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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu This paper presents a novel approach for predicting the unsteady indoor room temperature as
Keywords: resulting from the interrelation among the characteristics of the thermal plant, the temperature
Building thermal comfort regulation system, and the envelope, allowing an easy-to-handle but meaningful description. A
Energy consumption finite element model is built by dividing the analysis domain into two separate sub-systems
Building HVAC control suitably coupled. The former represents the 1D unsteady composite wall, the latter describes
Predictive the inner ambient regarded as a lumped thermal system. The development of optimal thermal
Functional control regulation strategies in terms of comfort and energy savings is made easier. Simulation results

Energy saving in building revealed that a good level of comfort can be ensured by adopting different thermal regulation

strategies for ‘light’ and ‘massive’ envelopes.

1. Introduction

In the first half of the last century, as long as it was of interest to estimate heat losses and to size winter installations in buildings
with heavy walls and small openings, it was appropriate to adopt stationary conditions, cancelling the role of the thermal capacity of
the walls, [1]. The steady-state room heat transfer corresponding to worst outside weather conditions defined the design conditions
(hereinafter referred to with the superscript “*”). The framework changed in the middle of the 20th century: light buildings provided
less capacity and their larger glazed areas allowed large solar gains. By introducing the dynamic description in heat transfer modelling,
certain phenomena well-known from experience may be considered, [2]. For instance, it is generally known from experience that
thick, massive walls, are less affected by short-term variations in ambient temperature than are thin walls. Therefore, a dynamic
description of the building-wall thermal response was required. A first approach consists in solving the Fourier Continuity Equation in
One Dimension for multilayered walls with distributed resistance and capacity: often this task is done conventionally with a simple
sinusoidal description of the outer temperature, see the comprehensive work by Davies [3-6]. In this connection, the European
regulation UNI EN ISO 13786 returns the thermal response of multi-layered walls assuming that the temperature of the internal
environment does not change in relation to the nominal value. This behaviour may be related to an infinite thermal capacity of the
internal environment or to an ideal thermal plant, able to instantly balance thermal loads. This is a straightforward matter to deal with,
it involves the introduction of the periodic transmittance to describe the heat flux at inner surface as the result of the sinusoidal
excitation at the external surface, [1]. In order to allow a more accurate description involving the interrelated behaviour among the
involved sub-systems (namely: building walls, HVAC plants and the supporting temperature regulation systems, external climate and
inner sources), a broad class of software that relies on numerical processing for simulating the unsteady thermal performance of
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buildings has been well established for many decades. There are a number of relevant examples: DOE, TRNSYS, BLAST, EnergyPlus,
Genopt, MatLab/Simulink, SUNCODE, COMSOL, [7-10]. In this category, an interesting work was proposed in Ref. [11] where a
sophisticated multi-objective algorithm interacting with EnergyPlus was implemented in Python code.

A great deal of self-produced software applications for dynamically simulating the interaction between plants and buildings can be
found, e.g. Refs. [12-18]. As regards this typology, many studies can be found which are based on the MATLAB/Simulink environment
to simulate heating plants in terms of temperature control and efficiency, [19-26]. They give surprisingly realistic information on the
operation of actual control systems, both in combination with other plants and for different types of buildings, showing the effect of
different control strategies. A novel class of papers uses a dynamic model of the process or artificial neural network trained on-site
using local indoor measurements in order to anticipate the future behavior of the system and optimize the future response of a
plant [27-31]. In any case, detailed simulation may involve the need to purchase and learn commercial software that requires re-
sources and time costs. In answer to those limitations, a FEM model coupling the 1D unsteady composite wall with a lumped thermal
system for the inner ambient is proposed. The objective is to look in an integrated way at the thermal response of the environment, the
heating plant and the building-wall, allowing for a simplified yet meaningful description. In what follows, two case studies are
considered as an application of the present model. The buildings under study are emblematic examples of modern production southern
Italy, [32,33].

2. Tools and methods

The analysis of the “building-plant system” is related to the integrated coexistence of two subsystems, Fig. 1: {1} the inner envi-
ronment, described as a lumped body, is separated from the outdoor ambient by a one-dimensional multi-layered wall {2}, described
as a body with distributed parameters. The thermal plant {3} operating in the internal environment consists of a fancoil driven by a
thermostatic or climate control; it is supposed with negligible inertia.

Numerical simulations were carried out by the finite element method on COMSOL Multiphysics. The multilayered 1D-wall was
coupled to a 0D Lumped Thermal System model. Boundary conditions of Il kind on both sides were assumed for the building-wall. The
outdoor temperature was considered as a known function, depending on the local weather conditions, while the indoor temperature
determined the coupling of the wall to the inner ambient. By analogy with electrical circuits, the FEM code provides a lumped element
model that idealizes the domain and boundary conditions for heat transfer into components which, for the present case, turn out to be
one convective thermal resistance and one thermal mass, see next paragraph. At this point, the convergence of the numerical solution
was verified by checking the effect of changes in mesh sizing, and the numerical solution was compared to a closed-form solution based
on the limiting case of infinite-capacity inner ambient.

2.1. The multi-layered wall

The wall consists of layers of material with distributed resistance and capacity where the unsteady heat transfer is due to pure
conduction. The transient state equation of heat conduction for each layer featuring the 1D geometry is

oT
pes, =V (kVT) (1]

where p is the density, c the heat capacity, k the thermal conductivity, T the temperature.
Third kind boundary conditions are prescribed on both the exposed surfaces:

n g =h (Twall(t) - Tex(. surroundings (t) ) [2]

where conduction heat transfer balances convective heat transfer at wall. The heat transfer coefficients are given on both
boundaries. Therefore, the problem turns out to be linear.
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Fig. 1. Sketch of the problem.
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2.2. The fancoil unit

The indoor heating unit is supposed to be a fancoil (FCU), i.e. a water-to-air heat exchanger; therefore, the heating capacity
delivered by the water (hot fluid, subscript “w”) to the inner air (cold fluid, subscript "i") can be cast in the form [8,34,35],

Qe = UTwi(1) = Ti(1)] [3]

where the subscript "wi" refers to the water inlet, the specific-heating-capacity U refers to the heating capacity delivered by the FCU as
driven by unitary maximum temperature difference over the device. The expression holds if the changes in temperature from the
design conditions are moderate. The use of this parameter is convenient for rating the performance of the FCU because it turns out to
depend exclusively on air and water mass flow rates. Therefore, considering design conditions, the term U* = Q,,/ [Ti; — T7] can be
easily evaluated after the knowledge of the exchanger inlet parameters alone. The latter are known for the rating problem at hand.

2.3. The inner environment

The indoor ambient is described as a lumped thermal system. This approach allows a simplified handling of the model meanwhile
retaining the essential features of the inner ambient: the inner ambient is envisioned like a sub-system made of a thermal mass, heat
capacity Cj, thermally coupled to the building envelope by the internal thermal convective resistance Ry;. The thermal mass is sub-
jected to diffusive heat loads through the wall, Q,,, and ventilation loads, Q,, while it is heated by a fancoil unit (Q,). Therefore, the
inner-ambient energy balance equation turns out to be, Fig. 1:

oT; . . .
C,'—l = o - 4
o O = Qu — Qe [4]
The instantaneous heat leaving the inner ambient is expressed with reference to the convective heat flow at the inner surface:
0, =[Ti(1) = T1(0,1)] / R [5]

where "1" indicates the first layer of the wall and Ry; = (l;A) ! is the inner resistance, A being the wall heat transfer surface area.
The ventilation term is due to an external air mass flow, Mye:

Qve = e Cpair [ Ti(t) — To ()] (6]

3. Case studies

In Italy, there is a modern building heritage that has peculiar and emblematic features typical of post-war reconstruction (World
War II). It is evidence of an entire country’s desire for sociocultural recovery. The construction techniques of this period highlight the
transition from a predominantly ‘massive’ envelope, with a mixed masonry-concrete structure, to one of a ‘light’ type, with a rein-
forced concrete framed structure and light infills. In this connection, two representative examples of modern architecture in the city of
Salerno, Italy, were considered. They are evidence of two different building systems that characterized the urban development of
Salerno in the 19th century, both in terms of architectural and constructional features:

e wall-1: district Bruno Zevi (1958-62), with reinforced concrete framed structure and external face brick facade; the envelope is of
the lightweight, double-wall type, with air space in between. The facade communicating with the interior rooms is plastered.
Table 1 lists the related properties (thickness, L, thermal conductivity, k, density, p, specific heat, c).

o wall-2: The House of Mutilate (1956), with a mixed structure (reinforced concrete/masonry) and plaster exterior face; the shell is of
the massive type, in yellow Neapolitan tuff, collaborating with the load-bearing structure. Both facades, inner and outer, are
plastered. See Table 2 for the related properties.

Tables 3 and 4 result from processing the geometric and thermophysical data inherent to the two walls. The Tables below show that
wall-1 is preferable to wall-2 from a stationary point of view, the static transmittance U being lower for wall-1. On the other hand,
wall-2 has a better thermal behavior than wall-1 from a dynamic point of view, the periodic thermal transmittance Ugy, being lower for
wall-2. In quantitative terms, according to the EN ISO 13786 standard, the attenuation factor, f, and the delay time, ¢, are invoked as
performance indexes to classify the behavior of the wall: wall-1 falls in the second band for thermal quality, whereas wall-2 falls in the
first one.

The inner ambient is featured as follows: plan dimensions are of 15 x 10 m, its height is of 3 m, the frontal area of surfaces exposed
to the external environment is 25 m?, furniture correspond to 600 kg of wood (p = 450 kg/m®, ¢ = 1380 J/(kg K)).

Table 1
Wall-1: geometrical and thermal properties.
layer L [m] kWm 'K p [kg m 3] c[J kg’1 K1
1 0,02 0,700 1400 830
2 0,1 0,360 1000 1000
3 0,04 0,0250 1,22 1005
4 0,12 0,720 1800 1000
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Table 2
Wall-2: geometrical and thermal properties.
layer L [m] k[Wm K] p [kg m3] c[J kg’1 K1
1 0,02 0,7 1400 830
2 0,44 0,63 1500 1300
3 0,02 0,9 1800 840
Table 3
— Wall-1: static and dynamic featuring.
Uy [Wm 2 K] Udyn [Wm2 K] f o [h]
0.45 0.123 0.273 10.35
Table 4
Wall-2: static and dynamic featuring.
Uyt [Wm™2 K] Ugyn [Wm ™ K] f @ [h]
1.088 0.049 0.045 18.43

Outer and inner thermal boundary conditions are featured by specifying the following values for the heat transfer coefficients: h, =
25 W/(m?K) and h; = 7.69 W/(m? K); the initial temperature is assumed to match the indoor target temperature, T;* = 20 °C, while the
outer design temperature is T,* = —5 °C.

Natural ventilation is supposed to realize a fresh air flow equal to a half of room’s total space in an hour, [36].

The nominal size of the FCU is supposed such as to meet the design ambient load (Q;‘Wﬁll_1 = 2130 W, Q. yaits = 2520 W) at the
average fan speed. Thus, assuming inlet temperatures equal to Ty; * = 50 °C and T; * = 20 °C for water and air respectively, it follows
that the specific heating capacities turn out to be Uavewai-1 = 71 W/K and Ugye,wal-2 = 84 W/K. Considering that the water flow
through the fancoil does not vary, these values change only as the fan speed changes. It is assumed that a fan speed greater than the
design speed is available, that leading to increased specific heating capacities. According to the typical relationship U,.x = Ugye/ 0.85,
one has Upax,wall-1 = 83 W/K and Upax,wail-2 = 99 W/K.

At this point, the model at hand was aimed at predicting the indoor ambient temperature as resulting from the interrelation be-
tween the thermal plant features and the two types of envelopes at hand, with completely different technological characteristics and
thermohygrometric behaviors. In turn, the availability of the internal temperature allows to evaluate energy consumptions in relation
to both the thermal regulation strategy in use and the performance of the FCU.

4. Results and discussion

4.1. Model validation

Firstly, the model was validated against the UNI EN 13786 predictions for the wall featured in Table 5. For this purpose, the indoor
environment was considered as a thermal reservoir with a constant and uniform temperature (infinite capacity ambient) fixed to the
initial value, equal to the design inner temperature. Meanwhile, a sinusoidal outdoor temperature variation is imposed until periodic
steady state conditions are recovered. The relative error turned out to be 3.3 % and 3.4 % in terms of periodic thermal transmittance
and time lag, respectively. Moreover, an approximate analytical solution for the problem at hand derived within the framework of
weighted residuals, see Ref. [8] for a complete description, was compared with results arising from the present model. In this case, the
ability of the model at hand to follow-up the dynamic behaviour of the system at hand seems clear. Satisfactory results were obtained,
see Table 6 reporting the maximum relative error within the wall.

4.2. Definition of the time frames

The model at hand is employed to enlighten the thermal response of two different meaningful architecture systems in Campania,
Italy. To mitigate the effect of arbitrary fixed initial conditions, the two walls have been subjected to a fictitious sinusoidal forcing with
a 24-h period. Indeed, it has been considered that the level and amplitude in use as well as high frequency fluctuations have no impact
on the objective pursued. The initial temperature was arbitrarily set to 20 °C, uniform on the entire wall. At this point, the purpose of

Table 5

Building Wall structure.
LAYER k[Wm™ K] p [kg m~3] c[Jkg 'K L [cm]
Brick 1 0.777 1800 920 8
Polyurethane 0.045 335 850 5
Brick 2 0.400 1800 920 14
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Table 6
Maximum relative error.
time [h] Max [%]
6 1.28
12 1.24
18 0.66
24 1.60

the investigation was to ascertain how long it would take to reduce in a tangible way the effects of the initial condition. To detect such
an occurrence, the current temperature of the interior surface averaged over 24-h period is chosen to mark the attainment of stabilized
periodic conditions. Then, the extinction time is defined so that the mean internal temperature does not exceed 5 % of the corre-
sponding asymptotic value. According to this criterion, the extinction time for wall 2 (103.2 h) is about 3 times the one for wall 1 (46.4
h), see Fig. 2. It should be noted that the phase shift of walls according to the EN 13786 Standard is a measure of the extinction time;
however, the latter is calculated by looking for a realistic estimate of the time it takes to process local external temperatures after
reaching near stable conditions. Moreover, since the extinction time is based on the trend of the inner wall temperature, its choice
seems suitable in view of its significance for both the well-being of the occupants and the instantaneous ambient heat loads.

Next, processing of meteorological conditions in Salerno in the winter of 2021, allowed to identify a timeframe going from 24 to 29
January where an almost homogeneous daily temperature tendency occurs, see Fig. 3. As a result, for both structures under review, the
analysis is limited to the 24 h following the larger of the two extinction times, starting from 7 a.m. 28 January. The latter is the same
approach on which is based the standard UNI 5664 for the acceptance tests of heating plants.

4.3. Thermal regulation strategies

Two alternative criteria are adopted to adjust the fancoil delivered heating power because of perturbations on design conditions
which here are supposed to be due to changes in outdoor temperature alone.

4.3.1. Thermostatic temperature control

The former indoor temperature control strategy (TSR) foresees an ON/OFF method for the FCU control valve (either two or three-
way) driven by the actual indoor temperature itself. It is a basic closed-chain control, suitable for the application under consideration.
In practice, depending on the state of the FCU control-valve, which can be either fully closed or fully open, the delivered heating power
is supposed to be zero or non-zero.

Since a temperature difference of 1 °C around the target value is fixed for TSR, the internal air temperature fluctuates in the
prescribed band for the two walls at hand, since no overshoots are encompassed in the current model. The resulting average values are
not significantly different from the target, Fig. 4. Since the average indoor temperature is virtually unchanged, the computed con-
sumption remains essentially independently of the FCU fan speed in use, turning out to be 27 kWh for wall-1 and 30 kWh for wall-2. In
all cases, the cycle-frequency decreases next to the warmest hours, in accordance with the delay associated with the inertia of the walls.

Not surprisingly, with increasing the FCU fan speed, the number of switching cycles increases. In fact, reaching the maximum
temperature-band level occurs in a shorter time while the decay time toward the lower band level remains unchanged.

It is interesting to note that lower static transmittance promotes the reduction of the cycle-frequency, whereas thermal inertia
exhibits an opposite tendency. Because the dynamic features of wall-2 are better that wall-1, this occurrence compensates for its
weaker static features and explains why a similar number of cycles affects both walls, [34].

4.3.2. Climatic temperature control

The latter temperature control strategy fixes the water supply temperature to the FCU as a function of the external one (CLR),
according to the linear relationship:
T - Ty,

(1) = T5) + T (71

Twi(t) =—/———
() Toit — T

wall-2

wall-1

4 f
0 1 2 3 4 5 [days] 6

Fig. 2. Initial condition’s extinction time.
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28th January

Q
24th January

0 1 2 3 4 5 [days] 6

Fig. 3. Outside temperature evolution in Salerno from 24th gen 2021.
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where T, specifies the heating plants shutdown temperature; it is an open loop control whose accuracy depends on how suitable the
algorithm given by eq. (3) turns out to be. The FCU water inlet temperature is adjusted by assuming the following parameters: T, * =
—5 °C, Tofr = 20 °C. It should be noted that the choice of the Tog-value is related to the supposed absence of internal loads.

CLR is successful in guaranteeing the inner temperature to be close to the target value for both walls when the average fan speeds
are in use, the corresponding values being 19.9 and 20.4 °C for wall-1 and wall-2, with mean deviation of 0.31 and 0.71 °C for wall-1
and wall-2, respectively (see Fig. 5). These rather satisfactory results concerning the capacity of the control algorithm come from the
assumption of no interference due to internal loads and from the achievement of stable conditions. This also suggest that the lighter
wall is better regulated than the other wall when using the CLS: indeed, the thermal control algorithm does not consider the delay
between the external and internal temperature peaks caused by the inertia of the walls. The correctness of the adopted linear rela-
tionship should be improved.

When average fan speed is in use, only small differences from the case analysed in the previous paragraph result from the cal-
culations, the energy loss being 27.2 and 31 kWh for wall-1 and wall-2, respectively. When the FCU runs at the higher speed, as
expected, the internal temperature values are higher than those associated with the design speed, turning out to be 21.1 and 21.5°C. In
consequence, energy losses turn out to be 30 and 34 kWh, respectively.

5. Conclusions

A simple and easy-to-handle, yet accurate, thermal model to evaluate the dynamic thermal response of the building-plant system
was developed. The model allows to study the wall envelope performance encompassing the ability to account for the influence of the
internal environment and of the plant feature, as well. The effect of the indoor features is ignored by the standard EN ISO 13786 and
usually requires the involvement of specific software and algorithms that are more cumbersome and expensive to purchase. Two
emblematic examples of modern architecture in the south of Italy have been studied as an example of application, that bringing to light
important quantitative differences.

Further developments of the present work are intended to include inertial effects of the thermal plant and the introduction of the
heat pump performances, while more sophisticated temperature regulation strategies are to be involved to optimize energy
consumptions.
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