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Abstract: Building models and their connected subsystems are often simulated as standalone entities.
However, in order to monitor a system’s reactions to changing parameters and to assess its energy
efficiency, it must be exposed to the actual dynamic context of the building under study. Hence,
frameworks assessing co-operative simulation of buildings and their subsystems should be used. In
this study, the Building Control Virtual Test Bed (BCVTB) framework was used for co-simulation of a
small-scale building (EEBLab) connected to an Earth-to-air heat exchanger (EAHE). The EnergyPlus
tool was used to simulate the indoor air temperature variations within the EEBLab, and MATLAB
was used to model the EAHE system and to calculate its performance based on various parameters.
The HOLSYS internet of things platform was deployed to monitor and collect the experimental
data from the sensors to validate the simulations. A favorable agreement between the experimental
and simulation results was obtained, showing the contribution of the small-scale EAHE system in
maintaining a comfortable indoor temperature range inside EEBLab. Moreover, it demonstrated
the effectiveness and accuracy of the proposed approach for integrated building co-simulation and
performance evaluation.

Keywords: co-simulation; BCVTB; energy efficiency; EAHE; internet of things; economic analysis;
system optimization

1. Introduction

Attaining clean energy transition demands colossal efforts. Hence, when talking about
energy efficient buildings, it is important to highlight the perplex structures made from
different yet connected entities that interact together in the most unpredictable ways. These
entities are mainly represented in our holistic approach as a pyramid (see Figure 1), made
of three main stratified layers: the envelope, the integrated passive/active systems, and
the integrated renewable energy sources and storage devices, as well as control strategies
depicted by an external fourth layer to communicate all the layers together. In other
words, multiple coexisting aspects of a building have to be controlled in a holistic way to
ensure occupant comfort while decreasing energy consumption. This integrated approach
requires supporting tools. Recently, cooperative simulations were proposed in order to
allow submodels of different systems to communicate by exchanging data in response to a
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certain defined time step. For this, multiple frameworks were developed and are in use
(e.g., BCVTB).

In this paper, we main focusing on the exploitation of geothermal energy by integrating
an Earth-to-air heat exchanger (EAHE) prototype into a small prefabricated building. This
technology is known to be promising for preheating the air in winter and for precooling
it in summer to ensure inside-zone thermal comfort. Fresh air circulates through the
buried pipes and exchanges air with the ground /soil temperature. During summer, the
air is cooled while passing inside the pipes (following the first law of thermodynamics),
minimizing the cooling demand. In winter, the process is reversed as the ground maintains
its temperature throughout the year [1]. The main objective is to evaluate its performance
as well as its effectiveness in reducing energy consumption and maintaining occupant
thermal comfort in response to real dynamics of the considered building, while deploying
the BCVTB platform

The work presented in this paper is an extension of the work communicated in [2] and
is part of an ongoing project named HOLSYS, funded by the Moroccan Research Institute
for Solar Energy and New Energies (IRESEN). The HOLSYS project’s main objective is to
study the impact of the use of information and communication technologies (ICT) and their
solutions on occupants’ comfort, bills and energy savings in smart buildings, including
extracting relevant information from streaming data (e.g., electricity consumption) in order
to increase occupant awareness. The aim is to control, either manually or automatically,
the usage of high energy-consuming appliances according to the produced energy. We are
mainly investigating the effectiveness of automatic systems and RES integration for energy
saving and occupant satisfaction. In summary, the contribution of this work is two-fold: (i)
performance evaluation of the EAHE system as a renewable energy source and (ii) showing
the importance of the cooperative approach in evaluating the building performances as a
complex system, including its linked equipment.

Energy efficiency

Thermal Profitability

Control actions and
decisions

/ Solar  Wind

Visual

& / Biomass Fuel-cell
Data collection and @K ctive layer: building services

monitoring (Jo Lighting Cooling
A . Shading uentation Heating
coustic Passive layer: building construction

/ Architecture and Design Building orientation

@ Electricity
cost

Investment
cost

Envelope Insulation
Sunny interface Wind direction

Environment

Communication Layer: loT/Big-Data Platform
Machine Learning Algorithms

Climate change Durability CO, emission
Figure 1. The building as a holistic system: main aspects for energy reduction [3,4].

2. Related Work

Energy-efficient buildings are made from various entities that constantly interact with
each other. These entities are mainly represented as the envelope of the building, the
connected systems to it (active, passive, renewable energy sources), occupant behavior,
and means of control. The envelope, it represents the pillar of every sufficient and efficient
building. Hence, we usually tend to perform simulations in order to examine the construc-
tion materials and the geometry of the building in general before moving to the actual
building-up phase. For this, various simulation methods, models and tools are introduced
and then widely used. For instance, Bhamare et al. [3] presented, using ANSYS fluent
in combination of a user-defined function using C++, a full-scale 3D numerical model of
a building in order to evaluate the effect of integrating phase change materials on heat
transfer and thermal comfort. Berrabah et al. [4] generated a thermal and mechanical model
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of a small-scale laboratory using the finite element method under the Cast3m tool. The
developed model was validated against experimentation using numerical sensors and
thermography analysis.

It was also shown by diverse studies that buildings usually consume the most while
they are operating, due to the heavy usage of HVAC and other electric equipment [5].
Consequently, reducing this consumption requires the adoption of passive and active
system strategy integration [6].

Integrating passive devices as alternatives to active ones and/or using information
and communication technologies (ICT) control approaches may lead to a decrease in energy
consumption. However, at times, incorporating these systems to further enhance occupant
comfort may lead to an increase in energy consumption. For this, it is strongly recom-
mended to use renewable energy sources (RESs) as alternatives, in parallel with adequate
storage devices. When discussing RESs, we can mention solar, thermal, wind, hydroelectric
as well as geothermal energy. For instance, the latter has been widely used for reducing
ventilation heat losses while enhancing thermal comfort in buildings [7]. It mainly works on
exploiting the ground’s internal temperature to heat or cool with heat circulating through
the installation pipes. Researchers have given it much attention during the last decades
in terms of modeling, sizing and deploying similar systems, since it is an approximately
cheap and efficient alternative to conventional energy. For instance, Sodha et al. [8] found
the ground temperature distribution using Fourier’s coefficient calculation including that
this temperature fluctuates randomly in response to the atmospheric temperature variation.
However, this variation decreases with depth to become a small constant at about 4 mf.
Bisonya et al. [9] gave an extensive literature review on the experimental and analytical
studies of EAHE systems, covering their characteristics and models as well as their de-
signs. Tiwari et al. presented in [10] a model of an EAHE that they designed in response
to ground characteristics and external weather conditions as well as room dimensions.
Bowen et al. [11] presented the concept of indirect coupling to heat and cool the air inside a
building using an Earth—air tunnel system. Touzani et al. [12] presented an experimental
study on a Canadian well, which was installed under a villa in Rabat. Performances of the
system were evaluated through the seasons. Moummi et al. [13] proposed an analytical
model of air temperature evolution. This model is beneficial for sizing an EAHE when
experimental data are not available.

Integrating all these active, passive systems and renewable energy sources to enhance
energy efficiency in buildings is becoming primordial. However, before moving on to the
execution phase, it is important to evaluate them through the usage of simulation tools.
These tools are usually conceived to model each subsystem on its own, not capturing all the
dynamic of a building and its integrated components. For this, cooperative simulation has
received much attention in the last few years. Co-simulation allows each of the submodels
of the systems to be realized in its own particular simulation environment, using a speci-
fied model description. Meanwhile, subsystems implicitly exchange data as a means of
communication. Schloegl et al. suggested in [14] a classification scheme for co-simulation
approaches in energy systems. The main objective is to facilitate communication between
the users and developers and to help define the most suitable tool for any simulation
purposes. Bleicher et al. [15] presented in their work a co-simulation environment for
optimizing energy efficiency in production processes in order to assure economic compet-
itiveness in the early planning phases. Welsch et al. [16] developed a TCP/IP interface
allowing for the coupling of the MATLAB-SIMULINK software to the FEFLOW finite
element program. It was shown that small communication time steps are able to reduce
data exchange errors between simulators and make the coupling more robust and reliable.
Cellura et al. [17] proposed a co-simulation approach integrating the building simulation
and life cycle assessment. This was achieved by programming a TRNSYS component
performing cradle-to-cradle life cycle assessment studies. Cucca et al. [18] developed a
co-simulation tool coupling both Dymola—Modelica for energy systems and EnergyPlus
building simulations. Communication between simulators had been processed using a
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FMU block providing, to Dymola, weather data, building heat demand and photovoltaic
power production. Three scenarios were studied, and they proved that the developed tool
is able to implement and evaluate various control strategies in buildings. Yao presented
in [19] a co-simulation model linking the EnergyPlus building model to manually controlled
solar shade models made under the BCVTB framework. The main purpose is to define the
impact of control behavior of solar shading devices on the energy performance of buildings.

The work presented in this paper focuses on the development of an integrated ap-
proach toward efficient and holistic buildings simulations. The BCVTB co-simulation
framework was used to simulate a small-scale building linked to an Earth-to-air heat
exchanger system. Each subsystem was modeled and validated experimentally before
integrating them for co-simulation and integrated performance evaluation.

3. Mathematical Modeling
3.1. Building Description and Modeling

The considered specimen is a set of two small-scaled prefabricated buildings based at
the International University of Rabat (see Figure 2). It is mostly used to conduct research
activities (materials of construction and insulation, integration of renewable energy sources,
ICT for smart control and data collection, etc.) and is sometimes used as an office. A single
prefabricated building accounts for 12 m? of surface and 30 m?® of volume. It is mainly
made of galvanized steel and an integrated foam polyurethane insulation in its lateral walls.
As for the roof, it is made of galvanized steel, an air gap, and plaster. Finally, the flooring is
made from galvanized steel and internal chipboard. The building is southeast oriented and
contains one single-glazed window and a door on its south facade. More details about the
characteristics of construction materials are presented in Table 1.

Weather Station | X Wind Turbine § §r PV Panels

Figure 2. EEBLab test sites with an Earth-to-air heat exchanger prototype, electric vehicle, different
types of PV panels, weather station, and wind turbine.

Table 1. Thermal properties of the EEBLab construction materials.

Material Heat Capacity (J/kg. K) Density (kg/m?3) Conductivity (W/m. K)
Galvanized steel 470 7800 52
Wood 2100 170 0.042
Plasterboard 1300 25 0.022
Glass 800 2530 0.93
Aluminum 900 2690 210
Polyurethane 1000 40 0.024

Real registered data of Sala Al Jadida (latitude: 34.05°, longitude: —6.75°, elevation:
119 m) were taken into account for the simulated period. Figures 3-5 represent the external
temperature, external solar radiation and internal solar distribution transmitted through
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the window, respectively. The shapes of the curves demonstrate that external temperature
varies between a minimum of 6.48 °C and a maximum of 31.32 °C. This evolution is quite
logical given the considered simulated period. As for external solar radiation, its varies
following the alternations between day and night and might exceed 829 w/m? at the level
of the south facade. Regarding internal solar distribution, the maximum value is in the
order of 2.5 w/m? and is distributed almost equally on all facades, except from the west
facade, which does not exceed 1.5. As for the ground temperature, it varies from 17.63 °C
in December to 16.11 °C in January.
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Figure 3. Outdoor temperature evolution for the considered period (38 days) in Sala Al Jadida, Morocco.
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Figure 4. External solar radiation for the considered period among each facade of the EEBLab.
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Figure 5. Internal solar radiation distribution inside the EEBLab among each wall.
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In this section, we aim to evaluate the thermal comfort inside the zone without any
ventilation or air conditioning system activated. For this, the simulation was run using the
EnergyPlus simulation tool. This tool is a commonly used building simulation program
among researchers, engineers and designers. It is considered to be one of the most robust
available simulation tools at both the commercial and academic levels. It combines all
the entities of a building, starting with the envelope modeling, HVAC systems, passive
systems and integrated renewable energy sources. The EnergyPlus program is based on
the best capabilities of both DOE-2 and I-Blast simulation programs [20]. Below are the
assumptions that we considered during the simulations phase:

Version: 8.5;

Load convergence tolerance value: 0.04;
Temperature convergence tolerance value: 0.4;
Solar distribution: “Full interior and exterior”;
Maximum number of warmup days: 25;
Minimum number of warmup days: 6;
Surface Convective Algo: Inside: TARP

TARP, or the Thermal Analysis Research Program, blends correlations from AHRAE
and flat plate experiments by sparrow et al. [21].

e  Surface Convective Algo: Outside: DOE-2.

Combination of MoWitt (measurement taken at the mobile window thermal test
facility [22] and BLAST detailed convection models:

Time step: 6 (calculation each 10 min);

Site ground temperatures: (values are being set according to experimental data);
December: 17.63; January: 16.11; February: 16.83;

Heat balance algorithm: Conduction Transfer Function (CTF);

Heat balance on the zone air is given as follows:

AT Nsl . Nsurf Nzones
CZ Z — 24)14- Z hA(TsI—Tz)—l— i§1 miCp(TZi—TZ) (1)
+m1nfcp( © TZ) +¢sys
<~
T Nsurf Nzones
PairCpCr Z—z¢l+ L ATy = Tz)+ 3 imiCy(Tz, — Tz) @
i=

+mme (Too —Tz)+ msysC (Tsup Tz)

where Cz dtZ is the energy stored in zone air, Y_¥* ¢ ¢; is the convective internal loads,

Zf\flu f hiAi(Ts, — Tz) is the convective heat transfer from zone surfaces, ZN 21 mCp

(Tz, — Tz) is the heat transfer due to interzone air mixing, #t;,Cp(Too — Tz) is the heat
transfer due to the infiltration of outside air, msyscp (Tsup — TZ) is the air system output, h;
is the internal heat transfer coefficient, A, is the surface area, T, is the surface temperature,
Tz is the zone temperature, 1; is the mass flow, 1), £is the infiltration mass flow, 115 is the
system mass flow, T is the ambient infinite temperature, and Cz is the zone heat capacity,
which can include thermal masses assumed to be in equilibrium with the zone air.

In order to solve the heat balance equation, EnergyPlus provides three main algorithms:
the 3rdOrderBackwardDifference, the Euler Method, and the analytical solution. The first
two methods use the finite difference method, in which the temperature difference is

expressed as follows:

”Z (5t)~ 1( Tg—“)+0(5t) 3)
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The Euler formula is mainly used to replace the derivative term of temperature:

Tt Tt St Nsurf Nzones
L+ T4 Y A+ 2 11;Cp + 11y 1 Cp + 1i15ysCp

i=1

Cz

Nsl -
= Z (Pl + msyscp supply 4

Nsurf Nzones .
+H X AT+ Y mCpTz +miyCple
i=1 i=1

Nsl
_ ):z 51 ¢z+m5‘y5CP suppler
C, N
T%+<Z stufh A +):Nzonesm Cp‘Hnmep‘i’msyscp)

Q)

(CZ Iz +ENsurfh A’Tsi+ZNzoms rﬁ‘CpTzv+7ﬁinprToo)
+<ZN:-urfh A +ZNzonesm Cp+mmfcp+msyscp)

In order to avoid instabilities, higher-order expressions with corresponding higher-
order truncation errors were developed.

dT. 11 3 1
= =0n” <6 = 3T, ST - T§35f> +0(5t) 6)
t
Tt _ Zlell ‘Pl +X:Nsm‘fh A T,
z (%)%J’_(ZNsurfh A +ZNzanes . Cp+mmep+mqyst>

ZNzanes s CpTZ _t,_mmepToo-i-WIbyst

i
11 Nsurf Nznmq L (7)
()% +(Z hi A A L C,,+mme,,+msy5Cp)

(C&% ) (Ll T, _3Tt—(5t+§ thzo‘r_ 1 thaat)

(1] ) Cz +<ZN5urfh A +2Nzom:- T Cermmeermqyscp)

The major problem with this 3rdOrderBackwardDifference resolution method is that it
has truncation errors and requires a fixed time step length for the first three time steps. For
this, an analytical resolution was developed to obtain solutions without truncation errors
and is independent of time step length. The temperature of the considered zone is then
expressed as follows:

t
TZ
pt-ot _ M PAT W ATG N 11,Cy Ty,
7 ZI\Isurfh A _’_ZNznne‘i T Cp+mmfcp+m5ybcp
i +mmfcpT°°+m5y5CP supply
ZNsurf hA; +ZNzones i Cp-i-mmfcp""mwscﬁ (8)

ZNsurfh A, +):Nzanesm C,,+mlnpr+msysCP
xexp| — Cz

SN Qi I AT+ TS 11, Cy Ty, i Cp ooty Cp T
EN:.urf Py +ZNzones . Cp+mmep+m>ysCV

e  Zone heat balance algorithm: analytic solution.

3.2. Earth-to-Air Heat Exchanger Modeling and Sizing

In this section, we refer to our previous work [2] in which we have modeled and
sized the Earth-to-air heat exchanger (EAHE) prototype. However, we present the main
equations and the model characteristics and constraints.
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In general, the dimensioning and sizing of an Earth-to-air heat exchanger primarily
depends on five main parameters, namely: the burial depth of pipes, the air flow, the soil
thermal properties, the exchanger geometry, and the pipes’ physical characteristics [9].
Figure 6 depicts the heat balance of a buried pipe. It is characterized by its length and
internal and external diameters. The soil thermal resistance was modeled as a cylindrical
layer of soil around a tube with a thickness p = 0.17 m [10], also called the penetration
depth or thermal boundary layer thickness.

Tsoil

-3 8 38 8 8. ip
mair
Air(Kﬂ’" CP' ") Doutsido Dinside : ToutletAir
TinIetAir

Figure 6. Heat balance of a buried pipe.

Heat exchange between the soil and the air inside the pipe is reached through the
combination between two major thermal phenomena: convection through the inside air
and pipe wall and conduction through the pipe wall and surrounding soil.

In the following section, for simplification purposes, it is assumed that the contact
between the pipe walls and the surrounding soil is perfect. Furthermore, the soil conduc-
tivity is supposed to be high enough compared to the surface resistance. In addition, the
following assumptions are taken into account: the surrounding soil is a homogeneous
medium with consistent physical properties and a constant temperature at 1.5 m [10,23],
and the pipes are homogeneous.

The total heat transferred to the air when flowing through a buried pipe is given
by [23]:

Q=mC,T )

where m is the mass flow rate of air (kg/s), C, is the specific heat of air (J/kg-K), and T is
the temperature difference (°C) between the inlet and outlet air temperatures through the
EAHE.
The transferred heat, considering the thermal convection between the soil and the air,
can also be given by:
Q=UAT, (10)

where U is the overall heat transfer coefficient (W/m?-K), and A is the internal surface area
of the pipe (m?). The logarithmic average temperature difference Ty, is given by:

Tout - Tin

Tout—Tsoit
ln( Tin—Tsoit )
where T, is the outlet temperature of the air, T;, is the inlet temperature of the air and

Tsoi1 is the constant temperature of the soil.
UA in (10) can be expressed as follows:

Ty = (11)

1

UA = Ryotal = Rair + Rpipe + Rsoil (12)
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where R;;, is the convection resistance inside the pipe, Ry, is the conduction resistance
of the pipe’s wall, and R, is the conduction resistance of the soil around the pipe. Thus,
each resistance can respectively be presented by (13)-(15) [23,24].

1
R. — - 13
“r heonv 70 Dinsige L (19
l?’l < %.uts.ide )
R.. = inside 14
pipe 21 )‘pipe L ( )
Duutsida +2p
R R ln( outside ) (15)
soil —

27 )\soil L

where licono is the convective heat transfer coefficient of the air (W/m?2 K), L is the total
length of the pipe, p is the thickness of the thermal boundary layer (m), Ap;p, and A are
respectively the thermal conductivity of the pipe and the soil expressed in W/m. K. The
convective heat transfer coefficient of the air inside the pipe is defined by:

NupKy,

E =
Dinside

(16)

where K,;, is the thermal conductivity (W/m. K), and Nup is the Nusselt number. This
latter number is calculated using appropriate correlations depending on the flow regime as
detailed in [25]. Thus, (16) depends on the Reynolds number and the shape and roughness
of the pipe for turbulent flow. The Reynolds Re number and Prandtl number Pr are
expressed as follows:

4m
Re= ———— 17
7T Dinside M ( )

Cpu
Pr= %= (18)

where i is the dynamic viscosity of the air (kg/m. s) and C, is the specific heat of the air
(J/kg. K). The outlet air temperature is obtained by solving Equation (9) as a function of
soil and inlet air temperature.

Calculating the pressure loss is required to size the ventilation system and to select
the proper length and diameter of the pipe. Mainly, there are two types of pressure losses:
the linear pressure loss APy;, (Pa) and the singular pressure loss AP, (Pa). Linear pressure
losses, or friction losses, comprise a complex function of the system geometry, the fluid
properties and the flow rate in the system [26]. They can be defined as follows:

L pV?
Dinside 2

APjin = f (19)
where f is the friction losses coefficient (dimensionless), V is the volumetric flow rate of
the air, and p is the density of the air (m3/s).

As for singular pressure losses, they are also referred to as minor losses and are
mainly due to entries and exits, fittings and valves. Furthermore, they represent additional
energy dissipation in the flow, usually caused by secondary flows induced by curvature or
recirculation. They can be defined as follows:

VZ
APsiy = ¢p o (20)

where ¢ is the particular resistance losses of the pipe line (Pa).
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The modeling and sizing of the system was calculated and simulated using MATLAB.
Based on the above equations, we were able to compute the expected outlet air temper-
ature using different pipe lengths and diameters. In what follows, we have conducted a
parametric study for different pipe lengths and diameters to determine the best fit to our
use, where the length and depth should not exceed 16 and 1.5 m, respectively.

It can be seen in Figure 7 that the total pressure drops, also referred as the charge
losses, are greater for long lengths and small diameters. This can be explained according to
Bernoulli’s equations, which were modified to include head losses and pump work [27].

P o2 P, 3
P; ﬁ"‘hl‘i‘Hpump:é"‘ﬁ"‘hZ‘f'Hfr (21)
where P is the pressure (Pa), p is the density (kg/m?), g is the constant of gravity (m/s?), h
is the height above the reference (m), Hpump loss is added by the pump (m), and Hy, is the
loss added by friction (m). The pressure loss due to friction translates the energy used in
overcoming friction that is caused by the pipe walls. This parameter mainly depends on
flow velocity, pipe diameter, length, roughness of the pipe and the Reynolds number.

104 T T T T T T T T

Charge loss (Pa)

-2 I I I I

10 '
0 5 10 15 20 25 30 35 40 45 50

Pipe length (m)

Figure 7. Charge loss of the EAHE system as a function of pipes length and diameter.

Pressure loss presents the loss due to friction and is not related to the loss of total
energy. This latter is conserved by the law of conservation. To see how diameter variation
or length influences head loss, we analyze the equation of Darcy—Weisbach:

2
Ah =L x (fdxw> (22)

If the pipe length is doubled, the pressure losses will be doubled. Conversely, if a low
rate and length are maintained as constant, the pressure loss is inversely proportional to
diameter. In other words, if the pipe diameter is small, then the pressure drop will be high.

For diameters between 0.5 and 0.1 m, charge losses vary between a minimum of 0.01
Pa and a maximum of 500 Pa. These losses increase with length as well. To be more precise,
for a diameter of 0.5 m, the charge losses increase from 0.01 to 0.07 Pa. As for a diameter of
0.1 m, the losses vary from 15 to 500 Pa. From this, it can be concluded that the diameter
largely impacts the variation of the losses: the smaller it is, the greater the losses are.

Figure 8 shows the exchanged heat power through an EAHE system for different pipe
lengths and diameters. The heat exchanged in the small pipe diameter is much greater than
the larger pipes, and it converges to a certain constant value for longer lengths.
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Figure 8. Exchanged heat power of the EAHE system as a function of pipes length and diameter.

In Figure 9, different airflows are presented, varying from 40 to 140 m3 /h with different
pipe lengths. We decided to work on using two pipe diameters, varying from a minimum
of 0.1 m and a maximum of 0.5 m. More airflow ensures more exchanged heat power.
Moreover, a longer pipe gives greater heat exchange. However, it converges to a constant
value when it exceeds 100 m for a pipe diameter of 0.5 m and a ground temperature of
20 °C. The same behavior is observed for a pipe diameter of 0.1 m, but this time with a
shorter length of approximately 60 m. From this, we can conclude that by combining
a small diameter and high airflow, we can gain more heat exchange with medium-
length pipes.

1500 1500 T T :
1000 1000 -
— P
3 =
e =
5] W
: :
=% =9 ’
T 1004 T 1000,
= : — 5 = /
= 1 Airflow=40m™/h = i1 - - - - Airflow=40m>h
S e | Sr=e— Airflow=60m"/h = B 3
< < T Airflow=60m~/h
s Airflow=80m*/h 5 ] PR
— Abrflow= 3 =
0.1m :;:2::::23: 3:: 0.5m —%— Airflow=100m’/h
Airflow=140m*/h Airflow=120m"/h
—— Airflow=140m>/h
10 : : : . 10 : : ‘
20 40 60 80 100 0 20 40 60 80 100

Pipe length (m)

Pipe length (m)

Figure 9. Exchanged heat power of the EAHE system as a function of pipes length and airflow for 0.1
and 0.5 m pipe diameters.

Figure 10 presents the total thermal resistance response to different pipe diameters and
lengths. The global behavior shows that the thermal resistance decreases when the pipe’s
length increases. As for the diameter, the smaller it is, the weaker the resistance. In other
words, heat exchange is greater when choosing a small diameter. This is especially true
when the pipe’s length does not reach 30 m. Because once it does, the thermal resistance
converges toward a small value, if not null.
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Figure 11 shows the power needed to satisfy the heat transfer and the airflow required
at the outlet. It is clear that for tighter pipes, more power is needed, and more is required
for longer pipes. However, it converges to a nearly constant value when reaching more
than 60 m of length and 20 °C of ground temperature.
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Figure 11. Ventilator power needed for the EAHE system as a function of pipe length and diameter.

The results of the system sizing and modeling simulations were calculated by taking
into account certain parameters such as the space limitation of the test site as well as the
specifications from the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE) regarding air quality inside buildings. The simulations were run for
an average ground temperature of 20 °C and a pipe length of 17 m, a building volume of
26 m® with a minimum of three air changes per hour. This air change rate is in line with
the recommendations of (ASHRAE), which states a minimum of 7.5 L/s per person in a
building [28]. Based on the ASHRAE Equations (23) and (24):

3.6 xQ
Vol

ACPH = (23)

where Q is the volumetric flow rate of air in L/s for a given number of air changes per hour
ACPH and a certain space volume Vol.
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R — ACPHx D xh

P 3.6
where R is the ventilation rate per person in L/s, ACPH is the air changes per hour, D is
the occupant density in m?/occupant, and # is the ceiling height in meters.

The volumetric air flow Q that was used as a constraint in our model was calcu-
lated using the above-mentioned formulas with an ACPH = 3 air changes per hour,
D = 6m? /occupant (two occupants in 12 m?) and & = 2.20 m for ceiling height. The result-
ing ventilation rate per person was 11 L/s, which is greater than the minimum ventilation
rate per person (7.5 L/s) required by ASHRAE. Using Equation (23), the volumetric air flow
rate was about 80 m3/h, which is the minimum that complies with the ASHRAE require-
ments. From Figure 12, more air flow requires more ventilation power and subsequently
produces more charge losses while affecting the desired outlet temperature of the system.

(24)
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Figure 12. Ventilation power as a function of volumetric air flow rate for different pipe diameters and
a length of 17 m (left) together with outlet air temperature as a function of pipe length for different
pipe material (right).

Given the concluded volumetric air flow rate, the resulting heat power that was
exchanged for a 17 m length and 0.1 m diameter pipe was 530 W (Figure 8). The ventilation
power required for such length, diameter and volumetric air flow was about 4 W (Figure 11),
considering a charge loss of approximately 175 Pa (Figure 7). Figure 13 shows the EAHE
model outlet air temperature for both use cases of summer and winter. We have considered,
in this phase of simulation, a severe condition for the zone area of Sala El Jadida city in
Morocco where the temperature of the inlet air hypothetically reaches 45 °C in summer
and 5 °C in winter. As can be seen, during the summer period, the system can bring down
the inlet temperature from 45 to nearly 25 °C with a difference of 20 °C from inlet to outlet
for a pipe diameter of 0.1 m.

The difference in temperature between the pipe diameters varied between 1.5 and
2 °C for a 17 m pipe length. For the winter period, where the EAHE works as a heater, it
is shown that the system helps to increase the inlet temperature from 5 to 20 °C with a
difference of 15 °C for a pipe diameter of 0.1 m. The temperatures outlets for the different
pipe diameters remain in the same interval as the summer period.

The results of this study highlight the required parameters, such as the appropriate
diameter of PVC pipe as well as the required length, air flow and ventilation power. We
have also placed more emphasize on the materials constituting the system pipes, namely,
their microstructures and their properties. After several studies and calculations taking into
consideration the actual context of our test site, we have deduced that the thermal resistance
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of the pipe’s material does not significantly influence the desired outlet air temperature as
shown in Figure 12 (right).
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Figure 13. The outlet temperatures of the EAHE system as a function of different pipe lengths
and diameters.

Meanwhile, an analysis of the material and installation costs was realized to maximize
quality while maintaining a minimal budget. We decided to use PVC pipes for their low
cost and thermal characteristics. PVC pipes are easy to maintain in case of damage and due
to their affordable cost. Moreover, they have an acceptable thermal conductivity, also called
the “K value”, of 0.26 W/mK. Simply, this type of pipe is capable of transferring heat at a
rate of 0.26 watt for every degree of temperature difference between opposite faces. One
face is in contact with the underground soil and the other with the air inside the pipe. PVC
pipes are insensitive to atmospheric pollution, salty air and climate aggression.

The Earth-to-air hear exchange prototype was deployed based on the above-mentioned
constraint but also by depending on the test site where it was implemented. Several limita-
tions affected our final prototype sizing, mainly the available space and depth. Figure 14
shows the surface measurements as well as the sensors placement. The surface is 5 m long,
1 m wide and approximately 1.2 m deep. The pipe is about 17 m long and is a serpentine
structure with a 0.5 m curved intake. The surface of the test site is covered with a layer of
grass and is frequently irrigated.

Temperature
Sensors  Ventilato

Air Intake

Figure 14. EAHE prototype measurements and sensors placement.

3.3. Economic Modeling

The main reason behind the increasing energy consumption in buildings, whether
residential or tertiary, is the excessive usage of heating, ventilation and air conditioning
(HVAC) devices. This is mainly due to the continuous search for thermal comfort, hence
an increase in energy bills. The levelized cost of energy/electricity (LCOE) [29,30], is a
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measure of the average net present cost of electricity generation for an engendering plant
over its lifetime. LCOE is calculated as follows [30]:

sum of costs over lifetime

LCOE = —— 25
sum of electrical energy produced over lifetime @5)
n Iexp,f+O/Mexp,f+Fexp,t
t=1 (1+D,)'
LCOE = W _EE (26)
t=1 (1+D,)

where Iyt is the investment expenditures in the year t, O/ M,y translates operations
and maintenance expenditures in the year t, F.x+ is the fuel expenditures in the year t, EE;
is the electrical energy generated in the year t, D, is the discount rate, and # is the expected
lifetime of the system or power station. Inputs to LCOE are selected by the estimator.
They can consider the cost of capital, discharging, fuel, fixed and variable operations,
maintenance, and financing as well as an assumed utilization rate.

For our case, the investment expenditures in one year are about MAD 20,000 (USD 2000).
As for the operations and maintenance cost (fan, filter, sensors, irrigation), the cost was
about MAD 1000 (USD 100). Concerning fuel expenditure, the amount of expenditure
required to maintain adequate temperatures in the home and to meet other energy needs
was taken as the price of the power needed for the fan to work over the year.

If we consider a maximum functioning case of the fan, we can assume that the fan
uses a power of 4 to 6 watts. It also uses power for monitoring and data logging (Nvidia
with Raspberry pi and microcontrollers with access points and switches), which totals a
power of 50 watts. Hence, for an overall consumption of 438 kWh per continuous scenario
per year with a price of 1.62 MAD/kWh (0.16 USD), the result is about 710 MAD/year
(71 USD).

The power gained by using the EAHE system is about 1.4 kWh daily, resulting in
511 kWh per year and a savings of 827 MAD/year (82 USD).

4. Co-Simulation Platform: Problem Formulation

In this work, the Buildings Controls Virtual Test Bed (BCVTB) was used as the main
platform for co-simulation. The BCVTB framework links a diversity of simulation tools to
serve our holistic approach. It is based on the Ptolemy II software environment and couples
various simulation programs for distributed simulations. In our case, the main purpose is
to simulate a small-scale building named EEBLab and an Earth-to-air heat exchanger in
both the EnergyPlus and Matlab simulation tools. The main idea behind integrating the
EAHE system into the EEBLab is to come up with an effective solution to cool and heat the
building while reducing energy consumption. Hence, the BCVTB platform was used to
evaluate the building performances with their different linked equipment and systems as a
holistic complex system for more accurate simulations and results. The choice of BCVTB can
be justified by many reasons. For instance, it has BACnet modules that directly read from
and write to BACnet compatible controllers. Furthermore, BCVTB provides built linkages
to connect simulation software tools, such as EnergyPlus, TRNSYS, Dymola and MATLAB.
Ultimately, if we consider creating a hardware-in-the-loop platform, the co-simulation
capability of the BCVTB makes it straightforward to realize time synchronization between
the control hardware and simulation programs.

Figure 15 presents the communication flow between EnergyPlus and MATLAB through
BCVTB. First, EnergyPlus communicates the weather data, extracted from the TMY/EPW
weather file, to MATLAB which uses the external ambient air temperature as an input
to run the simulation, resulting in a simulated outlet temperature of the EAHE system.
It is then sent back as a geothermal heat gain to the EnergyPlus model to be considered
among the heat balance algorithm and to compute the new zone temperature. Ptolemy II
communicates the variables between the simulators since it is considered as an external
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interface. Once it is activated, all external interface objects will receive their value from the
BCVTB framework or from the FMUs (functional mockup units) at each zone time step.

Ptolemy II
{ System design

1 e Il]p

out < o, Ut
£ G0 BCVTB Outpys ~Geo
woot o uea™ Ptolemy Il T gyt
> oW "t "1/ olemy eather
LY

&

i Communicates variables :

. i exchanged between Clients
MATLAB (EAHE Model) i (Simulators).
rsssssssssses—————————r ) ||| 0'21 ) W (T L N G

Matlab simulates the output the communication protocol. EnergyPlus simulates the EEBLab

temperature of the EAHE System ' R indoor temperature evolution in

(T_Geo_Out) in response to: response to weather conditions
i weather and ground i and Inlet EAHE temperature
: temperatures. i (considered as an internal gain)

Figure 15. Communication architecture and data exchange between simulators and Ptolemy
II BCVTB.

In our case, in order to take into account the EHAE system effect, an infiltration rate
was defined (0.013 m?/s) to allow the zone inside air to be renewed three times per hour
(as reported by ASHRAE standards). Furthermore, the energy management system (EMS)
was also exploited. The first step was to define a fictive sensor inside the building to
detect the zone internal temperature. The EMS-defined sensor reuses the normal output
variables of EnergyPlus to provide a general way of obtaining a variety of input data with
minimal complications. Once the sensor was defined and activated, the EMS program
calling manager was activated to call a defined program developed by the user. Finally,
EMS output variables were defined to obtain the required output data of the simulation.
The EMS program was set to calculate indoor temperature, using mainly the same formula
of the analytical solution.

The main purpose behind investigating the BCVTB platform is to allow the evaluation
of energy systems linked to the considered building. This takes into account the real
dynamics of the building in response to weather conditions as well as other indoor stimuli
(occupants, internal loads, infiltrations, lighting, etc.).

A system evaluated in a standalone manner may not show its real performances and
drawbacks. However, co-simulating the exchange of data occurs in real time and mimics
the real responses of the system as if it was installed in a real case.

5. Results and Discussion
5.1. Earth-to-Air Heat Exchanger Standalone Simulation and Experimental Results

In what follows, we present the simulation and experimental results of the deployed
EAHE system.

Figure 16 presents the simulation and experimental results for the period from 7 De-
cember 2021 to 2 February 2022. The preliminary observation shows that the EAHE system
significantly decreases the fluctuation of the outdoor inlet temperature and maintains it at
a more comfortable range from 15 to 20 °C.

Figure 17 is an example of two days of experimental and simulation results from 24 to
26 January 2022. As shown, the EAHE system brought the inlet air temperature from 8 °C
to approximately 16 °C on 25 January at 06:50 and acted as a heater. The data collected from
the experimental setup in this period as well as the simulation results revealed a significant
correlation with a slight maximum deviation of 2 °C. Moreover, in Figure 18, the EAHE
system acts as a cooler and decrease the inlet air temperature on 29 January at 13:50 from
23.45 to 20 °C in the outlet. The ground temperature for all the monitoring periods was
about 19 °C.
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Figure 16. Experimental and simulation results of the deployed EAHE system (27 December 2021 to
2 February 2022).
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Figure 17. Experimental and simulation results of the deployed EAHE system (heating behavior
from 24 to 26 January 2022).
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Figure 18. Experimental and simulation results of the deployed EAHE system (cooling behavior from
27 to 29 January 2022).

The mean and maximum deviations for this model compared to the experimental
setup were calculated, the mean deviation was about 3.82%, and the maximum reached
12.70%. Furthermore, the results of the Pearson correlation indicated that there was a
significantly large positive relationship between the experimental and simulation outlet

temperatures, (r(5559) = 0.849, p < 0.001).
5.2. EAHE and EEBLab Experimental and Co-Simulation Results

In order to track the indoor temperature evolution of the EEBLab building, in response
to external weather condition variations, a simulation using the EnergyPlus tool was
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performed for a period of 37 days. The simulation was run from 27 December 2021 to 2
February 2022, which is in line with the experimentation that is presented. An internal
gain of 30 W was taken into account (wood table, equipment cabinet) in addition to
0.013 m3/s infiltrations.

Figure 19 presents the temperature evolution inside the EEBLab in response to external
temperature variation. Both curves evolve, qualitatively, the same way. The temperature
inside the zone reaches a maximum of 29.54 °C, while it reaches 31.32 °C outside. There
is not much of a difference between both ambiances, which is mainly due to the fact that:
(i) no heating or cooling devices are active; (ii) a window is placed on the south facade of
the EEBLab; (iii) the envelope’s thermal inertia is weak since the walls are thick, although
they are insulated.

- - Outdoor Temperature — Indoor Temperature

200 300 400 500 600 700 800 900
Time (h)

Figure 19. Simulated temperature evolution inside the building in response to weather conditions.

In order to evaluate the accuracy of the obtained simulation results, we have conducted
experiments by means of our deployed IoT and big data platform [31-33].

We used digital temperature sensors (DS18B20 and DHT22) connected to microcon-
trollers as sensing nodes. The sensors were connected to one wire (Parasite mode), and
the I2C communication protocol was used to transfer data to the microcontrollers. The
data was then transferred and visualized on our server. In our case, we created a custom
weather station to monitor the outdoor environmental data (e.g., wind speed and direction,
air pressure, ambient temperature and relative humidity, solar radiation) and placed it on
the roof of the EEBLab, as previously shown in Figure 2. As for the indoor environmental
data, we placed an embedded node with CO,, ambient temperature and relative humidity
sensors. Data sampling frequency was set to 10 s. This allows for an accurate tempera-
ture profile as well as for the application of different average periods for simulation or
visualization.

Figure 20 presents the experimental temperature evolution inside the building in
response to the external temperature variation. The internal and external temperatures
almost had the same evolution tendency. The indoor temperature reached a maximum
value of 31.10 °C, and the outdoor temperature reached a maximum of 31.32 °C.

Figure 21 is a presentation of the temperature deviation between the simulation
and experimental results of the indoor temperature evolution. Concerning the indoor
temperature, the difference between simulation and the experiment reached a maximum of
0.35 °C. This negligeable offset can be justified due to the sensor’s precision range as well
as the input weather data average.
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Figure 20. Experimental temperature evolution inside the building in response to weather conditions.
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Figure 21. Deviation between the simulation and experimental results of indoor temperature.

In this subsection, we present the results of the cooperative simulation by combining
EnergyPlus and MATLAB to model the building and the EAHE system, using the BCVTB
framework. The main objective is to be able to simulate the building as a complex system
while taking into consideration its linked equipment. Furthermore, these results will allow
for visualizing the influence of the EAHE system on the thermal comfort inside the EEBLab.
In in order to study the correlation between the simulation and the experiments, real
experimental outdoor temperatures were collected and used as input in the simulation.
Using the collected outdoor environmental data of our test site, we updated an original
EPW file and created a customized one with the collected temperatures using the Elements
software. However, other ambient parameters (e.g., pressure, relative humidity, solar
radiation) were not changed, since the variation was not influential.

The co-simulation was run for a period of 37 days from 27 December 2021 to 2 February
2022. Figure 22 presents the temperature evolution inside the building without the EAHE
system activated (blue x-marked curve), with the EAHE activated (black triangle-marked
curve) versus external temperature (red-dotted curve). For a better visualization of the
results, the first 7 days are magnified (see Figure 23).



Energies 2022, 15, 5407 20 of 22
23} |
{
20
—~
o
(]
N’
g 15
=
=
ot
2 10-
=
v
=
5-
® Outdoor TMP
e Indoor TMP (EAHE Off)
A Indoor TMP (EAHE On)
0-
0 1 2 3 x10°
Time (ms)
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Figure 23. Magnified section of the experimental and co-simulation results.

Without an EAHE device, the indoor temperature varied between a minimum of 5 °C
and maximum of 25 °C. Once the EAHE was activated, the temperature evolved following
the same pattern. However, it varied between a minimum of 12 °C and a maximum of
21 °C and remained at a comfortable temperature range. The EAHE reduced the indoor
temperature of the EEBLab during the day by 2 °C and increased it during the night by 6 °C,
which implies the crucial role that it plays in ensuring a comfortable range of temperature.
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6. Conclusions

The main contributions of this paper are two-fold: The first is the evaluation of the
performances of an Earth-to-Air heat exchanger in maintaining indoor thermal comfort
in buildings. For this, a parametric study was run, and the most adequate parameter
values were chosen to help us size the system and locally construct it. The second con-
cerns shedding light on the importance of co-simulation approaches in evaluating system
performances linked to buildings, in response to the actual real dynamic outdoor and
indoor contexts. For this, the BCVTB framework was investigated to evaluate the EAHE
performances while integrating it into the EEBLab. This platform allows for real-time data
exchange between subsystems, namely, the EnergyPlus tool, which was used to simulate
the indoor air temperature variations within the EEBLab and MATLAB to model the EAHE
system and to calculate its performance based on various parameters. For validation
purposes, a locally developed internet of things platform named HOLSYS was deployed
to collect and monitor data from the sensors. The results proved to be a good agreement
between both the experimentation and the simulation, in terms of the ability of the EAHE
to maintain a comfortable indoor temperature range inside the EEBLab. Moreover, an
economical modeling was created to evaluate the ability of such integrated systems in
decreasing energy bills. It was shown that the power gained by using the EAHE system is
about 1.4 kWh daily, resulting in 511 kWh per year, which mainly leads to a billing savings
of MAD 827 /year (USD 82).

Our future work will focus on the integration of the developed EAHE system with the
heating ventilation and air conditioning (HVAC) system. The main aim will be to optimize
the use of the HVAC system when the EAHE system is capable of satisfying the cooling
and heating needs. Furthermore, using machine learning, we will be able to forecast the
indoor environmental quality to control the systems according to the required comfort.
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