexity and accuracy vary according to
the input data and the chosen simulation typology. Based on the conduced simulation type,
the BEM can undergo a (static) quasi-static or more detailed dynamic simulation modelling
(DSM). In the stationary methods, the calculation relating to each elementary interval is
independent of the others, while in the dynamic methods, the calculation of an elementary
interval considers the calculation results of the previous interval [15-17].

The latter provides detailed building energy balance analysis at a simulated timestamp
every hour or less, so higher modelling complexity and more inputs are required. The
BEM inputs, regardless of the typology, are grouped into (i) location, i.e., weather data,
(ii) geometric data, and (iii) non-geometric data further branched into construction, loads,
and system inputs [18]. However, the DSM is more demanding compared to the stationary
model since it requires a series of dynamic parameters, such as hourly, weekly, and monthly
profiles for ventilation, occupancy, and system operation. In fact, the range of needed
inputs is the main drawback for DSM. Nevertheless, without a successful data acquisition
and model generation, no further retrofit optioneering can be conducted [14,17,19,20].

The means of how and where the data are collected is based on the retrofit scale,
while the overall feasibility, among other factors, is controlled by time and cost constraints.
On building-level retrofits, the input parameters are usually gathered through multiple
visual inspections, occupant surveys, and as-built document collection [6,21,22]. However,
contrary to the new buildings, it is common to have an older building with insufficient
or no documentation of its building state, or for it to be less feasible to perform detailed
and complex inspections [23-26]. Therefore, the energy assessment of these buildings
is often completed based on simplified inputs, default data, or reference tables from
external sources [22,27,28]. However, this approach needs to be further controlled and
validated to avoid certain modelling uncertainties that might affect the accuracy of the BEM
simulations [29,30]. The data collection, and therefore the energy assessment completed
on the district level, can be even more complex. Urban building energy modelling UBEM
is a bottom-up physics-based approach that is the equivalent of a district-level approach
for BEM generation of multiple buildings simultaneously. The concept follows the same
assessment steps, beginning with data acquisition, but the collection of data for the UBEM
simulations can be even more challenging since the analysis’s scope demands a higher
input automatization and data availability [31].

A model generation concept inspired by the need for more automatic generation of
models is the use of building prototypes of archetypes [32]. As is usually the case with
UBEM, the building stock being considered is grouped into archetypes or buildings with
similar attributes, such as the age of construction and typology. Therefore, once a typical
building template is generated, it is extrapolated among the existing archetypes [14,33,34].
After the simulations, the models are validated with real, monitored data, and when nec-
essary, a final calibration is performed. In this context, hourly climate data from either a
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typical meteorological TMY or an actual meteorological year AMY can be downloaded
from open archives, such as EnergyPlus [13,35,36]. Then, the geometry is automatically ex-
tracted through geospatial data-based tools, such as GIS shapefiles, LIDAR, CityGML, and
GeoJSON [37,38]. The non-geometric data is obtained from tabular input sources, building
audits, public data, etc. [39]. Another alternative for non-geometric data collection is regu-
lations, guidelines, and instructions that provide adequate modelling support by proposing
predefined modelling inputs [40,41]. In fact, there are many existing BEM software options
that provide their own input templates of building prototype models. However, even
though there is a variety of prototype templates for non-residential buildings, the archive of
the residential ones is not abundant or diverse. Therefore, it is not common to have access
to an automatic generation of different residential building prototypes when conducting
building-level BEM analysis [42—44].

In line with the need to follow an accurate but less-time consuming assessment path
for building-level retrofits of old residential buildings that were built before the first ap-
pearance of thermal regulations (i.e., before 1980) [4], the following study explores a more
simplified and automatic framework to generate residential BEMs. This paper’s approach
keeps the DSM benefits but simplifies the collection of input data and model generation,
following the concept of UBEM archetypes or building prototypes. The approach is cus-
tomized according to the principles of dynamic simulation modelling performed in the
Integrated Environmental Solutions, Virtual Environment IES VE and Solemma Climate
Studio BEM software. In line with the other available BEM environments listed and com-
pared in the review ([36], Table 1), IES VE is considered a trustworthy BEM software that
provides an in-depth suite of integrated analysis tools to conduct various analyses of build-
ings’ energy demands and performance (including light, HVAC and loads, airflow, and
energy and carbon analyses). It provides hourly and sub-hourly data and can be coupled
with other systems [45]. Solemma, although it is relatively new BEM tool, also provides
satisfactory advanced analyses of daylight, electric lighting, and conceptual thermals. It
can provide hourly data and be coupled with other add-ins from the Rhino (Grasshopper)
Environment [46].

By using the approach proposed in the following study, designers can perform a
DSM analysis more quickly using IES VE and Solemma Climate Studio. Thus, this study
contributes to the European ambition of supporting and driving renovation of the indi-
vidual existing building units that were built before the 1980s. Hence, at this early stage
of the analysis, the focus of this study is to understand the limitations of the considered,
simplified DSM and to explore the potential of its development in a new, more reliable, and
faster evaluation tool.

Accordingly, the paper tested the proposed approach in two residential buildings lo-
cated in two different countries: Spain (built in the 1940s), and Italy (built in the 1960s). The
chosen demo sites were previously studied as part of the Horizon 2020 project REZBUILD,
where detailed designs and simulations were performed together with parallel monitoring
on-site [47]. Hence, the existing detailed observations of the case studies were used as a
reference to evaluate the margin of error of the proposed simplified approach. Based on
the experience from REZBUILD, the model is defined as “accurate” when the difference in
the energy consumption stays below 10%; for indoor temperatures, the proposed range is
+5 °C/day.

The study is documented in Section 2, which presents the steps taken to structure
a typical archetype template or, as it is later called, input matrix; Section 3 describes the
demo sites and their BEM simplifications; Section 4 describes the results of the comparative
analysis between the data from the simulations completed in IES VE and Solemma and the
REZBUILD Horizon 2020 outputs; finally, the significances of the outputs are interpreted
and summarized in the Section 5.
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2. DSM of Residential Prototypes

With the aim of bridging the comprehensive white-box dynamic simulation analysis
and the generic concept of the UBEM archetype, the study explored a more automatic
and simplified approach for input collection and BEM generation [14]. The purpose of the
proposed approach is to: (i) reduce the assistance required by the user for BEM generation,
(ii) automate the building-level BEM DSM procedure, (iii) reduce the time necessary for
energy assessment with DSM, and (iv) evaluate the limits and potential of the proposed
new assessment framework adequate for retrofit of old residential buildings.

The research was divided into two main steps, a data interoperability study and an
energy assessment framework, as shown in Figure 1. The theoretical understanding of
the input correlation supported the formation of the Residential Prototype Input Matrix
used for the generation of the DSMs in IES VE and Solemma, which is discussed more in
Section 2.2. As the two software programs have different simulation engines, Apache in
IES VE and EnergyPlus in Solemma, each had its own limitations, hence certain modelling
simplifications were considered for better alignment between the simulations.

ENERGY ASSESSMNET FRAMEWROK

1: Data Collection II: Model Generation . . IV: Calibration
III: Simulation
l CALIBRATION
Residential DATA
lf:(:t:t‘;l:: SIMPLIFIED DYNAMIC SIMULATION VISUALISATION
DSM SIMULATION RESULTS &

INPUT MATRIX VERIFICATION

Rezbuild
MONITORED
DATA

Rezbuild

ADVANCED DSM

DATA

Figure 1. Methodology adopted to build a fast but reliable BEM for energy assessment of old
residential case studies in Italy and Spain.

The considered simplifications distinguishing the new approach from the standardized
DSM methodology are:

o  Weather data
a.  Use of typical meteorological year TMY instead of AMY.
o  Geometric data

a.  Design of a simplified architectural model defined as a simplified LoD3 model
based on the CityGML scale where the roof geometry is either simplified or
considered as a flat surface. In the latter case, the roof insulation effect can be
considered as additional insulation resistance, see Appendix C [48,49].

e Non-geometric data

a. The building thermal bridges are neglected. It is expected that this simplification
affects the results; however, the exclusion is made according to the software
modelling limitations and the nature of the analysed sector. The method is
applicable for the existing old residential buildings, whereas discussed [50]
the incidence of thermal bridges is lower. A higher level of thermal insulation
corresponds to a higher incidence of thermal bridges. Hence, in the case of
old existing buildings with lower degree of insulation, the effect is reduced.
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Although the standards prohibit any type of simplification for thermal bridges
in existing buildings, TB is not considered due to the very old nature of the
buildings and margin of error. When the study extends to newer buildings, this

will be adjusted.
b.  The indoor temperature is considered to be uniformly distributed in the whole
thermal zone [11].
C. The required air changes per hour ACH of natural ventilation is considered fixed.
d.  The mechanical system for heating, cooling and ventilation are considered as an

ideal air system, meaning that the system is acting as a sole component whose
operation is regulated by minimalized input parameters [51].

The modelling path was chosen and applied based on the available data from two
case studies that were conducted in Italy and Spain, and according to the simulation
requirements of the two chosen software programs, IES VE and Solemma.

2.1. Data Interoperability

Research for this paper began with an interoperability analysis between the input data
(Figure 2). The modelling inputs were grouped in three categories: (i) assigned inputs: the
case study inputs that can be obtained through open sources/tools; (ii) real case inputs:
the inputs needed from the case study for the generation of assigned inputs; and (iii) DSM
inputs: the inputs needed to perform the DSM analysis. Based on the limits from each
group, the final input database was ultimately referred to as an input matrix.

ASSIGNED
INPUTS
generated from
open sources

REAL CASE STRUCTURE OF required
INPUTS INPUT MATRIX DSM INPUTS
needed for for Simplified completed in
generation of the DSM IESVE and
assigned inputs Solemma

Figure 2. Adopted type of inputs that require interoperability for a successful build of the Input
Matrix for Simplified DSM.

To better understand the correlation of the inputs, the main input database (or the
input matrix, as it was called) was divided into two separate DBs: a DB of real case inputs
and a generated DB that contained the inputs assigned to the prototype (Table 1). The
minimum number of inputs, i.e., the real case inputs, that needed to be collected from the
building was reduced to three: the location, year of construction, and typology. In terms
of the location, the studied database was limited to the locations of the two case studies,
Italy and Spain. Regarding the year of construction, the formulated DB covered the old
residential buildings constructed in the period between 1900 and 1980. Finally, based on
the typology, the analysed DB included residential case studies of several types: single
(detached) house SFH, terraced house TH, multi-family house MFH, and apartment blocks
AB. On the other hand, the generated DB was fed by the weather data, geometric data, and
non-geometric data of construction, loads, and systems.

Consequently, the weather data and geometric data were generated if the location
was known. The generation of the construction data was based on the location and year of
construction while the load data required only a known building’s typology. The systems
profile was more complex in this sense, as its generation required a known location, year of
construction, and typology.
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Table 1. Input dependency.

Input Matrix
Real Case DB Generated DB
Non-geometric data
Input Category Weather data Geometric data .
Construction Loads Systems
Location SItaly . . ° .
pain
Year of 1900-1980 . .
construction
Single R .
(Detached) House SFH
Typology Terraced House TH . .
Multi Family House MFH ° .
Apartment Blocks AB ° .
2.2. Residential Prototype Input Matrix
Table 2 reports the generated DB categories and subcategories together with the
generation source. Five types of generation sources were used. For the generation of
the weather data, the online TMY archives, such as (i) OpenBuilding and EnergyPlus,
were used. Then, the geometric data were generated through a geospatial data extraction
(ii) Google Maps. The system properties came from the (iii) REZBUILD studies and (iv)
Tabula, while the latter was also used as a source for the generation of the construction
properties. Finally, the (v) BS ISO, UNI EN, CEN EN, and ASHRAE available technical
normative properties defined the building loads and other parameters that were related to
the system set conditions and operating profiles.
Table 2. Generated input sources.
Data Group Input Group Input Subgroup Source
Weather Data Weather File ™Y Open Archives (OneBuilding, EnergyPlus)
. Architectural Model - Google Maps
Geometric Data Orientation - Google Maps
Constructi Opaque Elements Tabula
onstruction Transparent Elements Tabula
Occupancy BS ISO 17772-1, UNI 10339
Equipment BSISO 17772-1
Lightin ANSI/ASHRAE/ISE Addendum ad to
Lond gring ANSI/ASHRAE/IES Standard 90.1—2019
N. tric Dat 0ads ASHRAE: Handbook of Fundamentals.
on-geometric Lata Infiltration American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Atlanta
Natural Ventilation UNI 10339
Heating System Tabula, BS ISO 17772-1, REZBUILD
Tabula, UNI EN 13203-2, CEN EN
Systems DHW System 15316-3-1, REZBUILD
Cooling System Tabula, BS ISO 17772-1, REZBUILD

Mechanical Ventilation

Tabula, BS ISO 17772-1, REZBUILD

2.2.1. Geometric Data

The geometrical boundary conditions were defended through visual Google Maps
Street View observation and subsequent proportional measuring, shown in Figure 3. With
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this “simple measuring tool” the building plans and elevations were easily obtained, and
the architectural model was built using this information. Other information deduced from
Google Maps included the dimensions and position of the building components (windows,
doors, shadings, etc.). The building position boundaries, such as existing adjacent buildings
and surrounding shadings, were also considered. The last data extracted from Google
Maps were the orientation of the building.

Figure 3. Geometry extraction procedure.

The chosen software for the architectural modelling was Autodesk Revit. The com-
ponents were modelled as generic entities without combining materials or defining thick-
nesses. The architectural model was built without consideration of the indoor space
distribution. In other words, each demo site was represented as a whole thermal zone. In
the case of multiple floors, each floor was represented as an individual thermal zone. Based
on the BEM software’s geometrical sensitivity, certain geometrical simplifications were also
introduced. One simplification referred to the complex pitched roof geometry, which was
simplified into a flat roof, while the effect of the removed unheated space was included in
the thermal resistance input of the roof.

Finally, once modelled, the geometry was imported to the two different BEM environ-
ments. The transit from Revit to IES VE was completed based on the BIM to BEM concept:
a .gbXML file exported from Revit was imported to IES VE. The procedure for Solemma
was slightly different. Since this software is a plug-in to Rhino, the geometry transfer from
Revit to Rhino was enabled through a second plug-in called Rhino.Inside.Revit.

2.2.2. Non-Geometric Data Collection
Tabula

The building taxonomy of the analysed demo sites was obtained from the TABULA
WebTool [39], a reliable source developed within the framework of the Energy Projects
TABULA [52] and EPISCOPE [53]. Based on the real case inputs, i.e., the year of con-
struction, location, and the building typology, the correct building Tabula category was
chosen, and consequently, the stratigraphy and the adequate thermal transmittance for
each building component was extracted. Another package extracted from Tabula was the
mechanical system, containing the COP and typology of the system for heating, ventilation,
and cooling, and DHW.

Building Standards

The building standards, including the building loads and other parameters (i.e., the
thermal zone set point values and operating profiles), are drawn from several sources:

e BSISO 17772-1:2007 Energy performance of buildings. Indoor environmental input
parameters for the design and assessment of energy performance of buildings [41]

e  UNI 10339:1995 Impianti aeraulici al fine di benessere. Generalita, classificazione e
requisiti. Regole per la richiesta d’offerta, l'offerta, ’ordine e la fornitura [54]

e  UNIEN 13203-2:2015 Apparecchi a gas domestici per la produzione di acqua calda—
Parte 2: Valutazione del consumo di energia [55]

e CEN EN 15316-3-1:2007 (Later replaced with EN 12831-3:2017—Energy performance
of buildings—Method for calculation of the design heat load—Part 3: Domestic hot
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water systems heat load and characterization of needs, Module M8-2, M8-3)) En-
ergy performance of buildings—Method for calculation of system energy require-
ments and system efficiencies—Part 3: Space distribution systems (DHW, heating and
cooling) [56]

ANSI/ASHRAE/ISE Addendum to ANSI/ASHRAE/IES Standard 90.1—2019 [57]
ASHRAE: Handbook of Fundamentals. American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Atlanta [40].

2.3. Conducted Analysis

For more comprehensive understanding of the reliability and the limits of this ap-
proach, the BEM analysis were divided into two categories:

e  Passive Design Analysis

a. BEM dynamic simulations without a present mechanical system

e  Active Design Analysis
a. BEM dynamic simulations with mechanical systems based on tabular inputs
b.  BEM dynamic simulations with calibrated heating system

The accuracy of the approach was evaluated based on the daily indoor temperature
variation, annual energy balance flow, and the annual energy consumption, both total and
distributed per system. The analysis framework is summarized in Figure 4.

REAL CASE
INPUTS Building Year of Typolo
Location Construction ypology
GENERATED
INPUTS
Google
Maps
Non-geometric
Geometry Input Matrix
Y
|
\ 4
ASSESSMENT
ANALYSIS it
Simplified
l DSM
Simulated Passive Monitored Simulated Active Monitored Rezbuild Energy
Design Data from Temperature Design Data from Energy Consumption
Software I: IES VE ll;ata Software I: IES VE Consumption Data from
Software IT: Solemma Software II: Solemma Data Advanced DSM
PD AD AD
Thermal Comfort Thermal Comfort Energy Consumption
and Energy Balance Analysis Analysis Analysis

Figure 4. Proposed energy assessment framework.

3. Demo Site Description

The proposed method was structured and assessed on two demo sites. As previ-
ously stated, the chosen demo sites come from the Horizon2020 Project REZBUILD. The
REZBUILD project contributed to the Net Zero Energy Building (NZEB) targets by intro-
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ducing an innovative and collaborative refurbishment ecosystem: “Rezbuild promoted
innovation in the building sector with the integration of technologies to achieve the goal of
an annual renovation rate of 2.5%, up from the current rate of less than 1%, a 60% reduction
in primary energy consumption, as well as a 30% reduction in installation time invested,
compared to traditional renovations.” [47].

Therefore, the data needed to test the proposed simplified BEM method came from
the REZBUILD framework: (i) monitoring data collected by the sensors in the reference
demo sites installed during the REZBUILD project and (ii) simulation results from the
detailed BEM models completed in IES VE. The monitoring data was organized in two
phases: pre-intervention monitoring and post-intervention monitoring processed through
an IoT platform built on cutting-edge technologies “Maetrics”, used within the REZBUILD
consortium [58].

The usage of monitoring data was crucial. Due to the availability of the data sets,
it was possible to understand the indoor temperature trend in both analysed scenarios:
in the passive case (heating system off) and in the active case (heating system on). This
clarified the efficiency of the envelope seal and consequently, the efficiency of the heating
system. Moreover, due to the existing monitoring data, the models could be corrected,
which supported a more accurate estimation and evaluation of energy performance by the
predictive energy models. The publication of energy bill data, made more accessible by
modern meter instruments, could also be considered as an excellent source of data that
could refine the models.

The demo sites being studied in REZBUILD are three residential buildings in different
climatic conditions, envelopes, and construction periods and are located in Spain, Italy,
and Norway, respectively. This paper omits the third demo site, the one in Oslo, from its
analysis. In the subsequent phases of study, as these analyses are deepened further, the
objective is to include all possible cases and extend the framework.

3.1. Demo Site Madrid, Spain

The demo site in Madrid, Spain, is a semi-detached house (multi-family house) typol-
ogy, representing typical single familiar dwellings in the Madrid community (Figure 5). The
building is located in a district in Madrid City, which is an area with a high degree of urban
poverty. This dwelling is near the end of its lifecycle and is not insulated. It has a main layer
of solid bricks and old metal frame single glazing. The year of construction is 1940.

O

(b)

(c) (d)

Figure 5. Madrid demo site: (a) detailed BEM model 3D; (b) detailed plan zone_0; (c) Simplified
model; (d) Simplified plan zone_0.
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(d)

3.2. Demo Site Martellago, Italy

The demo site in Martellago, Italy, is an apartment block of social housing typology.
It is located in the inland town of Martellago, located in Venice, and benefits from a mild
climate (Figure 6). Based on the available documentation, the year of construction is
estimated to be between 1960 and 1970. The demo has no buildings surrounding it. The
dwelling is in the original status of construction with a structure of load-bearing masonry
built from solid bricks without any insulation layer.

== ——

(e) ®

Figure 6. Martellago demo site: (a) detailed 3D model; (b) detailed plan zone_0; (c) detailed plan

zone_1; (d) simplified model; (e) simplified plan zone_0; (f) simplified plan zone_1.

The generated input matrix for each demo together with a comparison between the
detailed (REZBUILD) and simplified models can be found in the Appendices A and B.

4. Results
4.1. Approach Accuracy—Passive Design

This section is dedicated to the first phase of the BEM analysis—Passive Design
without the presence of the mechanical systems. The accuracy of this approach was
evaluated through comparing the indoor temperature data from the simulations with the
on-site monitoring, and the alignment between the models in IES VE and Solemma was
determined considering the energy balance and indoor temperature.

4.1.1. Temperature Deviation

Both temperature variations, the daily average indoor temperature per zone and the
outdoor temperature per location, were analysed, as seen in Figure 7. Since the plotted
simulations run without an active mechanical system, the indoor temperature variation in
the BEMs is affected only by the inputs and the software calculation methods. Moreover,
for a realistic comparison with the monitoring data (which includes the months with active
heating), the validation period is limited to the off-heating season months, from May to
October. The insights from this shot analysis are:

From October to May, the simulated daily indoor temperatures overlapped.
From May to October, the simulated indoor temperature deviated from the monitoring
but in an acceptable range.

e Interms of the outdoor air temperature, the temperature from the typical meteorologi-
cal year TMY file is always below the monitored, actual AMY one.
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Figure 7. Madrid demo site: Comparison between available monitored data and simulation results
from IES VE and Solemma.

Figure 8 proposes a more quantitative understanding of the spotted temperature
deviation during the warmer months. The deviation between the daily temperatures from
the simulations and the ones obtained from the monitoring was reported in the range of
1-4.5°C.

Daily indoor temperature deviation between simulation models and monitoring

14
w0 12 :
Y °
Z 10 7 . B Martellago Solemma
v
5 8 . . g B Martellago IES VE
£ 6 0 Madrid Solemma
é" 4 0 Madrid IES VE
B 2 .

0 =l

Figure 8. Daily indoor temperature deviation.

4.1.2. Energy Balance

The two software programs, IES VE and Solemma, categorized the energy flow differ-
ently. IES VE distinguished gains from lighting, equipment, people, natural ventilation,
infiltration, solar gains, external, and internal conduction losses while Solemma grouped
the flows into gains/losses of lighting, people, equipment, envelope, windows, and in-
filtration. To perform a more appropriate comparison between the two simulations, the
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infiltration ACH in Solemma was fixed as the sum of the needed ACH for natural ventila-
tion and infiltration.

As reported in Figure 9, the two software programs were aligned in terms of lighting,
people, natural ventilation, and infiltration. A slight difference was noted, but it was
considered to be acceptable. Then, IES VE classified the type of energy as conduction flow
and solar gains through the whole envelope (opaque + transparent elements). Contrary to
this, Solemma categorized the flow per element type, envelope flow (opaque elements),
and window flow (transparent elements), combining the conduction and solar energy.
Therefore, a more detailed comparison of the two models could not be provided. However,
as the plots show, the overall annual gain and loss from the two simulations stayed in the
same range of around 6000 kWh/year.
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Figure 9. Madrid demo site: Monthly energy flow comparison between IES VE and Solemma simulations.

4.2. Approach Accuracy—Active Design

This section is dedicated to the second phase of the research, Active Design; it also
includes the simulation of the mechanical systems. The accuracy of this approach was eval-
uated through comparing the energy consumption and indoor temperature data obtained
from the simulations and the on-site monitoring.

4.2.1. Energy Consumption Deviation

Table 3 presents the annual consumption of the Madrid case study using data from the
two software programs, Solemma and IESVE, together with the monitoring data collected
from the sensors placed on-site.

Table 3. Madrid—Annual energy consumption.

. Total Total Light Equip DHW Heating Heating
Demo Site Data Source Energy Elect Elect Elect Elect Elect Wood
Madrid IES VE 24,920 24,920 340 800 2270 21,510 -
Spain Solemma 16,334 16,236 343 823 1997 13,170 -
P Monitored 12,803 5617 - - - - ~4800

In terms of the total energy consumption, the model in IES VE consumed almost
two times more energy than the monitored one, while the model in Solemma deviated
less, around 3500 kWh/year or +27.6% more compared to the monitoring. Regarding
the distribution of the total energy consumption from the two simulations, the results of
lighting, equipment, and DHW system consumption were slightly different (max difference
of 12% for the DHW system); however, there was a large difference in the amount of energy
consumed by the two heating systems. The IES VE model consumed 21,510 kWh/year
while Solemma’s was 13,170 kWh/year, which is a difference of 8340 kWh/year.
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4.2.2. Heating System Calibration

Although the two heating systems were modelled as ideal electrical systems with a
COP equal to 1, the energy consumed differed. To understand the meaning of the noted
deviation, a series of experimental trials were performed.

As Table 4 states, the heating system in IES VE was considered a referent point with a
fixed COP value of 1, while Solemma’s heating system COP varied between 1 and 0.6. The
last iteration with a COP value of 0.6 aligned the heating electricity consumption to the
one received in IES VE. The difference in terms of heating lowered to 2%, and for the total
energy consumption, this difference decreased further, to only 1%.

Table 4. Madrid demo site: Heating system COP calibration.

Software Heating Source cor Heating Delta Total Energy Delta
IES VE
(Version Electricity 1 21,510 REF 24,920 REF
2022.1.2.0)

(Vi‘;li‘;’:%zz) Electricity 1 13,170 —39% 16,334 —34%
Solemma Electricity 0.9 14,633 —32% 17,797 —29%
Solemma Electricity 0.8 16,462 —23% 19,626 —21%
Solemma Electricity 0.65 20,261 —6% 23,425 —6%
Solemma Electricity 0.6 21,950 2% 25,114 1%

Figure 10 reports the indoor temperature variation for the two case studies, with and
without a calibrated heating season. Therefore, for the Martellago case study, the daily
indoor temperature, without the calibration included, is kept at 20 °C from November
to March (heating on), between 12 and 22 °C during Oct, April, and May (heating off,
mid-season months) and between 18 and 32 °C from June to September (summer months).
The calibration of the heating season was therefore only changed in terms of the daily
temperature during the mid-season months by keeping it above 20 °C. A similar situation
occurred for the Madrid case study, where the daily indoor temperature without the
calibration was kept at 20 °C from November to March (heating on), between 12 and
28 °C during Oct, April, and May (heating off, mid-season months) and between 14 and
33 °C during summer months, from June to September. After the calibration, the daily
temperature in the mid-season months stayed between 20 and 28 °C.

The considered heating season, before the calibration shown in Figure 10a, was from
the 15 of October to the 15 of April for Madrid and from the 22 of October to the 7 of April
for Italy. The heating season was decided following the country’s rules; however, based
on the temperature variation, the chosen heating season was not adequate for the studied
cases. An important deviation was noted during the mid-season months of April, May, and
October. The simulated daily temperatures from the two software programs, were lower
than the monitored temperatures, highlighting that the heating systems were used during
these months. Figure 10b represents the daily indoor temperature variation of the models
with the calibrated heating season. The calibration was completed based on the monitoring
data, the new heating season lasted from 1 of October to 31 of May and had a tabularized
set point of 20 °C. As the graphs show, after the calibration was performed, the mid-season
temperature divergence was resolved as expected, so the energy consumed for heating
and, consequently, the overall energy consumption increased and made the difference
between the model and the monitoring data even higher (Solemma output: +4.6% Madrid,
+7.7% Martellago).
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Figure 10. Comparison between available monitored data and simulation results from IES VE and
Solemma—Mechanical heating system included: (a) Indoor daily temperature variation consider-
ing the proposed heating season; (b) Indoor daily temperature variation considering a calibrated

heating season.

The second calibration trial set was performed with the focus on the heating system
operating profile. In the previous analysis, the heating system operated 24 h/each weekday
according to the chosen tabular set point of 20 °C and the country’s recommended heating
season, from the 15 of October to the 15 of April for Madrid, and from the 22 of October
to the 7 of April for Italy. At this stage, the heating set point and season duration were
kept as proposed but the operation of the heating system was limited to 8 h/each weekday,
from 7:00 to 11:00 and from 18:00 to 22:00. As far for the heating system COP value, the IES
VE model kept the tabular matrix value while the Solemma model kept the calibrated one
(Table 4).

Figure 11 shows the daily temperature variation before and after the calibration of
the heating system profile for the Madrid case study. As can be noted in the graphs, the
simulated daily indoor temperature differed more from the monitoring one when the oper-
ational profile of 8 h was used. However, as reported in Table 5, the new operational profile
gave positive results in terms of the energy consumption. The total energy consumption
from the two-software simulation, in reference to the monitoring data, was reduced from
around +95% to +6%.
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Figure 11. Madrid demo site: Calibration of the heating system operating profile.
Table 5. Madrid demo site: Heating system Operational profile calibration.
Demo Data Daily Heating System Total Heating
Site Source Operation Source COP Energy Delta Energy Delta
Monitored - - - 12,803 REF - REF
Madrid IES VE 24 h Electricity 1 24,920 +95% 21,510
Spain IES VE 8h Electricity 1 13,540 +6% 10,130 Data
P Solemma 24 h Electricity 0.6 25,114 +96% 21,950 Absence
Solemma 8h Electricity 0.6 13,606 +6% 10,443

4.3. Comparative Analysis with the Advanced REZBUILD DSM

This section focuses on the comparison between the simplified DSM in IES VE and the
advanced one conducted as part of the Horizon 2020 project REZBUILD. Unlike the model
in this research, the latter model was created using real case inputs and precise operational
profiles that were defined according to multiple surveys and inspections conducted on
site. Its deviation from the monitoring was defined as —5.3%, 12,123 kWh of total energy
against the 12,803 kWh monitored, and as such was considered verified.

The energy consumption per system from the IES VE model of this study (further
called IES VE prototype), after the final calibration from Table 5, was compared with the
one coming from the REZBUILD project, shown in Figure 12. Compared to the IES VE
REZBUILD model, the IES VE prototype:

e  Opverestimated the energy consumption for Space Heating and DHW;
e  Underestimated the energy consumption for Lighting and Equipment;
e  Overestimated the total energy consumption for 11.3% (6% from the monitoring).

IES VE prototype: Simplified BEM IES VE Rezbuild: Detailed BEM
800KWh, 5%
340kWh, 2%
3758kWh, 31% ) »
2270kWh, 13% [0 Equipment electricity
0 Lighting electricity
0O DHW supply
[ Space heating
6183KkWh, 1212kWh, 10%
13,540kWh, 519
o, 0 970kWh, 8%
80%

Figure 12. Madrid demo site: Energy consumption distribution comparison.

4.4. Summary of Analysis Outputs

All results from the comparative analysis between the simulations in Solemma and IES
VE, as well as the results benchmarking in reference to the REZBUILD data, are summarized
in Figure 13.
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Figure 13. Testing output.

5. Discussion and Conclusions

The BEM for detailed retrofit analysis of the old residential buildings can be quite
challenging and time consuming, especially when the models undergo dynamic simu-
lations [17]. This comes as no surprise since these residential units (build before 1980)
often have insufficient or no building documentation and the assistance of the occupants
cannot always be granted [4,25,26]. There is an arsenal of BEM guidelines and template
inputs available, but the archive for complete and differential residential prototypes is still
poor [42,44].

Accordingly, this study proposes a more simplified and automatic path for data
collection and model generation that can be used for building energy assessments with
dynamic simulations completed in BEM software programs IES VE and Solemma. The
framework demands that an input matrix be generated which is structured by:

e  The tabular (non-geometric) matrix data generated based on three real case parameters,
i.e., the location, year of construction and typology;
e  Geometric simplified LoD3 models extracted from the location in Google Maps [48,49].
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The approach is applicable for residential buildings located in Italy and Spain, such as
the chosen case studies in the paper. The simulation outputs from the analysed case studies
are reported in Section 4 and cover two scenarios: passive design (no mechanical systems
included) and active design (mechanical systems included). The approach is verified based
on the comparison between the simulation data and the outputs from the detailed BEM
analysis conducted in REZBUILD [47] (Figure 13).

The passive design analyses demonstrate an overlap of the daily indoor temperature
variation between IES VE and Solemma. Both simulations deviate from the monitoring
data in an acceptable range from 1 to 4.5 °C. This statement applies only to the off-heating
months. Then, the comparison of the energy balance between IES VE and Solemma indi-
cates an aligned building behaviour of the two simulations. The overall annual gains and
losses in both software programs vary around 6000 kWh/year. From the BEM active design
analyses, the simulated daily indoor temperature is proven to have a slight deviation from
the monitoring temperature, except for the two mid-season months, April and October.
The following is resolved with an adequate calibration of the heating season duration. Re-
garding the energy consumption, IES VE overestimates the consumption by approximately
two-fold, while Solemma’s overestimation is approximately 28%. The two models can
be aligned to a difference of 1% with a COP calibration, and the deviation between the
calibrated models and the monitoring data can be reduced to 6% if the operating hours are
changed from 24 h/day to 8 h/day.

5.1. Compliance with the Indoor Temperature

Therefore, the approach gives promising results for the daily indoor temperature,
meaning that it can be a suitable indicator to evaluate what further retrofitting alternatives
may be necessary. The only months which contradict these results are the mid-season
months, April and October; the results show a need for a simple adjustment of the heating
season duration. The tabular inputs defining the duration of the heating season are based
on the government’s recommendations, which are more applicable for units with collective
heating rather than the detached residential units studied in this paper. However, this study
proposes a correction rule, based on which the heating system is on from 1 of October to 31
of May but controlled with the tabular indoor temperature set point. Verifying temperature
compliance when presented with a dynamic natural ventilation is outside the scope of
this study.

5.2. Compliance with the Energy Consumption

In terms of energy consumption, this approach has a limited accuracy. The IES VE
and Solemma simulations share similar consumption portions for equipment, lighting,
and DHW, while the heating demands differ significantly. Mainly, more than half of the
total consumption comes from the heating system, and therefore, the simulation difference
between the IES VE and Solemma heating consumption (8340 kWh) results in an overall
simulation difference of +66% (% in reference to the monitoring data). Although the
passive analyses prove the alignment between the IES VE and Solemma model, the heating
energy consumption does not overlap. This does not imply of a weakness of the proposed
approach but rather demonstrates the present difference in the calculation methods of
the two software programs. In fact, the two software programs have an Ideal-Air-System
but use different simulation engines, which is why different calibrations are needed for
their heating energy consumptions. The study explores a potential path to calibrate the
simulation models to the monitoring data, and although it was successful for the studied
cases, as shown in Figure 11, it is too soon to state that this can be replicated to other case
studies. Regarding the energy consumption per system, based on the comparison between
the annual simulation data from the simplified model in IES VE and the detailed IES VE
BEM model, shown in Figure 12, the approach posed by this paper does not provide an
acceptable accuracy.
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Accordingly, for better compliance with the energy consumption, the study needs a
deeper understanding of the Ideal-Air-System that is used and its correlation with various
tabular heating system inputs. A sensitivity analysis could evaluate the impact of each
system input, and a series of testing with other case studies could potentially provide a
set of correction coefficients that would maintain the automatic nature of the approach
but increase its flexibility and reliability. Moreover, although it is useful to compare the
simplified BEM with the detailed BEM from REZBUILD, it is preferred to provide a more
accurate verification based on real monitoring data. Whenever this is possible, the input
matrix can be modified and the accuracy of system-level consumption can be improved.

To conclude, the proposed framework for simplified and automatic data collection and
model generation for the purpose of the BEM dynamic simulation analysis in IES VE and
Solemma has the potential to become a fast and reliable method for energy assessment of
residential buildings. The level of simplification introduced can lead to less accurate results
in terms of total or system-level energy consumption, but when the limits of this research
are overcome, a set of calibration coefficients can be introduced to quickly compensate
for the simulation error. Nevertheless, this does not indicate that the method should be
mistrusted; instead, its potential should be further explored and adequately shaped for
different levels of detailed analysis.
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Appendix A. Tabular Input Matrix
Demo Site I: Martellago/semidetached residential building/1960.

Weather Description Source - IES VE Solemma REZBUILD

Weather file ™Y Energy+ ITA_Venezia-Tesera.161050_IGDG

Geometry Description Source Generated IES VE Solemma REZBUILD

Area Zone 0 [m?] - Google Maps 98.6 98.6 98.6 81

Area Zone 1 [m?] - Google Maps 98.6 98.6 98.6 81

g‘;llg‘e Zone - Google Maps 284.9 284.9 284.9

Volume Zone - Google Maps 289.9 289.9 289.9

I[m?]

Construction Description Source Tabular IES VE Solemma REZBUILD

Ground } } } Default ground Ground

boundary resistance Temperature

Envelope ) ) ) Outdoor Air Outdoor Air

boundary Temperature Temperature

External Wall Mortar, hollow Wall23 cm 1.77

U-value 25 c¢m brick wall, Tabula 1.76 1.76 1.77 Wall29.5 cm 1.53

[W/mZK] plasterboard; Wall32 cm 1.46

Detached Wall

U-value Modelled as the . 1.76 1.76 1.76 2.46
External Wall;

[W/m2K]
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Ground Floor

Concrete base to

U-value the terrain: Tabula 2.00 2.08 2.00 1.01
[W/m2K] © terratn,
orronar Rt
Partition N . 1.65 1.65 1.65 1.94
[W/m?K] hollow tiles
mixed floor;
Pitched roof
with wood
structure and
Roof boarding with
_ 2
U-value U=18W/m°K  ppyla 117 117 1.14 Roof 1.8
2 . . Attic Floor 3.13
[W/m“K] Simplified
pitched roof
void with
R=03m?K/W
Windows Single glazing .
U-value with wooden Tabula 4.90 493 5.89 3'11271%12?;?)‘%)
[W/m2K] frame; :
Door
U-value Wooden door; Tabula 3 - - 2.40
[W/m2K]
Loads Description Source Tabular IES VE Solemma REZBUILD
Density | UNI 10339 0.04 0.04 0.04
[pers/m~]
Sensible gain .
[W/pers] Assumption 64 64 -
Occupancy L
atent gain .
[W/ pers] Assumption 70 70 -
Metabolic rate Calculated 0.7 0.7
[met]
Power density
[W/m2] BSI1SO 17772-1 2.4 2.4 2.4
. Sensible gain .
Equipment [W/pers] Assumption 24 2.4 -
Latent gain
[W/pers] Neglected 0 - -
Lichting power Addendum ad to
shtng p ANSI/ASHRAE/IES
density 6.5 6.5 6.5
[W/m?] Standard
90.1—2019
Lighting Iluminance
target Default - - 200
[LUX]
Max sensible gain .
[W/m?] Assumption 6.5 6.5 -
Air leakage ASHRAE:
Infiltration & Handbook of 0.6 0.6 0.6
[ACH]
Fundamentals
Natural Air change .
Ventilation [ACH] UNI TS 11300 0.3 0.3 0.3 Dynamic
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Systems Description Source Tabular IES VE Solemma REZBUILD
Type Tabula/REZBUILD DHW DHW DHW
Generator source  Tabula/REZBUILD Natural gas Natural gas Electricity
cor Tabula/REZBUILD 1 1 1
. EN 13203-2
tHf; Wf:érmﬁt | CENEN 10 10 10
emperature [degl 15316-3-1
EN 13203-2
DHW System ot ‘Zjatfflr‘:‘[git | CENEN 60 60 60
P 81 15316-3-1
EN 13203-2
[szl]ﬂow rate CEN EN 27 27 -
15316-3-1
Flow rate per
person Calculated 0.006 - 0.006
[m3/h/per]
Type Tabula/REZBUILD  Radiators Ideal HVAC Ideal Air
System
Heating System Generator source  TabulaREZBUILD Natural Gas Natural Gas Electricity
COP Tabula/REZBUILD 0.8 0.8 0.8
Setpoint [deg] BS ISO 17772-1 20 20 20
Cooling System None Tabula/REZBUILD
Demo Site II: Madrid /semidetached residential building/1940.
Weather Description Source Tabular 1IES VE Solemma REZBUILD
Weather file TMY On.e . ESP_MD_Madrid-Barajas-Suarez. AP.08221_TMYx.2007-
Building 2021.epw
Geometry Description Source Tabular IES VE Solemma REZBUILD
Area [m?] Google Maps 64.37 64.37 64.37 77.84
Volume [m®] Google Maps 235.3 235.3 235.3
Construction Description Source Tabular 1IES VE Solemma REZBUILD
Ground ) ) ) Default ground Ground
boundary resistance temperature
Envelope ) } ) Air Air
boundary Temperature Temperature
External Wall Mortar, solid 24
U-value cm brick, and Tabula 2.56 2.56 2.55 2.03
[W/m?K] gypsum;
Detached Wall
U-value g{‘;ﬁfﬁd‘;jﬁhe Tabula 2.56 256 2.55 2.18
[W/m2K] ’
Ground Floor Ceramic tile and
U-value mortar: Tabula 0.95 0.95 0.94 0.99
[W/m?K] ortat;
Pitched roof with
curved ceramic
Roof tiles, wooden
U-value structure, wattle, Tabula 417 4.17 4.20 6.25
[W/m?K] ventilated air
chamber, wattle,
and gypsum;
Single glazing
Windows with wooden
U-value frame medium Tabula 4.59 4.59 5.82 4.16
[W/m2K] density, old

blinds;
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Door
U-value Wooden door; Tabula 3 - - 0.56/5.88
[W/mZK]
Loads Description Source Tabular 1IES VE Solemma REZBUILD
Density UNI 10339 0.04 0.04 0.04
[pers/m~]
Se[I;\s;?lif’;m Assumption -
Occupancy P
Latent gain .
[W/pers] Assumption -
Metabolic rate Caleulated
[met]
Power density
[W/m?] BSISO 17772-1 24 24 24
. Sensible gain .
Equipment [W/pers] Assumption 2.4 2.4 -
Latent gain
[W/pers] Neglected 0 - -
Lichting power Addendum ad to
de‘f\ ot g[‘}\’/ Jm?] ANSI/ASHRAE/IES 6.5 6.5 6.5
y Standard 90.1—2019
Lighting Iluminance
target Default - - 200
[LUX]
Max sensible gain .
[W/m?] Assumption 6.5 6.5 -
Air leakage ASHRAE: Handbook
Infiltration : ACH]g of 0.6 0.6 0.6
Fundamentals
Natural Air change .
Ventilation [ACH] UNI TS 11300 0.3 0.3 0.3 Dynamic
Systems Description Source Tabular IES VE Solemma REZBUILD
Type Tabula/REZBUILD DHWS DHWS DHWS
Generator source Tabula/REZBUILD Electricity Electricity Electricity
cor Tabula/REZBUILD 1 1 1
Hot water inlet EN 13203-2 10 10 10
temperature [deg] CEN EN 15316-3-1
Hot water outlet EN 13203-2 60 60 60
DHW System temperature [deg] CEN EN 15316-3-1
Total flow rate EN 13203-2 o7 27 )
[L/h] CEN EN 15316-3-1
Flow rate per
person Calculated 0.01 - 0.01.
[m3/h/per]
StoragFLV]"lume Calculated 100 100 -
Ideal Air
Type Tabula/REZBUILD Elect Heater ApSys System
Heating System Generator source Tabula/REZBUILD Electricity Electricity Electricity
cor Tabula/REZBUILD 1 1 1
Setpoint [deg] BSISO 17772-1 20 20 20
Cooling System None Tabula/REZBUILD
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Appendix B. Tabular Schedules

Input Occupancy Equipment Lighting DHW
Source BS ISO 17772-1 BS ISO 17772-1 BS ISO 17772-1 CE]EI;SI1313125033’12-3-1
Hour Weekdays  Weekends  Weekdays  Weekends  Weekdays  Weekends  Weekdays  Weekends
0 1 1 0.5 0.5 0 0 0 0
1 1 1 0.5 0.5 0 0 0 0
2 1 1 0.5 0.5 0 0 0 0
3 1 1 0.5 0.5 0 0 0 0
4 1 1 0.5 0.5 0 0 0 0
5 1 1 0.5 0.5 0 0 0 0
6 1 1 0.5 0.5 0 0 0 0
7 0.5 0.8 0.5 0.5 0.15 0.15 1 1
8 0.5 0.8 0.7 0.7 0.15 0.15 0.26 0.26
9 0.5 0.8 0.7 0.7 0.15 0.15 0.13 0.13
10 0.1 0.8 0.5 0.5 0.15 0.15 0.07 0.07
11 0.1 0.8 0.5 0.5 0.05 0.05 0.13 0.13
12 0.1 0.8 0.6 0.6 0.05 0.05 0.2 0.2
13 0.1 0.8 0.6 0.6 0.05 0.05 0 0
14 0.2 0.8 0.6 0.6 0.05 0.05 0.07 0.07
15 0.2 0.8 0.6 0.6 0.05 0.05 0.07 0.07
16 0.2 0.8 0.5 0.5 0.05 0.05 0.07 0.07
17 0.5 0.8 0.5 0.5 0.2 0.2 0 0
18 0.5 0.8 0.7 0.7 0.2 0.2 0.2 0.2
19 0.5 0.8 0.7 0.7 0.2 0.2 0.07 0.07
20 0.8 0.8 0.8 0.8 0.2 0.2 0.46 0.46
21 0.8 0.8 0.8 0.8 0.2 0.2 0.93 0.93
22 0.8 0.8 0.8 0.8 0.2 0.2 0 0
23 0.6 1 0.6 0.6 0.15 0.15 0 0
24 0.6 1 0.6 0.6 0.15 0.15 0 0
Appendix C. Roof Resistance
Characteristics of Roof zRu
m-K/W
1 Tiled roof with no felt, boards or similar 0.06
2 Sheeted roof, or tiled roof with felt or boards or similar under the tiles 0.2
3 As 2 (above) but with aluminium cladding or other low emissivity surfaces at underside of roof 0.3
4 Roof lined with boards and felt 0.3

Note: The values in this table include the thermal resistance of the ventilated space and the thermal resistance of the pitched roof
construction. They do not include the external surface resistance, Rse.
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