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ARTICLE INFO ABSTRACT

Keywords: A persistent dilemma in building energy modeling consists of finding the proper trade-off between
Dynamic simulation accurate results, data availability and limited modelling effort. In fact, quasi-steady state models
Building energy demands require a limited number of inputs, however providing often rough results; dynamic tools are
Heating requirements instead usually very accurate but involve a huge effort to obtain all the needed information and

Cooling requirements

implementing it into the tool. In this context, we propose a simplified dynamic model for building
Simplified building energy model

heating and cooling demand estimation on a daily basis, according to the assessment of all the
involved heat transfer mechanisms of the thermal zone. The required inputs are limited and
comparable to those needed for other quasi-steady state models, but three tuning coefficients
allow the simulation to be performed at the daily time scale. The proposed tool is here success-
fully tested on a wide set of test cases, differing for building structure, external climate, and
occupants’ profile. In addition, reliable results are provided also in case of multi-year application
and availability of a little amount of data for calibration, with average errors typically below 10%
in daily cooling and heating energy requirement estimation, compared to benchmark demands.
Finally, an example of application explores the application field of the tool.

List of symbols and acronyms

Symbol Definition Unit of measure
Parameters

A Area [m?]

by temperature reduction factor

Cp air specific heat at constant pressure of external air [J/(kgK)]
err deviation from thermal energy reference value during calibration

Fshgl shutter reduction factor

Fah.ob fixed obstructions shading reduction factor

F¢ ratio between frame area and total window area

g solar energy transmittance

i global normal solar radiation [W /m?]

Kint areal heat capacity of a single opaque wall [Wh /(m?K)]
K, equivalent thermal zone dynamic capacity [Wh/K]
Myent mass flow rate for ventilation [kg/s ]
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(continued)
Symbol Definition Unit of measure
nMAE normalized mean absolute error [%]
0 thermal power W1
Q thermal energy [Wh]
T temperature [°C]
< Toxt > average value of the outdoor temperature on monthly basis [°C]
Tso1-air sol-air temperature °cl
T daily moving average temperature [°Cl
U thermal transmittance [W/ (m?K)]
Wy internal gains due to electrical appliances and lighting W]
Greek letters
asoL solar gains through windows tuning parameter
[} thermal capacity tuning parameter
A variation
At timestep of simulation
¢ time shift [h]
Superscripts
LIL IIT iteration number
set set point
t timestep
Subscripts
A referred to the variation of internal energy of the zone
B referred to the balance between energy losses and gains
C cooling
day daily basis
dyn in dynamic condition
ext outdoor
floor floor exchanging with the ground
gain referred to internal gain (e.g., people)
H heating
1 thermal loss/gain
p opaque wall
REF reference cases
sol referred to the tuning parameter asor,
sh referred to the whole element of the window (glaze, frame and shutter)
stat at steady-state condition
w referred to window (frame included)
z thermal zone
Acronyms
HVAC Heating, vVentilation and Air-Conditioning system
TMY Typical Meteorological Year

1. Introduction

1.1. Context and state of the art

In the last decades, an always increasing attention has been given to the modelling of buildings, aimed at evaluating the current
energy requirements and verify the possibility of reducing them through energy efficiency measures. In fact, according to the latest
European Directives, as about 40% of the final energy demands are correlated to thermal energy for heating and cooling of buildings
[1] and efficiency measures should be implemented to reduce that share.

Assessing the energy requirements of a building, and identifying drawbacks and causes of inefficiencies, requires the use of specific
models and approaches. Li et al. [2] report the results of a recent literature review, where models are classified into three categories:
white-box or physics-based models (where physical phenomena affecting the building energy balance are accounted and modelled);
black-box models (where statistical methodologies are employed on monitored data); and grey-box models (i.e., models where most of
physical phenomena are modelled, but some others are simplified, also using parameters and coefficients evaluated through tuning
processes or monitored data). Vera-Piazzini & Scarpa [3] stated that white-box models, showing a clear process, are used in 62% of the
analyzed sample of scientific papers. Among physics-based models, two categories are typically identified.

o simplified quasi-steady-state tools, requiring less data for the analysis but obviously providing less accurate results, usually on
monthly basis;

o full dynamic simulation tools, which require a detailed analysis of the building and provide a large number of outputs (e.g., energy
requirements, indoor temperature profiles) on an hourly-or-less timestep.

The former category of models is characterized by a faster implementation and calculation compared with full dynamic simulation
tools. Typically, the number of input data is limited and easy to assess, the required computational time is short, as well as the time
needed for the results analysis. This type of model has been developed to provide rough estimates of the building energy needs, often
lacking in the complexity needed to model reality [2]. Example of quasi-steady-state tools are [4-6]. Literature reports some of the
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drawbacks of these models: overestimating of heating needs [7], difficulty in application on cooling season [4] or in buildings with
high thermal inertia [8,9]. Trying to overcome these issues, this type of model has been improved by implementing more accurate
equations describing the complex heat transfer mechanisms involved. Those models are based on an equivalent electrical scheme (also
called resistance-capacitance RC models in literature) and have attracted more and more attention, as demonstrated by the increasing
number of published papers on the topic (e.g., Refs. [10-14]). The accuracy of those models is higher than simplified ones’. However,
some gaps still need to be solved (e.g., precise theoretical background, individuation of the best strategy to evaluate the number and
the values of the RC parameters) [2].

Compared to quasi-steady state models, dynamic models reduce the inaccuracies and the limits found in the previous simplified
tools: accurate outputs are provided in terms of temperature profiles, energy fluxes at each component, and energy balance, inde-
pendently from season and building characteristics. Their employment is recommended for the analysis of the efficiency of integrated
building-HVAC system and for the choice of advanced control strategies or energy efficiency retrofit measures. In Ref. [15], the authors
offered a critical overview on twenty dynamic building energy models, including TRNSYS, EnergyPlus, DOE2, ESP-r, and Modelica.
Johari et al. [16] compare the application of three widespread dynamic tools (i.e., TRNSYS, EnergyPlus, and IDA ICE) on multifamily
residential buildings in Sweden. Section 2.2 of their work report a detailed discussion about the different hypotheses and models
implemented in the three simulation tools, which range from the estimation of convective heat transfer coefficients, to solar radiation
components, to methods to solve heat transfer equation through the envelope. Vera-Piazzini & Scarpa [3] report a scientific literature
analysis on software and tools used for building energy modeling, pinpointing that EnergyPlus and Design Builder are by far the most
used. Also Magni et al. [17] offer a detailed comparison of other more recent building energy simulation tools, praising the accuracy of
those models in evaluating a high number of different outputs on hourly or sub-hourly timestep (e.g., temperature profiles of air and
building elements; heating, cooling, ventilation, and dehumidification needs; thermal comfort indices). However, the required
multidisciplinary user skills, the knowledge of a wide number of inputs, and the high computational time are acknowledged as
principal barriers to a widespread application [2,18].

Besides, even if classically recognized as reliable, full dynamic tools may also provide not accurate results: a relevant number of
inputs is indeed needed, most of which challenging to estimate. As Magni et al. [17] highlight, uncertainties in the input knowledge can
strongly influence the outcomes of those dynamic tools. Thus, a trade-off between the output accuracy and the modelling effort is
needed, resulting in the employment of the most suitable tool depending on the goals of the study [19].

1.2. Aim of the work
Analysing the state-of-the-art has allowed to highlight the following key-points.

e the employment of simplified quasi-steady state models is easy, needing only a limited number of inputs; however, they provide
outputs usually on monthly scale, and the degree of their output details is low in the application on buildings with specific features
(e.g., high thermal inertia);

e dynamic models usually provide accurate results, but their successful use is hindered by the necessity of high user skills, modelling
effort and assessment of a variety of input data; this effort can be justified only when a high degree of detail is required for the
building simulation outcomes.

In this context, the authors have developed a simplified dynamic model, named SEAS-Dyn. SEAS-Dyn aims at providing daily
heating and cooling loads of buildings by means of a limited number of input parameters, which are the ones required for simplified
models. The model is grounded on equations representing building thermo-physical mechanisms (e.g., wall thermal resistances,
ventilation contributions, solar and internal gains). Even if the structure of those equations matches the quasi-steady-state models
available in existing European standards, some variables and parameters have been changed to obtain accurate outputs also on a lower
time scale. At the same time, even if SEAS-Dyn cannot deliver a detailed analysis of all the other common dynamic tool’s outputs, the
modelling and computational effort is reduced, being “balanced” with the effective outputs. Referring to Fig. 1, SEAS-Dyn represents a
trade-off between the need of increased accuracy in delivering outputs (compared to quasi-steady state models, and other software for
building energy labelling) and the claim of reducing model complexity (main drawback of complete dynamic models, as TRNSYS and
EnergyPlus). Having a reduced number of inputs and equations, the presented tool can be successfully exploited in a wide variety of
applications, such as forecasting of thermal loads, sizing and efficient management of energy system components, such as thermal and

l Computational simplicity

Models for building Quasi-steady state Simplii:fie‘d' dynamlc Complete dynamic FEM and CFD
energy labeling | models e »'mc;:»dg}ls_ i models models

4

Fig. 1. Building energy models grouped for their features. Falling into the simplified dynamic models’ category, SEAS-Dyn represents a trade-off between compu-
tational simplicity and results accuracy.

Accuracy of the results
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electrical storages and high-inertia loops and generators, energy exchange planning within clusters of buildings, and evaluation of
effectiveness of day-to-day control strategies. SEAS-Dyn’s model considers a limited number of tuning parameters, for calibration
purpose. As those tuning parameters are obtainable from energy bills or monitored data, this model applies only for existing buildings.

In the present piece of research, the model has been applied to a variety of buildings, differing from external climate, users’ profiles,
and envelope characteristics, with the aim of checking if it could provide accurate results for heating and cooling energy requirements,
on a daily time basis, independently from building type and climate.

The paper is organized as follows. Section 2 shows the mathematical model of SEAS-Dyn. Section 2.3 and Section 4, respectively,
present the methodology and the building dataset used for the estimation of SEAS-Dyn reliability. In Section 5, the accuracy of the
model in terms of daily thermal energy need prediction is discussed, also provided an in-depth examination of two notable examples
(Section 5.2). Sections 5.3 and 5.4 further explore the application field of SEAS-Dyn, to assess the robustness of the outputs provided on
a multi-year period or with a reduced number of input data volume. Finally, an example of application and concluding remarks are
presented, respectively, in Sections 6 and 7.

2. SEAS-Dyn model

2.1. Modeling the building thermo-physical terms

In SEAS-Dyn, the ideal heating/cooling requirements of a thermal zone, in a timestep “t” (i.e., 1 h), are estimated as the sum of two
terms.

e Q', which refers to the variation of internal energy of the zone occurring when the heating\cooling system is switched on, after a
free-floating period, to reach Tﬁjjc,
e Qf, which refers to the balance between energy losses and gains in each timestep of the operating period.

Qe =Q +Q W

The term Q4 reads:

Q, 0T, > Tif 2.
= .a
A BuK: (T — Tt), otherwise
in the heating period, and:
o - 0T, <T¢' (2.b)
A7) Bk (T — T5), otherwise '
in the cooling period.
The term Qp reads, in the heating period:
-t .t
sk, (15— (T 4+ 2900 ) 7+ 2 Qnpcrse
Q= (H (Z+ K, T AT (3.2)
0, otherwise
and in the cooling period:
.t -t
s 2Q A 2Q
K((T At) — T ) T, + =2At > T
Q1" <<+ K. ) C)'” K e (3.b)
0, otherwise
The time evolution of the zone temperature, T}, is evaluated through the following balances, in the heating period:
.t .t
ot Z Q1 oot Z Ql " . . .
T, + At (if T, + At>Ty or if the thermal system is switched off
o) Tt AU T oA T Y ) (4.2)
T, otherwise
and in the cooling period:
-t -t
~t Z Ql ot Z Ql . . .
T, + == At (if T, + == At<T¥ or if the thermal system is switched off
qer= Tt T AT AT Y ) 4.b)

z

Ty, otherwise

where:
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T,Q=0
T.={ T Q,>0and T < T 5)
T Q4> 0and T, > Tg"

In the aforementioned equations, the term K, represent the equivalent thermal zone dynamic capacity, while the term } Q; considers
all the terms concurring to the energy balance between losses and gains: thermal losses through opaque walls, exchanging with
external environment or other differently heated/cooled zones (the ground is included) (Qll ), through windows and glazed surfaces
(le), thermal losses due to infiltration/ventilation (Q13), solar gains through windows (QM), and internal thermal gains (Q,S). Each of
the terms Q; can depend on the characteristics of the envelope components, external climate, and use of the building.

In summary, when the thermal system is operating, T, may be higher or at least equal to the set point temperature T5{* (vice versa,
on cooling mode, T, may be lower or at least equal to the set point temperature T¥"). Instead, when the thermal system is switched-off,
Q Jc 18 equal to zero and the evolution of T, is evaluated by the first case of Eq. 4. The free-floating evolution of T, is necessary for the
evaluation of Q4. As previously mentioned, Egs. 3 are solved for each timestep, typically 1 h.

In the end, hourly profile for heating and cooling loads is estimated. This profile is aggregated into two figures, the seasonal heating
requirement and the seasonal cooling requirement, to be compared with energy bills for the assessment of the dynamic tuning co-
efficients (see next Section 2.2). Alternatively, the calibration can be performed also in case of a shorter period of available monitored
data (see Section 5.4). Fig. 2 represents the building as schematized by the model.

Equivalent thermal zone dynamic capacity, K,

The equivalent thermal zone dynamic capacity, K, is evaluated as:

K, = ZKint.pAp (6)
p

where Kj., is the areal heat capacity of each wall p (internal side, both internal and external walls), as defined in ISO 13786:2017 [20].
The two dynamic coefficients f and . are two tuning parameters that will be described in Section 2.2.

Thermal losses through opaque walls, Q;

The term Qu is evaluated through the set of Eq. (7), which includes the steady-state term for each “p” wall (Eq. (7b)), the dynamic
term for each “p” wall (Eq. (7c)), the heat exchange with the ground (Egs. (7d)-(7g)), Steady-state moving daily-average temperature
difference (Egs. (7e)-(71)).

-t -t -t -t
Qll = Z (bfTQsmtp + Qdyn,p ) + Qﬂoor (73)
p
.t .
Qstat,p = U-‘mﬁP APAT;atp (7b)
-t —t
Qdyn.p = Udyn,p AP ATdyn.p (7C)
Q;loor = statﬂourA OOTH‘;IOO" (7d)
_T[ 1 < ~t
A statp :ﬂ Z (Tgolfair.p - Tz) (78)
24
. 1 ¢ v
ATfiyn.p :ﬂ Z (T';ol—air,p) - Tﬁalf:zir.p (71)
t—24
— ~t
Aleonr = (< Texe > — Tz) (7g)

Ustat; Ugyn > @, are, respectively, the steady-state, dynamic periodic thermal transmittance, and time shift of the wall, as defined in [20].
Ustat floor is defined in [21]. by, is defined as in [22], used for heat exchange with other differently heated/cooled or unheated/uncooled
zones. For heat exchange with outdoor environment, b, = 1. In Egs. (7e) and (7f), Tsy_qr is the sol-air temperature as defined in
Ref. [23].

We stress out that the values of the terms King, (in Eq. (6)) and Ugyyp (in Eq. 7.c) are defined as in ISO 13786 [20] and refer to the
analytical exact solution of the transient one-dimensional heat equation in multi-layer slabs via Laplace transform and transmission
matrices [24]. Sinusoidally excited walls on a 24-h period are assumed for the calculation of the matrix coefficients.

Thermal losses through windows, Q;,
The energy exchanges through glazed elements are evaluated as in Eq. (8):



E. Schito et al. Journal of Building Engineering 91 (2024) 109237

(%)
£ Solar gains through windows Text
= asor [ 1w \/\/\/\/ @—( [1
= Light/Glazed elements
8 ! | - External temperature
= —AAN—
}_O Internal gains Ventilation losses Instantaneous energy fluxes
I | —_—
Steady-state Sol-air
T (1) Tset thermal transmittance temperature
e % —AAA G
1]

ﬁ24h .
Thermal demand sol—air

Quiye T BucK, ( ) |

J_ Dynamic heat flux
- Tt_¢ )

£
Udyn,pAp (Tsol—air ~ Ysol-air

Fig. 2. Representation of the building envelope as schematized by the model, with nodes representing the distributed capacity and resistance.

. ot
Qo= UnnAv (T — T.) @®
w
The term U}, , represents the thermal transmittance of the “w” window, including the additional resistance of shutters, if present

and used.

Thermal losses due to infiltration and ventilation, Q,3
The thermal losses due to the air flows are evaluated as in Eq. (9):

t

Ql3 = m\t/entcp-,ﬂir(szxt - ,’I\'Z ) )

The term i, represents the overall mass flow rate due to infiltrations and ventilations in each timestep.

Gains due to solar radiation through windows, Q,,
Solar heat gains are evaluated as in Eq. (10):

Q14 = Q5] X ZgWFsh,ob,wFsh,gl,w (1 - Ff.w )Awiw (10)
w

The term between brackets represents the solar thermal gains equation as defined in Ref. [25], while a,, is a solar gain tuning
parameter that will be discussed in Section 2.2.

Thermal gains due to occupants, electrical appliances, and lighting, Q5

Heat gains simply read as:

QISZ ZWel+Zanin (€N D)

2.2. Estimation of the dynamic tuning coefficients and aggregation on daily basis

In the SEAS-Dyn model, three tuning coefficients are introduced: g, i, and asor. The  parameters modify the equivalent thermal
zone dynamic capacity (Egs. 2 and 3), while the asop, adjusts the solar gains entering through the glazed surfaces (see Eq. (10)). Both
thermal capacity and solar gains strongly influence the heating/cooling requirements, especially in buildings with intermittent use of
the generators. Differently from the other input data, however, those values are hardly estimated.

The tuning parameters are initially set to 1, and then estimated through an iterative procedure’, based on the knowledge of
seasonal energy bills, usually easily available on 1-month, 3-month or 6-month basis. In this case, the effect of energy system efficiency
should be eliminated, to compare the ideal requirements at the envelope (which are the output of the tool). It is also possible to
calibrate the model using monitored data, for example by means of heating metering at terminal units. In this case, the input data may
better fit to the purpose, representing the energy load actually delivered to the zone. This possibility is furtherly discussed in following
Section 5.4.

As the model discussed in Egs. 1-11 is based on physical mechanisms, only a slight correction of the energy amount is expected

! The iterative procedure starts with the evaluation of the energy requirements using default values for the tuning parameters. Afterwards, the error between the
actual seasonal energy uses and the energy demands obtained by SEAS-Dyn is evaluated varying the tuning parameters (first separately, then simultaneously). The
procedure is repeated until convergence. As previously stated, this procedure is applicable only in buildings where past energy bills are available. More details are
available in Ref. [34].
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through the three tuning parameters, with the final energy requirement remaining in the same order of magnitude of the initial guess
value. In other words, the three tuning parameters should be close to 1, indicating that the model estimates the seasonal heat/cool
requirements with good approximation and only a small amendment is necessary, for instance due to walls being subject to a non-
sinusoidal thermal excitation function on a 24-h period.

According to the definitions given by Fumo et al. [26], this type of calibration seems to fall into the following category: “automated
techniques for calibration based on mathematical approach”.

In other words, the comparison of the seasonal energy bills with the values of seasonal energy as evaluated by SEAS-Dyn allows for
the assessment of the tuning parameters, but this does not prove the capability of the simplified tool in correctly estimating the daily
heating and cooling demands, which are the actual output of the tool.

After this step, the new heating and cooling hourly profiles evaluated by SEAS-Dyn are aggregated on daily basis. The procedure is
schematically summarized in Fig. 3.

2.3. Remarks on SEAS-Dyn modeling approach

SEAS-Dyn can be considered a “grey-box” model, combining physical equations reproducing building’s physics mechanisms, with a
limited number of calibration parameters, to be empirically estimated. On the one hand, comparing SEAS-Dyn’s model to a generic
quasi-steady-state method highlights its principal novelties.

even if the input data volume is similar to the one of quasi-steady-state models, the simulation is performed on hourly basis, and
results are aggregated on a daily basis (more details on this discrepancy are discussed in Section 5.5):

the effects of thermal inertia of the walls are accounted through specific terms, such as Q;yn » and Kin;

the effects of solar gains on walls and extra thermal radiation to the sky is accounted using an equivalent sol-air temperature;
the three dynamic tuning coefficients represent adjusting factors for inertia and solar gains, which strongly influence the results and
are difficult to estimate (more details in Section 2.2).

On the other hand, comparing SEAS-Dyn’s model to a full dynamic tool shows that.

simulation cannot be performed only for existing buildings, thus SEAS-Dyn cannot be used for early-design phase;

the required number of inputs is lower. As an example, the following parameters are not necessary in SEAS-Dyn: thermal and
optical performances of the windows, view factors among the walls, sol-to-air factor, share of internal radiative and convective
gains, convective and radiative effects of the HVAC system;

the number of state space variables is limited, as only energy requests are assessed. Differently from dynamic tools, as an example,
inside and outside temperature of each wall, relative humidity, and thermal comfort indicators cannot be estimated.

3. The methodology used

The aim of this paper is to check the reliability of SEAS-Dyn in providing trusted daily heating and cooling requests, still

Building data Energy bills

Determination
geometry of the
zone

Determination
composition of
the wall layers

Determination
composition of
glazed elements

Determination
climatic data

Determination
user' profiles

Seasonal
energy bill for
heating service

Seasonal
energy bill for
cooling service

")
: J
.
Implementation Evaluation of
of all the data in P hourly heating Aggregation to 3 Comparison with
and cooling seasonal scale seasonal energy bills
the tool
demands

Fig. 3. The methodology used by SEAS-Dyn.

v

Evaluation of the three
tuning parameters

Evaluation of hourly
heating and cooling
demands

2

Aggregation on daily
heating and cooling
demand
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maintaining the seasonally based tuning coefficients determined through the tuning procedure. To do so, in this piece of research, we
compare the SEAS-Dyn and TRNSYS daily results on daily scale. The choice of comparing SEAS-Dyn with a full-dynamic tool is due to
the needing of testing our tool on a wide range of different case studies, in different climates, having diverse thermo-physical properties
at the envelope, and being variously used by occupants’. In several pieces of research, in fact, only the testing of novel tools on a huge
number of test cases allowed scholars to find limits in the application. This would have not been possible if only a few real case studies
had been tested, using monitored data. We are aware that even TRNSYS may not provide accurate results for all case studies without
proper validations by means of real data. However, we believe that valuable insights on the reliability of this tool can be provided also
in this way.

The procedure for the validation is briefly represented in Fig. 4. A set of case studies are defined, each of which has specific building
features and user profile. The hourly profiles of heating and cooling requirements provided by both the tools are aggregated on
seasonal scale, with the aim of evaluating the three tuning parameters. Then, the daily heating and cooling profiles are created with the
two tools and compared, testing the robustness of the proposed model.

In summary, TRNSYS serves a threefold purpose in this study: (i) to provide, in a relatively fast way, energy loads data on a set of
different case studies; (ii) to take the place of the energy bills in the procedure discussed in Section 2.2 (and Fig. 3), needed to evaluate
the tuning parameters; and (iii) provide the daily energy requirements for validation purposes.

To assess the accuracy of the simplified model on the prediction of energy demands on a daily basis, the normalized mean absolute
error, nMAE, is defined:

N
Z |QH/ .REF.day —QH/C,day ‘
day

nMAEy,c = N___ x 100 (12)
e max (Qu/crerday) — TN (Qr/c REF day)

with N as the number of days in which either SEAS-Dyn or TRNSYS detects a non-zero value for daily building thermal energy demand,
a quantity which is labelled as Q¢ rer,day if referring to TRNSYS output or as Q¢ dqy if representing a SEAS-Dyn result.

For each test case, two values of nMAE are assessed, one referring to the heating period (subscript H), the other to the cooling period
(subscript C). This indicator is often adopted in similar circumstances [3].

4. The dataset

A set of 61 cases were defined, differing from external climate, size, use, building envelope characteristics, and users’ occupation
schedules. From a geometrical point of view, all the tested buildings are considered as rectangular boxes, while introducing three
categories.

Building data
Determination Determination Determination Determination Determination
geometry of the| | composition of | | composition of climatic data user' profiles
zone the wall layers | |glazed elements P
( J
T
y Evaluation of
Implementation ) " "
. | hourly heating Aggregation to . Evaluation of the three
of all the data in 77| and cooling seasonal scale —> Comparison —> tuning parameters
the tool
demands
Evaluation of hourly
heating and cooling
demands
Aggregation to *
seasonal scale
- Aggregation on daily
Implementation hEvarllualtwlont;f heating and cooling
of all the data in—3p{ TOUrlY Nealing demand
and cooling
the tool : a
demands Aggregation to % Comparison/
daily scale = Validation
Determination Determination Determination i _ .
geometry of the | | composition of | | composition of ?;ﬁ:ﬁ;?én:;?a ¢ I?;gm'rgz::sn :]d(:::'ggg
zone the wall layers | |glazed elements P P

TRNSYS simulation

Fig. 4. The methodology proposed for the validation of the daily heating and cooling profiles of SEAS-Dyn.
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e office (floor area: 20 m?), structure with one external west-facing wall, the three other walls, as well as floor and ceiling, adjacent to
similar heated/cooled spaces;

e flat (floor area: 80 mz), building with three external walls (west, south, north), while the other wall, the ceiling and the floor
adjacent to similar heated/cooled spaces;

o villa (floor area: 158 rnz), with the eastern wall facing another similar heated/cooled space; all the other vertical walls and roof
exchange energy with the external environment, the floor faces the ground.

For every typology of building, a window is installed on each external vertical wall.

Three cities are chosen from Northern to Southern Italy, representing an external climate spanning from colder to milder: Turin,
Pisa, and Catania. The climatic data, in terms of hourly values of temperature, solar radiation on the horizontal, relative humidity and
wind speed, are provided in [27]. The geographic location influences also the characteristics of the building layers’ structures, which
have been chosen following the prescription of technical note UNI/TR 11552:2014 [28].

As regards users’ profiles, they influence both the values of heat gains per occupant, as in ISO 13792:2012 [29] and ISO 8996:2021
[30] and the operational scheduling of the heating and cooling systems. The thermal system, in fact, can be activated only from 6 a.m.
to 10 p.m., but the actual operational times depend on the presence/absence of occupants inside the thermal zone. Heating and cooling
set-points are chosen equal to 20 °C and 26 °C. As for the users’ profiles.

o for flats and villas three kinds of profiles are introduced:
o Retiree: the thermal zone is occupied by two people, in an almost continuous way.
o Family: four people that stay in the thermal zone from the late afternoon to the early morning hours on workdays and for most of
the time during the weekend.
o Worker: a single resident that leaves the building from 8 a.m. to 5 p.m. on workdays and from 10 a.m. to 5 p.m. during the
weekend.
o for the office, the user profile describes a single individual working from 8 a.m. to 6 p.m. every day except Saturdays and Sundays.

A summary of the various combinations of the case studies, together with the tags that summarize the description of each dataset
building, are reported in Table 1. The table entries are ordered by geometry, user’ profile, geographic location and layering of walls.
For example, the case Villa HR_R_PI MLPO1_COPO04 indicates a villa with a horizontal roof (“HR”), two retired occupants (“R”), in Pisa
(“Pr’), made of MLPO1 (solid brick masonry) and COP04 (walkable flat roof) as building elements, according to the definitions by
(Italian Committee for Standardization, 2014) and [31]. Appendix A reports further details on the thermal features of the opaque and
glass enclosures.

As Table 1 shows, the thermal loads of the 61 test cases are influenced by different climates, different user’ profiles and charac-
teristics of the building envelope. Just to mention a few discordant elements, there are buildings where the cooling load is more
significant than the heating one, due to the external climate, and vice versa; buildings with a more regular use and others with a high
intermittency; buildings where the thermal capacity effects are more relevant than in others.

Overall, the annual heating requirements of the 61 case studies range from a minimum value of about 120 kWh to a maximum one
of more than 30,000 kWh; for the annual cooling requirements, the values range from about 100 kWh to about 2500 kWh. Fig. 5
compares the energy requirements for heating and cooling of the dataset. In particular, the range of daily heating and cooling requests
isshown in Fig. 5 a, where each colored bar represents the 25th and 75th percentiles and each central mark the median of the load. This
representation points out the variability of the daily energy requests, which can be scattered (the space within whiskers is broaden), or
low and more constant (the space within whiskers is narrow). Fig. 5 b, instead, reports the comparison of the heating and cooling
energy demands on a seasonal basis, to point out that case studies with high heating requests may have low cooling requests, and vice
versa. Some descriptive figures of the 61 case studies are displayed in Appendix B, together with the values of the tuning coefficients for
those test cases. In most cases, the tuning coefficients are close to 1, hinting the soundness of the physical model.

Table 1
Characteristics of the test cases, in terms of geometry, users’ profile, geographic location, and envelope features. To identify the case study by the combination of
features, the tags between brackets and quotes are used.

Type of building User’ profile External climate

e Flat (“Flat™) e Family (“F’) e Turin (“TO”)
e Villa with flat roof (“Villa HR™) e Retirees (“R™) e Pisa (“PI")
e Villa with sloped roof (“Villa SR™) e Worker, for dwellings case (“W”) e Catania (“CT”)
e Office (“Office”) e Worker, for office case (no ID)
Building envelope: structures (more details in Appendix A) Building envelope: windows (more details in Appendix A)
e Uninsulated elements: o Single-glazed (only associated with uninsulated structure)

o walls: “MLP01”, “MLP03”, “MC003”, “MCO05”; e Double-glazed (only associated with insulated structure)

o roof: “COP04”, “CIN04”

e Insulated elements:
o walls: “MCV03”, “MCV04”, “MPF03”;
o roof: “COP03”, “CIN02”, “CINO3”
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Table 2
Simulation results for Turin. In the table, “v'”, “/\”, and “X” are used, respectively, for nMAE indicator being lower than 10%, between 10% and 15%, and higher than
15%.

Test case D nMAE¢ [%] nMAEy [%]

Flat_F_TO_MCOO05 1 3.4 v 6.1 v
Flat_F_ TO_MCV04 2 4.1 v 6.8 v
Flat_R_TO_MCOO05 3 4.5 v 1.9 v
Flat_ R_TO_MCV04 4 6.3 v 3.1 v
Flat W_TO_MCO05 5 4.1 v 2.9 v
Office_ TO_MCV04 6 8.6 v 10.5 A
Office_.TO_MPFO03 7 8.5 v 10.2 A
Villa_SR_F_TO_MCOO05_CIN02 8 2.7 v 4.1 v
Villa_SR_F_TO_MCOO05_CINO3 9 2.9 v 4.4 v
Villa_SR_F_TO_MCV04_CINO2 10 3.0 v 4.4 v
Villa_SR_F_TO_MCV04_CINO3 11 3.2 v 4.7 v
Villa_SR_F_TO_MLP01_CINO4 12 3.7 v 8.9 v
Villa_SR_R_TO_MCO05_CINO2 13 4.3 v 2.0 v
Villa_SR_R_TO_MCO05_CINO3 14 4.7 v 2.0 v
Villa_SR_R_TO_MCV04_CIN02 15 5.1 v 2.4 v
Villa_SR_R_TO_MCV04_CINO3 16 5.6 v 2.5 v
Villa_SR_R_TO_MLPO1_CIN04 17 5.0 v 3.1 v
Villa_SR_W_TO_MLPO01_CIN04 18 4.9 v 4.3 v
Villa_HR_F_TO_MCO05_COP03 19 3.0 v 4.7 v
Villa_HR_F_TO_MCV04_COP03 20 3.4 v 5.0 v
Villa_HR_F_TO_MLP01_COP04 21 3.6 v 9.0 v
Villa_HR_R_TO_MCO05_COP03 22 5.4 v 2.2 v
Villa_HR_R_TO_MCV04_COP03 23 6.2 v 2.8 v
Villa HR_R_TO_MLP01_COP04 24 5.6 v 3.4 v
Villa HR_W_TO_MLP01_COP04 25 4.8 v 4.6 v

Table 3
Simulation results for Pisa. In the table, “v”, “/\”, and “X” are used, respectively, for nMAE indicator being lower than 10%, between 10% and 15%, and higher than
15%.

Test case ID nMAE¢ [%] nMAEy [%]

Flat_F_PI_MCV04 26 4.4 v 7.3 v
Flat_F_PI_MLP0O3 27 2.8 v 6.9 v
Flat W_PI_ MCV04 28 5.5 v 4.4 v
Flat R_PI MCV04 29 6.2 v 4.2 v
Flat_R_PI_MLP0O3 30 3.9 v 3.1 v
Office_PI. MCV04 31 8.2 v 14.6 A
Office_PI MLPO1 32 8.2 v 9.4 v
Villa_SR_F_PI_MCV04_CIN02 33 2.2 v 4.3 v
Villa_SR_F_PI MLP01_CINO4 34 2.8 v 8.0 v
Villa_SR_W_PI_MLP01_CINO4 35 3.4 v 4.4 v
Villa_SR_R_PI MCV04_CIN0O2 36 3.3 v 3.0 v
Villa_SR_R_PI_MCV04_CINO3 37 4.0 v 3.0 v
Villa_SR_R_PI MLP01_CINO4 38 4.1 v 3.4 v
Villa_HR_F_PI MLP01_COP04 39 2.4 v 8.0 v
Villa_HR_R_PI_MCV04_COP03 40 4.5 v 3.2 v
Villa_HR_R_PI MLP01_COP04 41 4.1 v 3.8 v

5. Results and discussion

5.1. General considerations on the results

Table 2, Table 3, and Table 4 report the values of the indicator chosen for the comparison, nMAEyc, for the analyzed test cases. For
the sake of clarity, a “v’” check mark is used if the nMAE indicator is lower than 10%, set as threshold limit. As shown in the three
tables, SEAS-Dyn provides accurate daily results for both heating and cooling requirements, in the three reference cities: nMAEy is over
the threshold limit of 10% only for a very limited number of case studies (5 out of 61); nMAE is instead always below the threshold
limit. This latter result is of particular importance, given the typical difficulty of tools in the assessment of cooling loads, which are
differently affected by weather, internal loads, envelope, and operations [32].

Fig. 6 and Fig. 7 the correlation of nMAEy to the seasonal heating/cooling demands per floor area and compare specific types of
buildings, external climates, and users’ profiles. As for the cooling loads, the 61 results show that values of nMAE( are always in the low
error zone (less than 10%) and frequently below 5% (see Fig. 6).

Also in the heating season, most cases show excellent accuracy in the estimation of daily heating requirements; only office cases
have nMAEy higher than 10%. For these cases, it emerges that lower heating requirements correspond to higher nMAEy. The highest
value of nMAEy is slightly over 15%, so, also in the heating season, SEAS-Dyn results match TRNSYS outcomes.
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Table 3, and Table 4; (b) total seasonal energy needs (log—log plot).
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Fig. 7. nMAEy vs. seasonal heating energy demand per floor area: (a) effect of building type; (b) effect of external climate; (c) effect of users’ profile.

As opposed to the cooling outputs, Fig. 7 ¢ shows that it is possible to identify a correlation between users’ profiles and heating
requirement estimations. Retiree and worker case studies have nMAEy lower than 5%, while family case studies — characterized by
more variable gains among hours and days — have nMAEy ranging from 5% to 9%.

Overall, the proposed model can be considered as validated, being able to predict not only the seasonal energy demands, but also
those on a much shorter timescale, i.e., the daily one, with no need for an additional tuning procedure.

5.2. Illustration and discussion of notable examples

In this section, SEAS-Dyn results and reference outcomes are compared in more detail for two case studies, differing for typology of
building and users’ profile.

The chosen test cases are.

Flat R CT MCV03, a test case with medium energy requirements in both heating and cooling seasons (Q¢ rer = 16.5 kWh/ (mzyear) s
Qurer = 24.7 kWh/(m?year)), which shows low errors:

o0 nMAE¢ = 3.3%;

o nMAEy = 5.0%;

Office. CT_ MCOO03, a test case with high energy requirements in the cooling season and low energy requirements in the heating

season (Qcrer = 37.8 kWh/(m?year), Qurer = 16.2 kWh/(m2year)), showing a different behavior in the simulation of the two
periods:

o NMAE; = 4.9%,
o NMAEy = 13.2%.
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301 Qc per .
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Qy, Rer ]
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Fig. 8. Flat R CT_MCVO03 daily thermal energy demand, SEAS-Dyn vs. reference results.
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For both examples, daily requirements of heating/cooling and duration curves for the two seasons are compared.

The first analyzed case is Flat R CT_MCVO03, the results of which are excellent from the point of view of correlation among daily
energy requirements for cooling: the value of nMAE_ is equal to 3.3%. The performance on the heating season is also very good: nMAEy
is equal to 5.0%. Fig. 8 shows the evolution of the daily energy requirements for heating and cooling by SEAS-Dyn, compared with
benchmark results. The same conclusions are achievable by examining the duration curves in Fig. 9: the proposed model follows very
well the dynamics of the building requirements during the whole year, with cooling daily thermal demands comparable to heating
demands.

The test case Office. CT_MCOO03 has one of the lowest values of nMAE¢; however, the correlation between values in the heating
season is among the lowest. Fig. 10 shows that SEAS-Dyn and benchmark daily energy requirements are more similar in the cooling
season, but differ during the heating period and also in the transitional period between winter and summer, where SEAS-Dyn still
calculates heating energy requests that TRNSYS set to zero or even accounts as cooling requests. This is the main reason of the higher
error in the heating season (nMAEy = 13.2%). Although the differences in the seasonal energy requirements, the duration curves in
Fig. 11 confirm the validity of the tool in the estimation of the daily thermal needs.

5.3. Reliability of the tool in different external climate

An additional test for assessing the reliability of SEAS-Dyn has then been performed, employing different values of external climate
for the three cities. This investigation aims to verify whether the tuning coefficients can be maintained constant at the values pre-
viously found for each case study. In other words, it aims to ascertain that the calibration of the tuning coefficients on the energy
demands of a specific year can remain valid in subsequent years, during which different climatic conditions are expected. Only this
verification provides the assurance that the model can be applied over multiple years of analysis without the need for parameters’
update. For this analysis, real data of 2015 and 2018 has been used [33]. Some metrics showing the differences in external temperature
between 2015, 2018 and the TMY [27] are shown in Table 5. Table 6 reports the estimated value of nMAE for a selection of test cases
this analysis has been tested on.

For these cases, the calibration with TMY climate has provided the tuning coefficients, kept equal also in the simulations in 2015
and 2018. The values show that the tool provides accurate daily results for both heating and cooling loads, in the two years: the error
indicator is typically below 10%, without relevant differences on type of building, users’ profile, or climate.

5.4. Reliability of the tool with a short-time calibration

The previous analyses have checked the reliability of SEAS-Dyn by using a calibration procedure based on annual heating and
cooling loads. In this section, the model is further tested to assess if the tool can be fruitfully applied if the real energy requests, needed
for the calibration, can be monitored for a shorter period (e.g., weeks). This would result in a faster application of the tool: for example,
in the case of availability of a short period of heating measurements at terminal units, lacking a complete set of energy bills covering an
entire thermal season.

For this analysis, the tuning parameters of the model have been calibrated, for each case study, using the energy needs in the 7-day
period with the lowest and highest external temperatures, and then kept constant for the year-round simulation. The nMAE indicators,
provided in the three tables in Appendix C for sake of brevity, demonstrate that SEAS-Dyn correctly predicts the daily heating and
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Fig. 9. Comparison of duration curves of heating energy requirements (left) and cooling energy requirements (right) for Flat R. CT MCVO03.
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Fig. 11. Comparison of duration curves of heating energy requirements (left) and cooling energy requirements (right) for Office. CT_ MCO03.

cooling needs also in this case, with only 5 cases out of 61 where nMAEy overpasses 10%. The values of nMAE( are instead always
below 10%. The estimates of nMAEy and nMAE in case of short-time calibration are similar to those calculated using the seasonal
calibration procedure, with only a marginally worsening of the indicators. Figure C1 represents these findings.

5.5. Summary of results and limits of the model

The analysis of the test cases has shown very encouraging results concerning energy demand prediction capability of the model on a
daily basis. All cases perform well in the cooling period, with average daily errors lower than 10% with respect to reference results.
Also in heating period, SEAS-Dyn provides sound results for most cases, even if there are some inaccuracies with specific types of users’
profiles (e.g., profiles with a high variability among hours and days). This was a partially expected result: in fact, in Ref. [34], the
procedure to evaluate the tuning parameters was found difficultly appliable in case studies with very-low cooling energy demands.
This can be explained by considering the results obtained in the Office. CT_ MCOO03 case: the energy balance gives unrealistic results
when the heat gains and heat losses are close. In any case, as the majority of buildings in Europe have high energy consumption [35],
SEAS-Dyn can be successfully employed in most cases.

The results of the additional analyses have pointed out also that SEAS-Dyn performs successfully if applied on a multi-year period,
and with a limited availability of energy demands for model calibration.
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Table 4
Simulation results for Catania. In the table, “v'”, “/\”, and “X” are used, respectively, for nMAE indicator being lower than 10%, between 10% and 15%, and higher than
15%.

Test case ID nMAE¢ [%] nMAEy [%]
Flat F_CT_MCV03 42 4.9 v 8.2 v
Flat_ F_CT_MLP03 43 3.5 v 8.3 v
Flat_ R_CT_MCV03 44 3.3 v 5.0 v
Flat R_CT_MLP03 45 2.1 v 3.4 v
Flat W_CT_MCV03 46 6.6 v 4.9 v
Flat W_CT_MLP0O3 47 3.5 v 3.9 v
Office_CT_MCO03 48 4.9 v 13.2 A
Office_CT_MCV03 49 6.0 v 15.3 X
Villa_SR_F_CT_MCV03_CIN04 50 7.1 v 4.4 v
Villa_SR_F_CT_MLPO01_CINO4 51 7.8 v 7.4 v
Villa_SR_R_CT_MCV03_CIN04 52 3.1 v 2.7 v
Villa_SR_R_CT_MLP01_CINO4 53 3.8 v 3.0 v
Villa_SR_W_CT_MCV03_CIN04 54 4.9 v 2.6 v
Villa_SR_W_CT_ MLP01_CINO4 55 5.3 v 4.2 v
Villa_HR_F_CT_MCV03_COP04 56 6.7 v 4.9 v
Villa_HR_F_CT_MLP01_COP04 57 7.2 v 8.1 v
Villa_HR_R_CT_MCV03_COP04 58 3.7 v 3.0 v
Villa HR_R_CT_MLP01_COP04 59 3.8 v 3.7 v
Villa_ HR_W_CT_MCV03_COP04 60 5.8 v 2.9 v
Villa_HR_W_CT_MLP01_COP04 61 5.9 v 4.6 v
Table 5
External temperature in 2015, 2018 and TMY for the three climates.
Year Minimum Tey [°C] Text [°C]: 25th percentile Text [°Cl: 50th percentile Text [°C]: 75th percentile Maximum Tey [°C]
Turin 2015 —6.4 5.3 11.9 18.6 32.9
2018 -9.3 4.4 12.3 19.4 31.8
TMY -6.8 4.9 12.6 20.0 343
Pisa 2015 -2.0 9.3 14.1 20.6 36.4
2018 —4.3 9.3 15.1 21.3 33.4
TMY —6.8 9.8 14.6 19.9 33.1
Catania 2015 2.3 11.0 16.9 23.2 38.2
2018 2.1 11.8 17.1 22.5 37.8
TMY -0.4 12.8 17.5 22.8 43.6
Table 6
Results of the application of SEAS-Dyn in multi-year analysis.
Test case ID Multi-year analysis
nMAE; [%] nMAEy [%]
2015 2018 2015 2018
11 2.5 2.0 5.0 4.3
24 3.8 3.0 3.4 2.7
27 2.9 3.1 7.3 6.2
30 3.7 4.1 2.3 1.9
31 7.4 13.1 7.4 11.9
35 3.8 41 35 3.4
44 6.8 7.1 4.5 4.6
61 4.0 5.3 3.1 3.3

Furthermore, analogous tests have been conducted seeking correspondence between SEAS-Dyn and reference outputs also on an
hourly basis. Despite an actual synchronicity between the time series of thermal energy requests generated by the two models, cor-
responding hourly values differ too much to ensure an acceptable degree of accuracy of SEAS-Dyn. This last study sets the limits of the
proposed simplified model to the application at daily time scales.

6. Example of application

SEAS-Dyn can be fruitfully applied to various tasks, as forecast of daily energy loads of buildings and consequent optimized
planning of the energy procurement. This can be of particular interest in “off-grid” buildings, i.e., buildings with heating system fueled
by energy sources that need to be stored onsite. Examples of those energy sources are biomass or liquefied petroleum gas: both are
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usually stored in tanks or other storage facilities nearby the buildings where they are used. The application of SEAS-Dyn on this type of
system can ensure continuous availability and prevent service outages. In fact, the possibility of forecasting the daily energy load of
those buildings in the next future can help users in planning the supplying of energy sources. For this type of application, the
employment of full dynamic tools, providing hourly results, is unnecessary; at the same time, the monthly scale of quasi-steady-state
models may not provide results with the sufficient time granularity.

For a better understanding, SEAS-Dyn is applied on one of the previous test cases, namely Villa SR R TO MCOO05_CINO2 (Test case
#13), where a liquefied petroleum gas tank is supposed to be installed (volume of the tank: 1000 1, lower heating value: 6.79 kWh per
liter). Initially calibrated using the short-term procedure discussed in Section 5.4, the model provides the daily heating load for the
following period. An average efficiency of the heating system, equal to 0.85, is considered.

Fig. 12 shows the results, which highlight a good correspondence of energy input during the whole period. The corresponding
indicators for this case study are nMAEy = 1.9% and nMAE; = 4.7%. Therefore, the forecast by SEAS-Dyn on the need of liquefied
petroleum gas procurement is only one-day ahead of the one predicted by TRNSYS.

7. Concluding remarks

In this paper, we presented SEAS-Dyn, a simplified dynamic building model, capable of predicting daily thermal energy uses in both
heating and cooling seasons. The model equations describe the physical terms involved in the building energy balances. Three tuning
coefficients are used for a more accurate modeling of two influencing terms of the building thermal behavior: the wall thermal inertia
and the solar gains through windows. The input data volume is similar to that needed for quasi-steady state models; the only additional
inputs are energy requirements, derived from energy bills or in-field measurements, needed for coefficients’ calibration.

To check the accuracy of SEAS-Dyn in assessing the daily heating and cooling loads, the model was tested on 61 building types
(differing from external climate, geometry, envelope, and users’ profile). The results show a good prediction of both heating and
cooling daily demands, practically independently from the building typology and climate. In particular, the error in the estimation of
daily cooling requirements has been found to be always lower than 10%. As for daily heating demands, the error exceeds the 10%-
threshold only in 5 out of the 61 cases. Besides, a correlation between very-low heating requirements and higher errors occurs. Further
tests have been carried out, confirming the reliability and robustness of the tool also in other typical scenarios of its application, which
are a multi-year application, or a limited volume of input data for the coefficients’ calibration.

Considering the soundness of the results, SEAS-Dyn can be seen as an evolution of quasi-steady-state models, providing daily
dynamic energy load estimates for heating and cooling service using the same input data volume typically required by tools providing
monthly results. Thus, it can be used as a plain and simplified tool for daily dynamic energy analysis of the building envelope and its
heating/cooling system. To this purpose, an example of application is proposed (i.e., forecasting of energy procurement).

As a next step, SEAS-Dyn could be further expanded through the concurrent energy modeling of both envelope and energy systems,
allowing the assessment of the total energy requirements and the effectiveness of refurbishment measures. This aspect is of particular
interest for the application of the model also in the context of energy audits, assessment of the energy requirement reduction, and
economic convenience of energy efficiency measures. Finally, the tool will be tested on measurements from a real case study, to
evaluate possible change of accuracy and add insights on the interpretation of the calibration coefficients.
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Appendix A

Table A.1

Thermal features of the envelope opaque structures, as defined by (Italian Committee for Standardization, 2014).

Layer Width Density Specific heat Thermal conductivity Thermal resistance
fem) kg il w K
m3 kgK mK w
“MLPO1” Structure
Plaster (internal) 2 1400 1000 0.70 -
Solid bricks 51 1800 1000 0.72 -
Plaster (external) 2 1800 1000 009 -
“MLPO3” Structure
Plaster (internal) 2 1400 1000 0.70 -
Brick blocks 30 2000 1000 0.90 -
Plaster (external) 2 1800 1000 0.90 -
“MCO03” Structure
Plaster (internal) 2 1400 1000 0.70 -
Concrete blocks 30 1400 1000 0.50 -
Plaster (external) 2 1800 1000 0.90 -
“MCOO05” Structure
Plaster (internal) 2 1400 1000 0.70 -
Solid cellular concrete blocks 30 500 1000 0.15 -
Plaster (external) 2 1800 1000 0.90 -
“MCV03” Structure
Plaster (internal) 2 1400 1000 0.70 -
Perforated bricks 8 800 1000 - 0.20
Air space 10 - 0.18
Solid bricks 38 1800 1000 0.72 -
Plaster (external) 2 1800 1000 0.90 -
“MCVO04” Structure
Plaster (internal) 2 1400 1000 0.70 -
Perforated bricks 8 800 1000 - 0.20
Insulated cavity (polystyrene) 4 15 1220 0.04 -
Solid bricks 38 1800 1000 0.72 -
Plaster (external) 2 1800 1000 0.90 -
“MPF03” Structure
Plaster (internal) 1 1400 1000 0.70 -
Concrete panel 1 1400 1000 0.58 -
Insulation layer (fiberglass) 3 30 670 0.04 -
Concrete panel 30 1400 1000 0.58 -
Plaster (external) 2 1800 1000 0.90 -

“COP03” Structure
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Table A.1 (continued)
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Layer Width Density Specific heat Thermal conductivity Thermal resistance
fem) kg - W) K

m3 kgK mK. w

Plaster (internal) 2 1400 1000 0.70 -

Brick blocks e concrete joists 16 900 1000 - 0.33

Reinforced concrete 4 2400 1000 -

Cement mortar 2 2000 1000 -

Concrete screed 6 2000 1000 1.06 -

Bituminous membrane 1 1200 1000 0.17 -

Insulation layer (polystyrene) 5 30 1220 0.04 -

Clinker floor 3 1500 1000 0.70 -

“COP04” Structure

Plaster (internal) 2 1400 1000 0.70 -

Brick blocks e concrete joists 16 900 1000 - 0.33

Reinforced concrete 4 2400 1000 -

Cement mortar 2 2000 1000 -

Concrete screed 6 2000 1000 1.06 -

Bituminous membrane 1 1200 1000 0.17 -

Clinker floor 3 1500 1000 0.70 -

“CINO2” Structure

Wooden board 3 550 1600 0.15 -

Insulation layer (polystyrene) 5 30 1200 0.04 -

Clay tiles 2 - - - 0.33

“CINO3” Structure

Plaster (internal) 2 1400 1000 0.70 -

Brick blocks e concrete joists 16 1800 1000 - 0.33

Reinforced concrete 4 2400 1000 -

Cement mortar 2 2000 1000 -

Insulation layer (polystyrene) 5 35 1220 0.045 -

Clay tiles 2 - - - 0.33

“CINO4” Structure

Plaster (internal) 2 1400 1000 0.70 -

Brick blocks e concrete joists 16 1800 1000 - 0.33

Reinforced concrete 4 2400 1000 -

Cement mortar 2 2000 1000 -

Clay tiles 2 - - - 0.33

“SOL04” Structure

Stoneware floor 2 1700 1000 1.47 -

Cement mortar 2 2000 1000 1.40 -

Lightweight concrete screed 6 900 1000 0.58 -

Cement mortar 2 2000 1000 - 0.37

Reinforced concrete 4 2400 1000 -

Brick blocks e concrete joists 24 900 1000 -

Plaster (external) 2 1800 1000 0.90 -

“SOL08” Structure

Stoneware floor 2 1700 1000 1.47 -

Cement mortar 3 2000 1000 1.40 -

Lightweight concrete screed 10 1200 1000 0.33 -

Gravel bedding layer 40 1700 1000 1.20 -

Table A.2

Thermal features of the window structures, as defined by Ref. [23].

Type of window

Thermal transmittance (frame included)

Solar transmittance

Ratio frame area and window area

w g (-] -
m?K

Single glass 5.68 0.855 0.15

Double glass 2.83 0.755 0.15
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Appendix B

Table B.1
Descriptive features of the Turin case studies: reference seasonal heating and cooling loads and tuning coefficients.

Test case ID asor be Pu Qcrer Qu REF
[kWh/m?] [kWh/m?]

1 0.68 0.83 1.10 4.9 64.6

2 0.67 0.81 1.08 4.7 68.3

3 0.58 0.97 1.10 7.8 68.2

4 0.56 0.96 1.08 7.4 72.3

5 0.71 0.89 1.08 1.3 80.4

6 0.74 1.02 0.83 25.3 45.3

7 0.74 1.02 0.83 25.2 45.8

8 0.60 0.70 0.96 1.5 125.4
9 0.69 0.80 0.98 1.4 126.3
10 0.55 0.66 0.95 1.4 134.1
11 0.63 0.74 0.97 1.3 135.3
12 0.58 0.65 0.75 2.7 169.9
13 0.67 0.91 0.99 2.7 131.2
14 0.79 0.97 1.01 2.6 131.9
15 0.65 0.88 0.98 2.7 140.9
16 0.75 0.95 1.01 2.6 141.7
17 0.67 0.81 0.86 4.3 199.7
18 0.53 0.58 0.75 1.7 176.3
19 0.67 0.80 0.98 1.3 117.0
20 0.62 0.74 0.97 1.3 125.2
21 0.53 0.61 0.76 2.1 154.1
22 0.78 0.98 1.01 2.6 122.2
23 0.74 0.95 1.01 2.5 131.0
24 0.62 0.80 0.87 3.5 180.0
25 0.44 0.50 0.76 1.1 161.0

Table B.2

Descriptive features of the Pisa case studies: reference seasonal heating and cooling loads and tuning coefficients.

Test case ID asor Pe Pu Qc rer Qi reF
[kWh/m?] [kWh/m?]
26 0.64 0.92 1.07 5.7 40.0
27 0.45 0.82 1.11 3.9 66.6
28 0.50 1.20 1.04 1.4 55.3
29 0.55 1.11 1.05 9.4 40.3
30 0.33 1.08 1.11 5.8 73.3
31 0.87 1.04 0.68 37.0 18.9
32 0.71 1.10 0.73 28.5 41.9
33 0.43 0.64 0.95 0.7 90.4
34 0.57 0.69 0.75 1.3 115.0
35 0.46 0.58 0.75 0.7 121.0
36 0.56 0.93 0.97 1.2 94.1
37 0.74 1.05 1.00 1.1 94.7
38 0.64 0.85 0.85 2.0 134.6
39 0.46 0.61 0.76 0.9 105.6
40 0.74 1.06 1.00 1.1 88.3
41 0.56 0.84 0.86 1.5 122.5
Table B.3

Descriptive features of the Catania case studies: reference seasonal heating and cooling loads and tuning coefficients.

Test case ID asor, Be Pu Qc reF QH REF
[kWh/m?] [kWh/m?]

42 0.85 0.89 0.99 12.3 25.0
43 0.78 0.84 1.14 11.9 36.3
44 0.79 0.91 1.05 16.5 24.7
45 0.67 0.85 1.22 15.7 38.9
46 0.90 0.92 0.99 5.9 38.7
47 0.90 0.92 1.07 6.3 49.2
48 0.78 0.98 0.51 37.8 16.2
49 0.89 1.00 0.37 41.7 6.2
50 0.75 0.77 0.94 11.4 70.4
51 0.70 0.73 0.74 11.2 66.3

(continued on next page)
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Table B.3 (continued)

Test case ID asor be Pu Qcrer Qu REF
[kWh/m?] [kWh/m?]
52 0.87 0.90 0.99 15.2 74.3
53 0.82 0.86 0.84 15.5 76.1
54 0.73 0.74 0.95 8.9 78.5
55 0.67 0.69 0.74 8.8 72.3
56 0.74 0.76 0.95 9.8 63.1
57 0.69 0.71 0.75 9.6 61.2
58 0.85 0.89 0.99 13.2 66.1
59 0.80 0.85 0.85 13.5 69.6
60 0.70 0.72 0.96 7.2 71.3
61 0.64 0.66 0.76 7.1 67.4
Appendix C
Table C.1

SEAS-Dyn simulation results for Turin, additional analyses on short-
time calibration.

Test case ID nMAE¢ nMAEy
[%] [%]

1 3.9% 6.4%
2 4.8% 7.3%
3 7.0% 2.2%
4 7.8% 3.5%
5 4.3% 3.0%
6 9.6 % 11.7 %
7 9.5% 11.4%
8 2.9% 4.5%
9 3.0% 4.9%
10 3.3% 4.9%
11 3.4% 5.1%
12 3.8% 9.5%
13 4.7 % 1.9%
14 4.8% 2.0%
15 5.3% 2.3%
16 5.5% 2.6 %
17 5.2% 3.0%
18 5.2% 4.5%
19 3.2% 5.1%
20 3.6% 5.5%
21 3.9% 9.6 %
22 5.4% 2.2%
23 6.1% 2.8%
24 6.2% 3.4%
25 5.3% 4.7 %

Table C.2

SEAS-Dyn simulation results for Pisa, additional analyses on short-time

calibration.
Test case ID nMAE¢ nMAEy

[%] [%]

26 5.0% 7.6 %
27 4.4% 7.5%
28 5.7 % 4.5%
29 6.6 % 4.5%
30 5.7% 3.4%
31 8.7 % 17.4%
32 7.1% 10.6 %
33 2.5% 4.5%
34 3.3% 8.2%
35 4.1% 4.4%
36 3.7% 2.7%
37 3.9% 2.8%
38 4.4% 3.3%
39 2.9% 8.3%
40 4.4% 3.0%
41 4.5% 3.7%
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Table C.3
SEAS-Dyn simulation results for Catania, additional analyses on short-
time calibration.

Test case ID nMAE¢ nMAEy
[%] [%]
42 4.8% 8.5%
43 3.5% 8.1%
44 3.4% 5.2%
45 2.9% 3.8%
46 6.6 % 5.0%
47 3.3% 3.9%
48 5.7% 15.7%
49 7.1% 21.2%
50 6.9 % 4.5%
51 7.5% 7.5%
52 2.9% 2.8%
53 3.5% 3.2%
54 4.5% 2.7%
55 4.8% 4.3%
56 6.6 % 5.1%
57 6.9 % 8.1%
58 3.4% 3.0%
59 3.5% 3.8%
60 5.4% 3.0%
61 5.4% 4.6 %
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Fig. C.1. Comparison of the nMAE indicator in the heating (left) and cooling (right) season, using the “base™ and the “short-time™ calibration.

References

[1] The European Parliament and the Council of the European Union, Directive (EU) 2018/844 of the European Parliament and of the Council of 30 May 2018,
2018.

[2] X.Li, S. Liu, L. Zhao, X. Meng, Y. Fang, An integrated building energy performance evaluation method: from parametric modeling to GA-NN based energy
consumption prediction modeling, J. Build. Eng. 45 (2022) 103571, https://doi.org/10.1016/j.jobe.2021.103571.

[3] O. Vera-Piazzini, M. Scarpa, Building energy model calibration: a review of the state of the art in approaches, methods, and tools, J. Build. Eng. 86 (2024)
108287, https://doi.org/10.1016/j.jobe.2023.108287.

[4] J. Van der Veken, D. Saelens, G. Verbeeck, H. Hens, Comparison of steady-state and dynamic building energy simulation programs, in: International Buildings IX
ASHRAE Conference, 2004.

[5] D. Testi, E. Menchetti, E. Schito, W. Grassi, An open access tool for building energy audits harmonizing European standards, Building Simulation Applications 8
(2013).

[6] A. Kresteniti, Development of a concept for energy optimization of existing Greek hotel buildings, in: SBE16 Procedia Environmental Sciences. Presented at the
International Conference on Sustainable Synergies from Buildings to the Urban Scale, 2017, pp. 290-297.

[7] A. Costantino, 1. Ballarini, E. Fabrizio, Comparison between simplified and detailed methods for the calculation of heating and ccoling energy needs of livestock
housing: a case study. Building Simulation Applications, in: BSA 2017 — 3rd IBPSA — Italy Conference, 2017 137750.

[8] L. Evangelisti, G. Battista, C. Guattari, R. De Lieto Vollaro, Analysis of two models for evaluating the energy performance of different buildings, Sustainability 6
(2014) 5311-5321.

21


http://refhub.elsevier.com/S2352-7102(24)00805-2/sref38
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref38
https://doi.org/10.1016/j.jobe.2021.103571
https://doi.org/10.1016/j.jobe.2023.108287
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref3
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref3
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref4
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref4
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref5
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref5
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref6
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref6
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref7
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref7

E. Schito et al. Journal of Building Engineering 91 (2024) 109237

[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]

[35]

E. Schito, D. Testi, P. Conti, W. Grassi, Validation of seas, a quasi-steady-state tool for building energy audits, Energy Proc. 78 (2015) 3192-3197, https://doi.
org/10.1016/j.egypro.2015.11.779.

G. De Luca, F.B.M. Degerfeld, 1. Ballarini, V. Corrado, Improvements of simplified hourly models for the energy assessment of buildings: the application of EN
ISO 52016 in Italy, Energy Rep. 8 (2022) 7349-7359, https://doi.org/10.1016/j.egyr.2022.05.120.

T. Zakula, M. Bagaric, N. FerdelJi, B. Milovanovic, S. Mudrinic, K. Ritosa, Comparison of dynamic simulations and the ISO 52016 standard for the assessment of
building energy performance, Appl. Energy 254 (2019) 113553, https://doi.org/10.1016/j.apenergy.2019.113553.

J. Arroyo, F. Spiessens, L. Helsen, Identification of multi-zone grey-box building models for use in model predictive control, Journal of Building Performance
Simulation 13 (2020) 472-486, https://doi.org/10.1080/19401493.2020.1770861.

Y. Li, Z. O’Neill, L. Zhang, J. Chen, P. Im, J. DeGraw, Grey-box modeling and application for building energy simulations - a critical review, Renew. Sustain.
Energy Rev. 146 (2021) 111174, https://doi.org/10.1016/j.rser.2021.111174.

J. Berger, S. Gasparin, D. Dutykh, N. Mendes, On the comparison of three numerical methods applied to building simulation: finite-differences, RC circuit
approximation and a spectral method, Build. Simulat. 13 (2020) 1-18, https://doi.org/10.1007/5s12273-019-0555-z.

D.B. Crawley, J.W. Hand, M. Kummert, B.T. Griffith, Contrasting the capabilities of building energy performance simulation programs, Build. Environ. 43
(2008) 661-673.

F. Johari, J. Munkhammar, F. Shadram, J. Widén, Evaluation of simplified building energy odels for urban-scale energy analysis of buildings, Build. Environ.
211 (2022) 108684, https://doi.org/10.1016/j.buildenv.2021.108684.

M. Magni, F. Ochs, S. de Vries, A. Maccarini, F. Sigg, Detailed cross comparison of building energy simulation tools results using a reference office building as a
case study, Energy Build. 250 (2021) 111260, https://doi.org/10.1016/j.enbuild.2021.111260.

H. Elarga, H. Selvnes, A. Sevault, A. Hafner, Numerical investigation of a CO2 cooling system connected to Spawn-of-energy-plus thermal zones, Appl. Therm.
Eng. 222 (2023) 119908, https://doi.org/10.1016/j.applthermaleng.2022.119908.

M. Magni, F. Ochs, W. Streicher, Comprehensive analysis of the influence of different building modelling approaches on the results and computational time
using a cross-compared model as a reference, Energy Build. 259 (2022) 111859, https://doi.org/10.1016/j.enbuild.2022.111859.

International Organization for Standardization, ISO 13786:2017. Thermal Performance of Building Components — Dynamic Thermal Characteristics —
Calculation Methods, 2017.

International Organization for Standardization, ISO 13370, 2017 - thermal performance of buildings Heat transfer via the ground, Calculation methods, 2017.
International Organization for Standardization, ISO 52016-1:2017 - Energy Performance of Buildings —energy Needs for Heating and Cooling, Internal
Temperatures and Sensible and Latent Heat Loads — Part 1: Calculation Procedures, 2017.

D.G. Stephenson, Thermal radiation and its effect on the heating and cooling of buildings, Rep. Div. Build. Res. 121 (1957) 22.

D.G. Stephenson, G.P. Mitalas, Calculation of heat conduction transfer functions for multi-layer slabs, Build. Eng. 77 (2) (1971) 117-126.

G. Oliveti, N. Arcuri, R. Bruno, M. De Simone, An accurate calculation model of solar heat gain through glazed surfaces, Energy Build. 43 (2011) 269-274,
https://doi.org/10.1016/j.enbuild.2010.11.009.

N. Fumo, M.J. Torres, K. Broomfield, A multiple regression approach for calibration of residential building energy models, J. Build. Eng. 43 (2021) 102875,
https://doi.org/10.1016/j.jobe.2021.102874.

Italian Thermotechnical Committee (CTI), National Typical Meteorological Years, 2016 (in Italian).

Italian Committee for Standardization, UNI/TR 11552 - List of the Structures Used for Building Opaque Surfaces, 2014 (in Italian).

International Organization for Standardization, EN ISO 13792 - Thermal Performance of Building - Calculation of Internal Temperature of a Room in Summer
without Mechanical Cooling - Simplified Methods, 2012.

International Organization for Standardization, ISO 8996 - Ergonomics of the Thermal Environment - Determination of Metabolic Rate, 2021.

S. Klein, TRNSYS: A Transient System Simulation Program, 2016.

A. Alyakoob, S. Hartono, T. Johnson, Ar Middel, Estimating cooling loads of Arizona State University buildings using microclimate data and machine learning,
J. Build. Eng. 64 (2023) 105705, https://doi.org/10.1016/j.jobe.2022.105705.

Global Modeling and Assimilation Office (GMAO), MERRA-2 1-Hourly, Time-Averaged, Single-Level, Assimilation, Single-Level Diagnostics V5.12.4, Greenbelt,
MD, USA, Goddard Earth Sciences Data and Information Services Center (GES DISC), 2015, https://doi.org/10.5067/VJAFPLI1CSIV, 12/2020.

D. Testi, M. Barbieri, E. Schito, P. Conti, P. Signoretti, A new simplified dynamic algorithm for energy estimation in buildings: description and validation, Build.
Simul. Conf. Proc. (2019) 306-313, https://doi.org/10.26868/25222708.2019.210384, 16th International Conference of the International Building
Performance Simulation Association, Building Simulation 2019, Rome, 2 September 2019 1.

C.A. Balaras, A.G. Gaglia, E. Georgopoulou, S. Mirasgedis, Y. Sarafidis, D.P. Lalas, European residential buildings and empirical assessment of the Hellenic
building stock, energy consumption, emissions and potential energy savings, Build. Environ. 42 (3) (2007) 1298-1314, https://doi.org/10.1016/j.
buildenv.2005.11.001.

22


https://doi.org/10.1016/j.egypro.2015.11.779
https://doi.org/10.1016/j.egypro.2015.11.779
https://doi.org/10.1016/j.egyr.2022.05.120
https://doi.org/10.1016/j.apenergy.2019.113553
https://doi.org/10.1080/19401493.2020.1770861
https://doi.org/10.1016/j.rser.2021.111174
https://doi.org/10.1007/s12273-019-0555-z
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref14
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref14
https://doi.org/10.1016/j.buildenv.2021.108684
https://doi.org/10.1016/j.enbuild.2021.111260
https://doi.org/10.1016/j.applthermaleng.2022.119908
https://doi.org/10.1016/j.enbuild.2022.111859
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref32
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref32
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref34
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref33
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref33
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref19
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref20
https://doi.org/10.1016/j.enbuild.2010.11.009
https://doi.org/10.1016/j.jobe.2021.102874
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref26
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref36
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref31
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref31
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref35
http://refhub.elsevier.com/S2352-7102(24)00805-2/sref23
https://doi.org/10.1016/j.jobe.2022.105705
https://doi.org/10.5067/VJAFPLI1CSIV
https://doi.org/10.26868/25222708.2019.210384
https://doi.org/10.1016/j.buildenv.2005.11.001
https://doi.org/10.1016/j.buildenv.2005.11.001

	A simplified dynamic tool for building heating and cooling energy requirements estimation on a daily time scale
	1 Introduction
	1.1 Context and state of the art
	1.2 Aim of the work

	2 SEAS-Dyn model
	2.1 Modeling the building thermo-physical terms
	2.2 Estimation of the dynamic tuning coefficients and aggregation on daily basis
	2.3 Remarks on SEAS-Dyn modeling approach

	3 The methodology used
	4 The dataset
	5 Results and discussion
	5.1 General considerations on the results
	5.2 Illustration and discussion of notable examples
	5.3 Reliability of the tool in different external climate
	5.4 Reliability of the tool with a short-time calibration
	5.5 Summary of results and limits of the model

	6 Example of application
	7 Concluding remarks
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Acknowledgements
	Appendix B Acknowledgements
	Appendix C Acknowledgements
	References


