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Abstract

Reducing energy consumption in buildings presents a challenge for the construction and
architectural industries. Stakeholders in the building sector require innovative products
and systems to reduce energy usage effectively. Building Energy Simulation (BES) tools are
essential for understanding energy-related issues during the design phase. However, the
existing BES tools are often complex and costly, making them inaccessible to many architects
and engineers who lack the software expertise for integrating new systems into existing
Building Energy Simulation frameworks. To address this gap, the authors of this article
have developed a new tool that enables early-stage evaluation of building performance.
Additionally, the tool includes Water Flow Glazing (WFG) as a construction element that
is part of both the facade and the building’s heating and cooling system. The authors
validated the methodology by comparing the results from the new tool with those from the
commercial BES tool Indoor Climate and Energy IDA-ICE 5.0 in accordance with ASHRAE
standards. The same cases were tested by comparing the indoor temperature of a room with
the power absorbed by the water, as measured by both tools. A WFG facade can effectively
help maintain comfortable room temperatures throughout both winter and summer while
producing renewable thermal energy via water heat absorption. The accuracy of this tool
was validated using the normalized root mean square error between results from the new
tool and those from IDA-ICE 5.0, which remained below the maximum allowable error
established by ASHRAE. Validation of the tool using an experimental prototype showed
that a coefficient of determination (R2) of 0.91 can be achieved through iterative refinement
between the model and measured data.

Keywords: building energy simulation; water flow glazing; renewable thermal energy;
indoor comfortable temperature

1. Introduction
The revised version of the Energy Performance of Buildings Directive (EPBD) en-

courages the adoption of innovative building techniques and materials by 2050 [1]. These
materials can help designers accomplish the objective of zero-energy buildings, designed
to generate an amount of energy from renewable technologies equivalent to their overall
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energy consumption. Public buildings with large glazing areas face challenges related
to overheating and insufficient thermal and visual comfort, especially in Mediterranean
climates. Adapting buildings to their environmental contexts, enhancing energy efficiency,
and ensuring thermal and visual comfort are essential goals in architectural design [2].

The exterior walls, particularly the glazing, are the essential elements for reducing
heating and air conditioning loads in buildings. The extensive use of glazed facades, cou-
pled with inefficient cooling systems, increases the cooling loads and, therefore, electricity
consumption [3,4]. The g-factor of the selected glass must be low because solar radiation
accounts for most of the cooling load. Short-wave radiation passes through the window
and is converted into long-wave radiation, thereby retaining the energy inside the room as
heat. Hence, a low g-factor prevents direct solar radiation from getting into the building [5].

In the context of innovative glazing solutions to enhance the performance of build-
ing envelopes, several emerging technologies include aerogel-infused materials, glazing
systems integrating photovoltaic cells, and electrochromic facades [6–8]. Previous articles
studied the ability of Water Flow Glazing (WFG) to improve the energy efficiency of build-
ing envelopes [9–11]. Some authors have used prototypes to assess various glazing options,
and the simulation results concluded that lowering the g-factor yields greater efficiency
for thermal performance than increasing the U-value of the glazing [12]. As a heating and
cooling device, WFG is compatible with hydronic technologies such as radiant floors and
water-to-water heat pumps [13]. Increasing the radiant area and reducing the gap between
comfortable and radiant temperatures increased the coefficient of performance of the heat
pumps [14,15]. To understand the integration between WFG and existing energy sources,
accurate building energy simulation tools provide users with the necessary frameworks
for evaluating these systems. By utilizing these simplified simulation tools, designers can
predict how WFG systems will perform under various conditions, ensuring that energy
efficiency goals are met effectively [16,17].

Building Energy Simulation tools can be divided into special-purpose and general-
purpose ones. The former utilizes standard algorithms for simulation and expedites calcu-
lations, although it is not flexible enough to simulate non-standard problems. EnergyPlus
is an example of a special-purpose one. The latter allows users to redefine their simulation
models. Therefore, they are well suited to implement disruptive technologies, such as
Water Flow Glazing. However, they require increased complexity and slower calculation
speeds and are not recommended for preliminary whole-building simulations [18]. As
a general-purpose tool, IDA-ICE can implement new mathematical models using FOR-
TRAN and C++. Some scientific described the equations implemented in IDA-ICE [19,20].
Advanced software tools import geometries from 3D modeling tools or use free and very
basic modeling software. However, it is necessary to modify or enhance the imported
supplemented walls, or eliminate irrelevant graphic options. Another reason for selecting
IDA-ICE as a general-purpose tool was its seamless import of BIM 3D models [21].

The creation of a new tool arises from the complexity associated with existing Building
Energy Simulation tools, such as IDA-ICE. Although using these tools is essential for
understanding the energy consumption of buildings over the year, their complexity can
be a barrier for users, especially for architects in the early stages of design, when quick
decisions are often required [22,23]. The proposed tool considers two different scenarios:
steady conditions and transient conditions. Simulating steady conditions provides the
user with a quick response and understanding of the thermal problem. However, the
steady-state model is not reliable for analyzing thermal performance when solar radiation,
indoor and outdoor temperature, occupancy, and HVAC systems are time-dependent and
non-linear parameters [24]. Additionally, the temperature of each wall is different because
of the absorption of direct solar radiation that enters through the windows [25]. The
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energy that is not absorbed by the walls is diffusely reflected and then absorbed by each
indoor surface. Therefore, a steady case simulation does not reflect the complexity of the
problem [26].

Conversely, under transient conditions, the tool considers fluctuations in the envi-
ronment and the effect of energy absorption in the glazing and the interior walls. WFG’s
main feature is the ability to absorb a significant part of solar radiation before entering
the building and a portion of the reflected energy if it is not absorbed indoors [27]. The
authors of this article have previously developed equations to consider multiple direct and
diffuse reflections between glazing and other surfaces [28]. In the simulation tool tested in
this research, the thermal performance of the glazing is determined by the absorptions of
its layers, implementing the equations, and providing the user with the option to select
steady-state or transient conditions.

The primary objective of this article is to validate a new building energy simulation tool
against the outputs of the only commercial software currently available that includes Water
Flow Glazing (WFG) as part of the building envelope and an HVAC system. Two cases
have been tested: an isolated glass panel and a room composed of three opaque walls and
a glass facade. The new proposed tool has two objectives. Firstly, the users can compare
the performance of the WFG and evaluate its capabilities as a heating or cooling device, as
well as its ability to absorb heat, similar to a traditional solar collector. Secondly, the new
simulation tool can be used to validate the contribution of WFG as a facade in the whole
thermal problem of a simple case study at early stages of the design process.

2. Materials and Methods
This section describes the proposed tool and its features, including the integration

with IDA-ICE 5.0. First, it defines the thermal and spectral parameters that explain Water
Flow Glazing. Second, it addresses the implementation of WFG as a part of the building
envelope in IDA-ICE 5.0. The section concludes with the description of the tested WFG
case studies, including an experimental prototype.

2.1. Description of Proposed Simulation Tool

The proposed tool for building designers includes an app, a software library for
developers, and documented instructions for implementing Water Flow Glazing modules
in existing software codes. The tool has several graphical interfaces. The first includes
energy balance considerations for potential solar radiation for specific locations. The second
allows the user to select the glazing’s spectral properties based on the different glass types
and coatings. The third runs a thermal simulator of the selected WFG type considering its
absorption and spectral properties. Finally, a thermal simulator of simplified rooms includes
insulated opaque walls, roofs and floors, and WFG facades. Essential geometrical aspects
and location are needed to determine the solar irradiance that the simulated building can
manage depending on its location, and orientation. The tool considers a yearly energy
simulation to assess the energy demand. To fulfill the energy requirements, the user can
modify the project’s first draft with a very intuitive graphical user. Energy balance graphs
are shown for the selected period: day, week, month, or year. Energy balance graphics are
presented for specified time intervals, including daily, weekly, monthly, and yearly datasets.
This interface allows users to select the amount of thermal mass to mitigate temperature
fluctuations over the simulation period.

The second phase aims to select the glazing from a catalog. The tool determines
the spectral properties of a specific Water Flow Glazing composition. Transmittance,
reflectance, and absorptance can be presented as a function of the wavelength of solar
radiation and the angle of incidence of solar beam radiation. The tool features four different
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WFG configurations. Nevertheless, the user can calculate the thermal performance for any
configuration of water flow glazing, with the restriction of only one water chamber. After
selecting the WFG panel, the user must simulate the thermal behavior of the isolated glazing
by imposing boundary conditions, such as outdoor temperature, beam and diffuse solar
irradiance, indoor temperature, and water inlet temperature into the WFG. These boundary
conditions can be either steady or transient. If actual outdoor conditions are selected based
on a specific location, the user can select the season or period of the simulation.

The tool includes an EnergyPlus weather file that enables users to select locations and
types of incoming solar energy (direct or diffuse) [29]. The simplified building is defined by
six surfaces—north, east, south, west, roof, and floor—characterized by their dimensions,
thermal transmittance, g-factors, energy transmittances, photovoltaic potential, indoor
conditions, and orientation. Users can generate various graphs, including potential solar
energy in kWh, which shows the solar energy on the building envelope over a specific
period with parametric curves for each facade. It also displays potential solar power in kW,
representing the instantaneous solar power for the facades. The energy demand in kWh
illustrates the required energy for maintaining indoor comfort, while the power demand
in kW indicates the instantaneous power needed to maintain a comfortable temperature.
Figure 1 shows the parametric curves of potential solar energy (kWh) absorbed and the
impinging solar power (kW) on different surfaces (facades and roofs) in Madrid, Spain on
5 July, from the EnergyPlus Weather (EPW) file for Madrid [30].

 
Figure 1. Parametric curves. Solar energy and power on different surfaces of a case study in Madrid,
Spain. (a) yearly solar energy; (b) daily power on 5 July.

The discussed modeling method introduces significant innovations compared to other
Building Energy Simulation tools. A simple interface with limited options simplifies the
user experience. It requires less time and expertise than sophisticated tools available in
the market. Selecting the right component of the HVAC system at the early stages does
not impact the final design of a building. This approach prevents the issues that may arise
when the design is complete, yet the mechanical systems have not been considered. This
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innovation enables faster decision-making processes. However, one limitation is the lack of
connections with other building systems, especially the ventilation strategies.

2.1.1. Spectral Problem of Water Flow Glazing

This spectral library provides public subroutines that enable users to solve the spec-
tral problem associated with multilayer glazing. Figure 2 illustrates the structure of this
Application Programming Interface (API), where the nodes represent software modules
and the arrows indicate file dependencies between these modules.

 

Figure 2. A description of the tool’s Application Programming Interface for spectral properties of
Water Flow Glazing.

The “Coatings” section describes coating types and contains subroutines designed to com-
pute the spectral properties of coatings. Two subroutines, “spectral_properties_coated_glass”
and “properties,” are employed to demonstrate these spectral characteristics. In addition,
the definition of the coating type is linked to the “Layers” module. Each coating consists of
a glass substrate and a coated glass layer, both of which serve as distinct layers. The layer
object contains functions pertinent to data management and retrieval from the International
Glazing Database (IGDB) [31]. The “Spectral_Problem” module addresses the complexity
associated with multiple reflections, deriving the spectral properties for the entire glazing
assembly. Matrices and their associated operations are defined to facilitate the resolution
of the differential equation. The “Interpolation” module generates values from discrete
data points, enabling users to obtain spectral properties at specific angles of incidence that
are interpolated from a limited set of discrete angles. Figure 3 shows an example taken
from a WFG panel analyzed with the tool. It illustrates spectral and angular properties,
such as Thermal and Visual Transmittance, Reflectance, and Absorptance, depending on
wavelength and angle of incidence, respectively.
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Figure 3. Spectral properties of case study of WFG. (a) Depending on angle of incidence; (b) depend-
ing on wavelength.

2.1.2. Thermal Problem of Water Flow Glazing

The thermal problem involves numerous parameters that need to be assessed. The tool
offers two modeling approaches: a Simplified mathematical model and a Complete model.
The Simplified model disregards the thermal mass of the various components and resolves
a set of algebraic equations. In contrast, the Complete model acknowledges the thermal
mass and considers each component as a partial differential equation, requiring greater
computational effort. Despite the different approaches, temperature simulations from both
models exhibit negligible differences, with only specific test cases revealing any substantial
variations. This work focuses on formulating a simplified algebraic model to obtain the
outlet temperature of the WFG panel, the temperature profile, and the heat flux in each
layer. By doing so, the tool calculates the energy absorbed by the water chamber, enabling
the analysis of its energy performance over the course of a year. The simplified model
enables a shorter simulation time with a suitable level of precision. An experimental setup
has also been constructed to generate measured data as a benchmark for comparing and
validating the results derived from the proposed simplified model. The description of this
problem contains various aspects, including the outdoor and indoor boundary conditions,
and convective models.

The exterior boundary conditions can be set as “Constant BCs” or the “EnergyPlus
weather file” of a specific location [32]. By default, interior boundary conditions are
associated with the parameters of interior spaces. However, internal room parameters are
not applicable when the “Isolated Glazing” option is selected. When the user selects a
glazing system in an insulated room, it is necessary to specify thermal parameters such as
room temperature, glazing type, absorption, mass, and U-value.

The tool allows users to choose between constant values or advanced models from ISO
15099:2003 [33] for calculating convective heat transfer coefficients, hi for interior and he for
exterior. By default, the tool utilizes constant values, but these coefficients are computed
more precisely when the ISO model is selected. The convective heat transfer dynamics
within the fluid chambers are characterized by the coefficients hg for gas and hw for water.
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Similar to the previous coefficients, these can be treated as constant or obtained from more
advanced modeling approaches. The ISO model is set as the default option for the gas
chamber of the glazing (hg).

The Thermal Problem library utilizes the absorption data of each material, which have
been previously computed using the tool’s spectral library. Figure 4 shows the general
structure of the software library, where every node defines a software module, and every
arrow represents the use of one module by another.

 

Figure 4. A description of the tool’s Application Programming Interface for thermal properties of
Water Flow Glazing.

An “Active_wall” is a polymorphic layer that derives its properties from the object
component, which includes inlet and outlet connectors with specific inlet and outlet temper-
atures and flow rates. In contrast, interface temperatures and heat flux values characterize
the object boundaries. These components are conceptualized as one-dimensional open sys-
tems that facilitate the exchange of heat through their boundaries and engage in energy inter-
change between the inlet and outlet because of temperature differences. A “Connection_list”
object is used to structure comprehensive energy circuits by integrating various compo-
nents. The modules “Water_layers,” “Air_layers,” and “Glass_layers” establish new objects
for formulating equations that assess the internal thermal behavior of each layer, along
with boundary conditions to ensure that interface values align with those of adjacent layers.
Additionally, these polymorphic layers inherit the features defined in the “Layer_class”
module. The “Active_windows” module, used by the “API_Thermal_problem” module,
builds the object “Active_Window” using the “Glass_layers” and “Air_layers” modules.
This module contains methods and functions, such as “Constructor_Active_Window” and
“Equation_Active_Window”, to simulate the thermal performance of WFG panels. These
methods compile equations of every layer and resolve a non-linear system to determine
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the heat flux at the interfaces. The “API_Spectral_problem” calculates the absorption of
each layer, which informs the thermal equations. “Layer_class” holds the typical spectral
and thermal properties of a layer. “Air_layers” and “Water_layers” refer to fluids with a
convection transfer mechanism calculated in the module “Heat_transfer_in_chambers.

2.1.3. Numerical Implementation of the Proposed Tool

When it comes to temporal discretization, the proposed tool uses the Euler method to
approximate the solution of differential equations by dividing time into discrete intervals.
The determination of the time step size is in accordance with EnergyPlus, which operates at
a frequency of up to one hour. The simplified model of the proposed simulation tool can run
at lower time steps. The selected time step for this research was 2 per hour, which indicates
a simulation time step of 30 min. A complete model is also available. The subroutine
resolves partial differential equations, considering solar absorptances in glass or water
layers with significant thermal mass. To achieve the steady state, the problem iterates
n = 100 time steps of dt = 300 s. As a result, the computational effort of this simulation is
six times that of the simplified method. The spatial discretization determines the count
of nodes across each material layer. The WFG layers are reduced to two nodes. This
assumption presents the disadvantage of lacking meaningful temperature profiles within
the glass layers. Nevertheless, this simplified method is considered valid because the
characteristic thickness of the glass layers ranges from 4 to 10 mm, and the gas and water
layers, from 12 to 24 mm. The advantage of this model lies in its reduction in processing
time, while keeping a known level of precision.

2.2. Setting the Parameters of Water Flow Glazing in IDA-ICE

This section describes the model that defines the Water Flow Glazing behavior im-
plemented in IDA-ICE. This professional software enables dynamic thermal simulation,
evaluation of natural and artificial lighting, and simulation of systems by adding compo-
nents. Moreover, it is a very productive tool because it imports BIM files with accurate
geometries. IDA-ICE can be used to conduct energy studies and complete design, encom-
passing the envelope, HVAC, and control systems. IDA-ICE facilitates the development of
software that adapts to local requirements and extends it with new modeling capabilities.
To verify the correct installation of the new WFG module, the authors run a complete,
isolated, and transient case study. A transient case requires a climate file and the .idm file,
which is the design of the room. The EnergyPlus weather (EPW) file must be placed in the
folder: C/Programfiles (X86)/IDA/climate. The next step was to start IDA-ICE .idm file,
run the simulation, and open the “Output-File” to visualize the results [34].

To create a new glazing in the database, it is necessary to define a new type of window,
a WinType object, and a Detwind model. Firstly, the user must create a new Building
project; secondly, the new window can be edited and configured layer by layer. Both
glazing types and panes can be loaded from the database; additionally, frame options and
the frame-to-window ratio can be selected. After creating and saving a new window in the
database, the user must create a simulation model by selecting the simulation tab and the
“Build model” button. The new WinType model will be displayed in “Window types,” and
the new Detwind in the “Zone” interface. Table 1 defines parameters and variables listed
in the software tool. There is a distinction between inputs, outputs and local variables. The
user must select some features of the WFG (S_P) whereas other parameters are computed
(C_P). The spectral and thermal properties of the Water Flow Glazing can be found in a
text file with a “.plt” extension, located in the “materials” drop-down menu.
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Table 1. Variables involved in the WFG model.

Argument Type Role Description

RADirIn Rad in Exterior beam solar radiation perpendicular to the glazing [W/(m2)]
RADiffIn Rad in Exterior diffuse solar radiation [W/(m2)]
RBDirIn Rad in Interior beam radiation perpendicular to the glazing [W/(m2)]
RBDiffIn Rad in Interior diffuse irradiance [W/(m2)]

RADirOut Rad out Exterior beam solar radiation perpendicular to the Glazing [W/(m2)]
RADiffOut Rad out Exterior diffuse solar radiation [W/(m2)]
RBDirOut Rad out Interior beam radiation perpendicular to the glazing [W/(m2)]
RBDiffOut Rad out Interior diffuse irradiance [W/(m2)]

Tsout Temp in Exterior Surface window temperature [◦C]
Qe HeatFlux out Exterior heat flux [W/(m2)]

Tsin Temp in Interior Surface window temperature [◦C]
Qi HeatFlux out Interior heat flux [W/(m2)]
Te Temp in Exterior temperature [◦C]

QABackCv HeatFlux out Back convection from the window curtains, in this model is set to
zero [W/(m2)]

Ti Temp in Interior temperature [◦C]

QBBackCv HeatFlux out Back convection from the window curtains, in this model is set to
zero [W/(m2)]

Tin Temp in Inlet water temperature [◦C]
Tw Temp out Outlet water temperature [◦C]
P HeatFlux out Power obtained [W/(m2)]

flow rate MassFlow in Flow rate in the water chamber [kg/(s m2)]
ElevSun Angle in Angle of sun elevation in radians

AzimutSun Angle in Angle of sun azimuth in radians
WindVel Vel in Local wind speed [m/s]

ID WFG Factor S_P WFG identifier (Case 1 = 1; Case 2 = 2; Case 3 = 3;
Case 4 = 4).

AWindow Area S_P Window area
c Heatcp S_P Heat capacity of the fluid

azimutWind Angle S_P Azimuth of window surface
slopeWind Angle S_P Slope of window surface

deg2rad Factor C_P Conversion factor from Deg to Rad
rad2deg Factor C_P Conversion factor from Rad to Deg

The azimuth and sun elevation are inputs provided by the weather file. The relative
position of the window (orientation and slope) depends on the architectural design interface.
Finally, the surface temperature of the water flow glazing is calculated using a convective
model. Certain boundary conditions, such as the exterior solar irradiance, the water flow
rate, and the inlet temperature, are essential parameters for simulating the thermal change
of WFG panels. After solving the thermal problem, the software outputs are the transmitted
energy and the outlet temperature of the water.

2.3. Description of Water Flow Glazing Types

All case studies feature triple glazing, which combines three single glass panes, lami-
nated glass with a polyvinyl butyral (PVB) interlayer, a 16mm argon chamber, a 24 mm
fluid chamber, low-emissivity (Low-E) coatings, and high-selective solar coatings. Figure 5
illustrates the three WFG cases tested. It shows the types of glass and coatings used in the
glazing, along with the spectral properties as a function of the wavelength in nm from the
studied tool.



Sustainability 2025, 17, 9669 10 of 28

 
(a) Case 1 (b) Case 2 (c) Case 3 

Figure 5. Layer description and spectral properties of the case studies from exterior to interior
(a) Case 1: A1: planiclear 8 + 8 mm/24 mm water/A2: planiclear 8 + 8 mm, Low-E/16 mm argon/A3:
planiclear 6 + 6 mm. (b) Case 2: A1: diamant glass 10 mm/16 mm argon/A2: Low-E, planiclear
8 + 8 mm/24 mm water/A3: planiclear 8 + 8 mm. (c) Case 3: diamant glass 10 mm, reflective
coating/16 mm argon/A2: planiclear 8 + 8 mm/24 mm water/A3: planiclear 8 + 8 mm.

The parameters that impact the heat flux through any glazing are the temperature dif-
ference between indoors and outdoors (θe − θi) and both diffuse and direct solar irradiance,
denoted as i0. The heat flow through WFG panels is illustrated in Equation (1), which is
valid under steady conditions, assuming that the thermal resistance of the glass panes and
the water is negligible, and the water flow is uniform. The authors of this research have pre-
viously published a solution to this problem and explained the following assumptions [35].
The model considers conduction, convection, and Far InfraRed radiation (FIR) as heat
transfer mechanisms. It is assumed that the temperature at the inlet remains constant. The
convective heat transfer within the cavity is directly related to the temperature difference
between the parallel glass panes, multiplied by a constant heat transfer coefficient, hg.
The thermal mass of the air chamber is considered negligible, and heat exchange due to
radiation and convection can be assumed to be proportional to the temperature difference
multiplied by a convective coefficient, hg. Finally, the thermal resistance of a glass pane is
calculated as its thickness divided by its conductivity.

q = U(θe − θi) + Uw(θIN − θi) + gi0, (1)

where θIN is the inlet temperature of the fluid into the WFG system, θe is the outdoor temper-
ature, θi is the indoor temperature, Uw is the thermal transmittance between the water cham-
ber and the interior, and U is the thermal transmittance of the glazing. Equations (2) and (3)
show the expressions of Uw and U, respectively, as presented in previous articles [35].

U =
Ui Ue

.
mc + Ue+Ui

, (2)
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Uw =
Ui

.
mc

.
mc + Ue+Ui

, (3)

where ṁc is the heat capacity of the fluid, Ui, Ue are thermal transmittances derived from
the heat coefficients he, hi, hg, hw. Water flow glazing can alter the thermal performance by
modifying the mass flow rate per unit area, ṁ, considered uniform inside the glass pane.
Therefore, the expression of the g-factor shown in Equation (4) is affected by the variation
in ṁ. Aw is the water absorptance, whereas A1, A2, A3 are the glass panes absorptances. Ai

is a secondary internal heat transfer factor and T, the energy transmittance [36].

g =

(
Ui

.
mc + Ue+Ui

)((
A1

(
Ue

he

)
+ A2

(
1
hg

+
1
he

)
Ue + A3

(
Ue

hi

)
+ Aw

))
+ Ai + T. (4)

2.4. Description of Experimental Prototype

Focused on evaluating the thermal performance of water flow glazing in comparison
with software tools, a scaled prototype was built and tested in Madrid, Spain. The proto-
type’s dimensions are 100 cm in height, 100 cm in width, and 75 cm in depth. A Peltier unit
connected to a buffer tank regulates the temperature of the water inlet. The prototype con-
sists of a steel structure with roofs, floors, and opaque walls. A white aluminum sandwich
panel incorporating 100mm of extruded polystyrene was placed as the opaque envelope.
For the transparent south facade, a Water Flow Glazing panel, as defined in Case 3, was
selected. Figure 6 depicts the dimensions and a view of the built prototype, along with its
main components.

Figure 6. Description of experimental prototype with a WFG facade.

3. Results
The goal of this section is to outline various test cases that facilitate the comparison

of numerical simulations with the proposed tool and to assess and compare the thermal
characteristics of different glazing types.

3.1. Results from Studied Tool

This section presents the outputs yielded by the studied tool, focusing on the thermal
and spectral parameters of different WFG panels. The tool allows users to generate steady-
state and transient reports. The steady-state analysis provides a preliminary assessment
of the efficiency of each Water Flow Glazing (WFG) panel, considering both indoor and
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outdoor temperatures, as well as solar irradiance. After selecting the optimal WFG based
on the steady-state analysis, researchers can conduct a transient study to assess the seasonal
performance of the panel.

3.1.1. Spectral Results of the WFG Case Studies

Table 2 shows a description of the thermal and spectral parameters from the studied
tool, considering three cases described in Section 2.3. The table compares the glass panes
and water absorptances (A1, A2, A3, Aw, total absorptance of water flow glazing (Av), inte-
rior thermal transmittance (Ui), exterior thermal transmittance (Ue), thermal transmittance
of triple glazing (U), thermal transmittance from water chamber to interior (Uw), and energy
transmittance (T). The thermal parameters depend on the mass flow rate. When the flow
rate is zero, the thermal transmittance, U, depends on the gas chamber [37]. However, at the
design flow rate (0.028 kg/(s m2), U was almost zero. The first case features a WFG panel
with an exterior water chamber and a low-emissivity coating on face 4. At the operating ṁ,
the g-factor became 0.22, Uw is 0.977 W/(m2 K), and the U is 0.128 W/(m2 K). The second
case has an indoor water chamber with a low-emissivity coating applied to face 3. The
U-value is 0.066 W/(m2 K), and the variable g-factor is 0.24 when fluid is flowing through
the window. The third case has a solar control coating in face 2. It yields a U-value of
0.063 W/(m2 K). The g-value is 0.22. The energy transmittance, T, ranges from 0.20 in Case
1 to 0.21 in Cases 2 and 3.

Table 2. Spectral and Thermal parameters of WFG (ṁ = 0.028 kg/(s m2) 1.

Glazing A1 A2 A3 Aw Av T Ui
W/(m2K)

Ue
(W/(m2K)

U
(W/(m2K)

Uw
(W/(m2K) g

Case 1 0.685 0.033 0.012 0.004 0.51 0.20 0.99 15.75 0.128 0.977 0.22
Case 2 0.069 0.432 0.019 0.002 0.44 0.21 6.89 1.08 0.066 6.459 0.24
Case 3 0.291 0.028 0.019 0.001 0.06 0.21 6.89 1.08 0.063 6.462 0.22

1 density of the fluid: 850 kg/(m3).

3.1.2. Thermal Results

The thermal problem associated with WFG panels can be effectively separated from
the thermal interactions within the other system components. The resolution of the thermal
problem may show non-steady behaviors influenced by variable climatic conditions and
the thermal mass of each layer. In scenarios where boundary conditions remain constant,
the steady-state solutions become independent of the thermal mass and specific heat of the
components involved. Thus, utilizing test cases predicated on steady boundary conditions
is an optimal initial approach for validating thermal models [38].

In the context of system operation, the flow rate is calibrated to a design rate of 2 L per
minute per square meter. At the same time, the inlet temperature (θINLET) is maintained at
a fixed value, whereas the outlet temperature (θOUTLET) depends on the water’s ability to
absorb energy. Equation (5) shows the output derived from these experimental conditions
containing the water heat gain (WHG) absorbed by the mass flow rate (ṁ) depending on the
fluid specific heat (c) and the water heat gain (θOUTLET − θINLET). The latter is quantitatively
defined as the sum of the absorbed beam solar irradiance (TIb) and the indoor heat flux
(qi), in addition to the heating or cooling power involved in the thermal dynamics of the
system. Water heat gain (WHG) is measured in watts.

WHG =
.

mc(θOUTLET − θINLET). (5)
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Equation (6) shows the expression for the outdoor heat flux.

qe = he (θne − θse), (6)

where the outdoor convective coefficient, he can be considered a constant or can be calcu-
lated using more accurate models. The surface temperature of the outer glass pane, θse,
and the outdoor temperature, θne, are essential variables in this framework. The latter can
either be a constant value or reflect the actual environmental conditions, incorporating
factors such as heat contributions from adjacent radiating structures, ground surfaces, or
atmospheric influences [39]. Furthermore, to adequately establish the outdoor boundary
conditions, it is imperative to incorporate parameters such as beam and diffuse solar irradi-
ances, and the incidence angle of solar radiation. In terms of indoor boundary conditions,
Equation (7) expresses the indoor heat flux.

qi = hi (θsi − θni), (7)

where hi represents the indoor convective coefficient. The environmental indoor tempera-
ture, θni, can be a constant value or it can be calculated by the tool. Finally, θsi is the surface
temperature of the inner glass pane. To establish the indoor boundary conditions, it is
necessary to provide or calculate both beam and diffuse solar irradiance.

Newton’s law explains the heat transfer through gas chambers. Equation (8) shows
the heat flux in a gas between parallel solid materials, whose temperatures are θ1 and θ2

respectively, and hg is the heat transfer coefficient of gas chambers that considers the natural
convective effect and the radiative heat transfer [40]. As stated previously, this coefficient
may be represented as a constant or derived through calculations that incorporate the
emissivity of the glass surfaces and convective transport mechanisms.

qg = hg (θ1 − θ2). (8)

The heat flux in the water chamber is directly proportional to the temperature gradient
between the water (θw) and the surfaces of the glass panes (θ1 and θ2). This coefficient
effectively captures the heat transport mechanism driven by the convective flow of water
within the chamber. Given that water absorbs infrared radiation, the heat transfer due to
radiation is notably absent in this environment. Equations (9) and (10) illustrate the heat
flux across the two glass panes.

q1 = hw (θ1 − θw), (9)

q2 = hw (θw − θ2), (10)

where hw is the heat transfer coefficient for the water chamber.
The simulation includes three different scenarios involving Water Flow Glazing (WFG)

panels. The first scenario examines an isolated WFG panel, in which steady-state boundary
conditions are assessed. The second scenario considers the same panel under transient
boundary conditions. Finally, the third one assesses the integration of the WFG panel into
the facade of a square room characterized by insulated walls, roof, and floor. Exterior
boundary conditions (outdoor temperature and solar irradiance) are determined by the
EPW file described in the Materials and Methods Section. The opaque enclosure and
the transparent WFG facade define indoor boundary conditions. The opaque envelope
features include orientation of the simulated prototype, indoor mass and thermal inertia,
the thermal transmittance, the interior convective coefficient, and the absorption coefficients
(αNIR and αFIR) of the indoor surfaces. The boundary conditions in the transparent WFG
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panel include interior and exterior convective coefficients, as well as the transmittance and
absorptance of each WFG component (glass, water, and gas chamber).

Figure 7 shows that the water inlet temperature (θINLET) remains constant across
all tested cases, set at 17 ◦C for the summer season and 21 ◦C for winter, whereas the
outlet temperature (θOUTLET) is an output. In the steady-state configuration of the WFG
panel, both indoor and outdoor temperatures (θi and θe) are prescribed as fixed values.
At the same time, the solar irradiance (I) is held constant and oriented perpendicularly
to the panel. In the transient scenarios of the WFG panel, only the interior temperature
is held steady; the exterior temperature and solar irradiance are given by a weather file
representing real-world conditions. The performance of an insulated room is evaluated,
using the same weather file to provide the outdoor temperature. The resultant indoor
temperature is determined through thermal simulation utilizing the method described in
previous articles published by the authors of this research [28].

Figure 7. Temperature Conditions and Solar Irradiance Settings for WFG Panel scenarios: (a) WFG
panel at steady state. The solar irradiance (I) is constant and oriented perpendicularly to the panel;
(b) WFG panel at transient state. The solar irradiance (I) is given by a weather file; (c) WFG facade in
an insulated room at transient state. The solar irradiance (I) is given by a weather file.

3.2. Water Flow Glazing Panel

The simulation of a simple isolated glazing can demonstrate the accuracy of the
proposed tool in addressing the thermal behavior of Water Flow Glazing panels (scenarios
(a) and (b) of Figure 6). The first subsection describes the simulation of steady-state
conditions of three different case studies, setting indoor and outdoor temperatures and
solar irradiance. The following subsection encompasses a transient-state simulation using
the EnergyPlus Weather (EPW) file for Madrid, Spain. The goal is to provide users with a
quick method for evaluating optimal glazing options corresponding to various orientations.
In the context of net-zero and positive-energy buildings, WFG can be a viable strategy for
reducing thermal heat gains in buildings and generating renewable energy [41,42].

3.2.1. WFG Panel: Steady State

For this analysis, the interior temperature is a fixed parameter, while the diffuse irra-
diance is not considered, simplifying the problem’s complexity. This approach effectively
replicates the imposition of indoor boundary conditions for the isolated glazing system.
Furthermore, two distinct test cases are studied: one involving steady boundary conditions
and the other addressing transient boundary conditions. This series of test cases operates
under the premise of a normal angle of incidence, thereby minimizing uncertainties related
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to the absorptance dependency of each layer on varying incidence angles. The mass flow
rate is set at 0.028 kg/(s m2) and the fluid specific heat is 3600 J/(Kg◦C) Two distinct steady
states are analyzed: winter and summer. Table 3 illustrates the winter and summer bound-
ary conditions. Convection coefficients are constant over the year. Indoor and outdoor
temperatures, inlet temperature of the water chamber, as well as beam solar irradiance,
Ib, are considered constant, although their values vary over the seasons. The diffuse solar
irradiance, Id, is neglected.

Table 3. Indoor and outdoor steady conditions.

Season θe
(◦C)

θi
(◦C)

θINLET
(◦C)

he
W/(m2 ◦C)

hi
W/(m2 ◦C)

hg

W/(m2 ◦C)
hw

W/(m2 ◦C)
Ib

W/(m2)
Id

W/(m2)

Winter 0 21 21 23 8 1.16 50 600 0.0
Summer 35 28 17 23 8 1.16 50 800 0.0

Table 4 shows water heat gain, WHG, transmitted solar beam radiation, TIb, the room
thermal heat gain, qi, and the inlet and outlet temperature, θINLET and θOUTLET, of the water
in both winter and summer conditions for different glazing types in a steady state.

Table 4. Outputs of the Case Studies from the studied tool.

Season Glazing WHG
W/(m2)

TIb
W/(m2)

qi
W/(m2)

θINLET
(◦C)

θOUTLET
(◦C)

Winter
Case 1 19.9 123.7 7.4 21 21.2
Case 2 227.4 128.4 13.7 21 22.9
Case 3 12.9 129.2 2.6 21 21.1

Summer
Case 1 556.1 164.9 3.5 17 21.6
Case 2 413.3 171.2 −44.4 17 20.4
Case 3 127.2 172.3 −59.2 17 18.1

When evaluating water heat gain in winter, Case 2 shows the highest heat gain in
winter, compared to the other alternatives. Its water heat gain is ten times greater than
that of Case 1. On the other hand, Case 1 shows a water heat gain of 556.1 W/(m2) in
the summer, which is more significant than the 413.3 W/(m2) recorded in Case 2 and
127.2 W/(m2) in Case 3. A high heating capacity, qi, might be convenient in winter for
reducing the heating load. Data presented in the table indicate that when it comes to the
internal heat gain in winter qi, Case 2 shows a value twice that of Case 1. In summer, cooling
capacity could be a criterion to select the best glazing option. Case 3 is the optimal glazing,
showing a similar performance to Case 2. However, to reach this cooling load, Case 3 must
dissipate 127 W/(m2), whereas Case 2 has to dissipate 413 W/(m2). Therefore, Case 2 needs
more than twice the power of Case 3 to obtain a similar cooling capacity. Cases 2 and 3 are
selected to perform a transient state analysis, which requires more computational power.

3.2.2. WFG Panel: Transient State

Transient behavior in thermal dynamics is observed when outdoor temperature and
solar irradiance fluctuate throughout the day. In subsequent test cases, the thermal pa-
rameters are time-dependent, and the indoor temperature is established as constant. The
transport coefficients are maintained at constant values to mitigate uncertainties in the
validation process. The case studies described in this research are placed in Madrid, Spain.
The EPW file was downloaded from the EnergyPlus website. The water flow rate and
the inlet temperature are set as constant values, as detailed in Table 3. The winter sim-
ulation is conducted over the period from 12 January to 16 January, while the summer
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simulation spans from 3 July to 7 July. Figure 8 shows the performance of Case 2 and Case
3 WFG panels in winter and summer conditions. Indoor temperatures are set at 21 ◦C
in winter and 27 ◦C in summer. In winter, outdoor temperatures fluctuate between 2 ◦C
and 12 ◦C, while in summer they range from 19 ◦C to 35 ◦C. Solar irradiance on the WFG
panel reaches a peak of 600 W/m2 in winter and 270 W/m2 in summer. Analyzing the
results from Case 2, the daily absorbed energy per unit of area over the summer days is
approximately 2.6 kWh per day, in contrast to a significantly lower absorption of around
0.75 kWh in winter. When considering the room thermal heat gain, qi, the results align
with the predictions of the steady-state analysis. Heat gains are observed in winter through
the Water Flow Glazing facade. Conversely, in summer, the water circulating through the
glazing at a temperature below the comfortable indoor temperature facilitates heat removal
from the interior environment.

 

Figure 8. Case 2 and Case 3. Results from the tool of a panel of WFG under transient conditions in
winter days and summer days.

In Case 3, boundary conditions are the same as in Case 2. The application of a reflective
coating results in higher near-infrared (NIR) reflectance, leading to a reduction in Water
Heat Gain compared to Case 2. As predicted by the steady-state simulation, the room
thermal heat gain, qi, yields negative values, which indicates that heat is extracted from the
indoor environment. Nevertheless, the energy absorbed by the water flow is 25% less than
that of Case 2. In Case 3, it is expected that the daily absorbed energy per unit of area is not
relevant in winter. However, over the summer days, it is approximately 2 kWh per day.

3.3. Water Flow Glazing Facade in an Insulated Room: Transient State

The problem becomes more challenging when an insulated room with a Water Flow
Glazing facade is considered. The authors of this article have conducted extensive research
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on long-wave solutions, short-wave solutions, solar energy distribution, the reflection
of solar beam radiation, and the diffuse radiation transmitted through the glazing. In
addition, there are two kinds of reflections: direct ones occurring between the glazing and
parallel surfaces, and indirect reflections among the glazing, parallel, and perpendicular
surfaces. The simulation models are taken from previous research [28,35]. To simplify this
test case, a square room with a south-facing glazing is considered. The dimensions of the
room are specified as follows: a height of 3 m, a length of 7 m, and a width of 7 m. The
near and far infrared absorption coefficients are assumed to be uniform across all interior
walls, with αNIR set at 0.4 and αFIR at 0.9. The thermal transmittance of the opaque wall
has been established at zero for this analysis. Two factors affect the thermal performance
of the WFG facade: the interior temperature, which depends on the opaque envelope’s
thermal insulation, and the absorbed back irradiance. Therefore, the water heat gain can be
significantly different from that of isolated glazing described in Section 3.2.2.

Figure 9 illustrates the performance of WFG panels as a facade in the insulated room.
The outdoor temperature ranges from 2 ◦C to 12 ◦C in winter and from 20 ◦C to 36 ◦C
in summer. The indoor temperature, derived as an outcome of the simulation, exhibits
oscillations ranging from 16 ◦C to 24 ◦C during the winter months and from 18 ◦C to 22 ◦C
throughout the summer. The total accumulated energy over four summer days amounts
to 7 kWh in Case 2. This value is significantly lower than the energy accumulated in the
isolated WFG panel under transient conditions. The difference can be attributed to the
indoor temperature setting of 28 ◦C in the isolated panel test, in contrast to the fluctuating
indoor temperatures observed in the room simulation, which range from 18 ◦C to 22 ◦C.

 
Figure 9. Case 2 and Case 3. Results from the tool of a WFG facade in an insulated room under
transient conditions in winter days and summer days.
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In Case 3 under winter conditions, with the exterior temperature consistently below
5 ◦C, the interior temperature is maintained within a comfortable range because the WFG
inlet temperature is set at 21 ◦C. However, there is no accumulated energy over 4 days in
winter due to thermal losses occurring to the outdoor environment during nighttime hours.
In Case 3, the accumulated energy during summer days is reduced compared to Case 2 due
to a solar control coating in face 2. This coating prevents a significant portion of incoming
solar radiation from being transferred to the flowing water.

4. Discussion
This section compares the results from the studied tool with those of the software

IDA-ICE 5.0. The focus of the analysis is an insulated room with a Water Flow Glazing
facade, which is analyzed under both steady-state and transient weather conditions. For
the steady-state analysis, the outdoor temperatures are set at 35 ◦C in summer and 0 ◦C in
winter, respectively. The indoor temperatures are maintained at 28 ◦C in summer and 21 ◦C
in winter. Finally, the inlet temperature of the water flow glazing panel is set at 17 ◦C in
summer and 21 ◦C in winter. For the transient analysis, the standard EnergyPlus Weather
(EPW) file for Madrid defines the outdoor temperatures and solar irradiance, while the
simulation tools determine the indoor temperature. The WFG panel is the only heating and
cooling device used in the room. The test cases that were examined with the tool in the
previous section are replicated in IDA-ICE 5.0.

4.1. Water Flow Glazing Facade in an Insulated Room: Steady State

When boundary conditions remain constant, the resulting solution becomes steady
and uniform once equilibrium is achieved. These simulations consider normal incidence
conditions to mitigate uncertainties arising from the angle-dependent absorptance charac-
teristics of various layers. Two distinct steady-state scenarios are examined: winter and
summer. For the water flow glazing, Tables 2 and 3 show the values used in these simula-
tions. In addition, each interior surface has a different temperature because of the varying
intensity of direct sunlight. Since the WFG faces south and the solar beam is perpendicular
to the glazing, the north facade is illuminated. The interior wall absorbs a portion of this
incident solar energy, while the remainder is diffusely reflected. Later, this irradiance is
absorbed by each indoor surface. Hence, in this test case, the water flow glazing absorbs
additional energy from indoor irradiance. Tables 5 and 6 outline the outputs from a winter
and summer analysis of the room described in Section 3.3: water heat gain (WHG), the
transmitted solar beam radiation (TIb), the room thermal heat gain (qi), and the water inlet
and outlet temperature (θINLET and θOUTLET). The solar beam radiation remains constant
and perpendicular to the glazing, while diffuse radiation is not considered in the three
test cases.

Table 5. Winter outputs in steady state of the case studies from the studied tool and IDA-ICE in an
insulated square room.

Software Glazing WHG
W/(m2)

TIb
W/(m2)

qi
W/(m2)

θINLET
(◦C)

θOUTLET
(◦C)

Tool 1
Case 1 130.4 123.7 105.1 21 22.1
Case 2 355.6 128.3 109.0 21 24.1
Case 3 133.4 129.2 109.8 21 22.1

IDA-ICE
Case 1 125.0 123.7 108.9 21 21.8
Case 2 354.2 128.4 111.1 21 23.9
Case 3 128.6 129.4 113.1 21 22.1

1 ISO model and constant hi and he.
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Table 6. Summer outputs in steady state of the case studies from the studied tool and IDA-ICE in an
insulated square room.

Software Glazing WHG
W/(m2)

TIb
W/(m2)

qi
W/(m2)

θINLET
(◦C)

θOUTLET
(◦C)

Tool 1
Case 1 697.1 164.9 140.1 17 22.8
Case 2 532.2 171.1 145.4 17 21.5
Case 3 232.0 172.3 146.4 17 18.9

IDA-ICE
Case 1 642.7 164.9 145.1 17 22.4
Case 2 520.9 171.2 148.2 17 21.3
Case 3 220.5 172.3 150.8 17 18.8

1 ISO model and constant hi and he.

Analyzing the results from Table 5 and focusing attention on the water outlet tempera-
ture (θOUTLET) and the Water Heat Gain (WHG), the values are consistent with those shown
in the analysis of the isolated WFG panel under steady conditions, calculated using the
analyzed tool in Table 4. Case 2 has the highest water heat gain, at 335.6 W/m2. This value
exceeds the 227.4 W/m2 recorded for the isolated WFG panel (as mentioned in Table 4) due
to the reflected radiation from the room walls and its subsequent absorption by the flowing
water. Comparing the results from the tool and IDA-ICE, they are similar in both Water
Heat Gain and water outlet temperature, showing an average deviation of 2.7% across
all results.

The summer conditions from Table 6 exhibit consistency regarding the water outlet
temperature (θOUTLET) and Water Heat Gain (WHG). Case 1 has the highest water heat
gain, at 697.1 W/m2, surpassing the 556 W/m2 registered for the isolated WFG panel (as
mentioned in Table 4). Comparing the results from the tool and IDA-ICE, they are similar
in both Water Heat Gain and water outlet temperature, suggesting the reliability of the
methods employed.

4.2. Water Flow Glazing Facade in an Insulated Room: Transient-State Cases 2 and 3

This section compares the simulation results from the studied tool and IDA-ICE, with
a focus on Cases 2 and 3 under summer conditions. Outdoor temperatures fluctuated
between 19.6 ◦C and 36 ◦C, while the inlet water running through the WFG at 17 ◦C helped
maintain a comfortable indoor temperature over the simulation period. Figure 10 displays
the outputs from the investigated tools in terms of indoor temperature and Water Heat
Gain, expressed in W/m2. Although there was a clear difference in the slope of their
graphical outputs, both simulation tools demonstrated analogous trends and peak Water
Heat Gain values. The results indicate that the Water Heat Gain values are closely aligned,
and the indoor temperature ranges between 17 ◦C and 22 ◦C in both cases.

This study employs a cross-validation method, in which a previously validated soft-
ware is used to assess other tools, facilitating a comparative analysis of results obtained
from multiple software tools [43]. The deviations were evaluated utilizing hourly data
for indoor temperature and Water Heat Gain over four days in summer. The authors em-
ployed graphical validation by plotting measured data and simulated results to illustrate
their temporal changes. The selected method in this study was the Weather-Day-Type
24-Hour Profile Plots described in ASHRAE Guideline 14, Appendix C [44]. Acceptable
calibration has been declared when models match to within ±20% for a minimum of 20
out of 24 h for each day type [44]. While graphical methods help facilitate this process,
the definitive evaluation of acceptable calibration will ultimately be conducted through
statistical analysis.
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Figure 10. Thermal output of an insulated room. Cases 2 and 3 tested under transient conditions
with the studied Tool and IDA-ICE.

Equation (11) defines the Root Mean Square Error (RMSE) and Equation (12), the
Normalized Root Mean Square Error (NRMSE). Both expressions utilize the value from
IDA-ICE as a reference normalization metric [45,46].

RMSE =

√
∑n

i=1(SSi − ARi)
2

n
, (11)

NRMSE =
1

nm

√
∑n

i=1(SSi − ARi)
2

n
(%), (12)

where SSi is the simulated value, ARi is the reference value, n is the number of samples,
and nm is a normalization mean defined by Equation (13). ASHRAE recommends that the
normalization mean be the reference values ARi, considering only numbers higher than
zero, nARi.

nm (av > 0) =
∑n

i=1 ARi

nARi > 0
. (13)

Table 7 presents the RMSE and NRMSE values for indoor temperature in ◦C and Water
Heat Gain in W/(m2). Those indices were calculated hourly for each WFG case study over
4 days in summer.
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Table 7. Root Mean Square Error and Normalized Root Mean Square Error for hourly results
comparing IDA-ICE and the studied tool.

RMSE(θi) nARi > 0 (θi) NRMSE(θi) RMSE(WHG) nARi > 0 (WHG) NRMSE(WHG)

Case 2 1.28 87 6.60 17.21 95 26.97
Case 3 1.20 87 6.14 10.44 85 32.69

The ASHRAE calibration criteria state that the hourly NRMSE must be less than
30% [47,48]. This condition was met in all cases, except for Water Heat Gain in Case 3,
where it slightly surpassed the threshold with 32.69%. The results showed a good agreement
between the analytical tools, although the analysis might change using a more extensive
dataset, specifically hourly data collected throughout the entire year. Additionally, the
thresholds proposed by ASHRAE Guideline 14-2014 may result in different interpretations
about the validity of results with low Water Heat Gain, especially in seasons when the solar
irradiance is very low.

4.3. Experimental Validation in a Prototype with a Water Flow Glazing Facade: Transient-State
Case 3

In alignment with the recommendations by ASHRAE Guideline 14, this section de-
scribes an experimental setup and performs a statistical analysis of the simulated results
against measured data. The test system for the new tool was based on the pure calibration
technique of ASHRAE BESTEST-EX [49]. In this case, the Mean Bias Error (MBE) was not
considered, as its correlation is nearly identical to that of NRMSE and NMBE due to their
mathematical definitions. As per ASHRAE guidelines, the Coefficient of Determination (R2)
was used to analyze the differences between simulated and recorded results across various
iterations until the value was above the acceptable standard of R2 > 0.85. Equation (14)
describes the expression for R2.

R2 = 1 − ∑n
i=1(SSi − ARi)

2

∑n
i=1

(
ARi − ARi

)2 , (14)

where ARi is the mean value.
Model calibration is an iterative process that adjusts model inputs and compares the

results with measured hourly weather data. A model is considered calibrated when the
statistical indices of calibration are met. The sensors deployed in the prototype described in
Section 2.4 measured the water heat gain of the WFG module. Inlet and outlet temperature
probes were located to determine the flow rate and the total thermal power of the module.
Then, the data monitored by the prototype was compared with the simulation results.
Figure 11 illustrates a three-day analysis, where the outdoor temperature (θe Prototype)
matched the temperature of the file used for simulation. The inlet and outlet temperatures
of the water (θINLET Prototype and θOULET Prototype) were determined by the operating
time of the Peltier device. Between 12:30 and 8:00 pm, the outlet temperature exceeded the
inlet temperature. The outdoor temperature (θe Prototype) ranged from 38 ◦C to 15 ◦C. The
Peltier device was unable to maintain a fixed inlet temperature throughout its operating
time. The inlet temperature ranged from 22 ◦C at the start of operation to 18 ◦C at the end.

A comparison between Figures 9 and 11 showed similarities in the experimental
and simulated outputs. The Water Flow Glazing facade maintained a comfortable indoor
temperature (θi Prototype) during the hottest hours of the day. The water heat gain (WHG)
is calculated with a mass flow rate of 0.028 kg/(s m2), the fluid’s specific heat, and the
difference between the inlet and outlet water temperatures, as described in Equation (5). The
WHG in kWh is 2.95 kWh over three days, which aligns well with the simulation results.
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Figure 11. Results from experimental prototype over three days in summer.

However, notable differences between the measured and simulated results were
observed. The measured outdoor temperature on the first day of data collection was
warmer than that used in the simulation file. The simulated temperature ranged between
19 ◦C and 36 ◦C, whereas the measured data showed peaks of 38 ◦C. When the outdoor
temperature reached those peaks, the indoor temperature (θi Prototype) was close to
38 ◦C. When the outdoor temperature remained below 35 ◦C, the recorded peak indoor
temperature was 24 ◦C, slightly above the maximum indoor temperature in the simulation,
which was 22 ◦C. The variation can be attributed to the working period of the Peltier device,
which starts at noon. If the Peltier device had started its operation earlier, the indoor
temperature peak would have been reduced. Another difference noted in the results was
that the simulated water inlet temperature was set at 17 ◦C. In comparison, the observed
results ranged between 18 ◦C and 22 ◦C due to the constraints of the Peltier device in
achieving a steady water temperature.

Figure 12 illustrates a comparative analysis between the two simulation tools and the
experimental setup. The results from the prototype indicated that the daily solar energy ab-
sorbed (WHG Prototype) by a southern WFG facade in summer conditions is 0.93 kWh/m2,
with a maximum outdoor temperature (θe Prototype) of 35 ◦C. These results align with
simulation data from both software tools (θe EPW). The steep slope of the absorbed energy
in the recorded data can be explained because the Peltier device commenced operation
at noon and absorbed most of the internal heat over the first few hours of operation. In
contrast, in the simulated cases, the heat absorption occurs throughout the day if the indoor
and outdoor temperatures are above the water inlet temperature of 17 ◦C.

The WFG facade increases thermal inertia compared to traditional glazing, reducing
extreme thermal oscillations between day and night. The recorded indoor air temperature
(θi Prototype) of the WFG prototype reached a maximum value of 24.5 ◦C during the day
and a minimum value of 16.3 ◦C at night. The main difference between recorded and
simulation data lies in the peak indoor temperature. This discrepancy may be attributed to
several factors, such as the prototype size, the interior thermal mass assigned in the simu-
lation, and the limitations of the Peltier device in maintaining a steady inlet temperature.
The prototype was constructed using the same materials specified in the simulation, with
an opaque enclosure made of aluminum panels with thermal insulation. The size of the
simulated case study was 7 m by 7 m by 3 m, whereas the actual prototype’s volume was
less than 1 m3. This size difference resulted in a lower thermal mass and reduced capacity to
absorb heat. On the other hand, the inlet temperature (θINLET Tool and θINLET IDA-ICE) set
in both simulation tools was 17 ◦C. The Peltier device used in the experimental prototype
began operating at noon, maintaining an inlet temperature (θINLET Prototype) between
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22 ◦C and 18 ◦C. The next step in assessing the accuracy of the tool was to implement a new
case study with analogous characteristics to those of the prototype. The revised simulation
was equivalent to the previous one, with a significant change: the new dimensions were
1 m by 1 m by 1, with a glass facade of 1 m2 facing south. Figure 13 presents a comparative
study of the simulation and the prototype, along with the coefficient of determination (R2)
for the interior temperature, comparing measured and simulated values.

 

Figure 12. Comparative results from the simulation tools and the experimental setup on a summer
day (θINLET Tool = 17 ◦C; Volume of the Prototype is different from the Volume of the digital model
in the simulation tool).

Figure 13. Comparative results from the simulation tool and the experimental setup on a summer day
(θINLET Tool = 17 ◦C; Volume of the Prototype = Volume of the digital model in the simulation tool).

The indoor temperature in the prototype (θi Prototype) and the simulation (θi Tool)
followed similar trends, although the peak value was 3 ◦C higher in the measured data.
The water inlet temperature (θINLET Tool) was considered a steady input in the simulation
tool at 17 ◦C, allowing for the ability to maintain a lower interior space temperature. The
coefficient of determination (R2) between the two temperature measurements (θi Prototype
and θi Tool) indicated an improvement over the previous analysis, achieving a value of
0.81, which is notably close to the acceptable threshold of 0.85.

The next iteration aimed to improve the accuracy of the tool by implementing the
measured water inlet temperature (θINLET Prototype) as an input in this new simulation.
Figure 14 illustrates the results of comparing θi Prototype and θi Tool, which have a
coefficient of determination above 0.9, with values of RMSE and NRMSE of 0.51 and
2.41, respectively.
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Figure 14. Comparative results from the simulation tools and the experimental setup on a summer
day (θINLET Tool = θINLET Prototype; Volume of the Prototype = Volume of the digital model in the
simulation tool).

Table 8 presents the values of RMSE, NRMSE, and the coefficient of determination
(R2) for the indoor temperature (θi Prototype and θi Tool). These indices were calculated
by taking a 30 min time step during a summer day. The table presents the values derived
from the statistical analysis across three different iterations. The first analysis examines the
case described in Figure 12, where the simulated room size in the tool was 7 m by 7 m by
3 m, and the inlet temperature in the WFG panel remained constant throughout the studied
day. The second iteration focuses on a simulated room that aligns with the dimensions of
the experimental setup illustrated in Figure 13 with a constant inlet temperature. Lastly,
the third analysis showcases the results from a simulated room with an inlet temperature
corresponding to the experimental data (θINLET Prototype), as described in Figure 14.

Table 8. Root Mean Square Error, Normalized Root Mean Square Error, and R2 for hourly results
comparing results from the prototype and the studied tool.

Volume (Tool) θINLET Tool RMSE(θi) nARi > 0 (θi) NRMSE(θi) R2
(θi)

Iteration 1 7 m × 7 m × 3 m 17 ◦C 3.20 50 25.06 0.43
Iteration 2 1 m × 1 m × 0.75 m 17 ◦C 2.34 50 10.99 0.81

Iteration 3 1 m × 1 m × 0.75 m θINLET
Prototype 0.51 50 2.41 0.97

5. Conclusions
This article described a graphical tool developed by the authors that includes a Fortran

library to simulate Water Flow Glazing facades, enabling future developers to integrate
Water Flow Glazing envelopes into existing energy simulation tools. The feedback provided
by the tool enables users to perform iterations with design decisions, such as orientation,
dimensions, and glazing properties.

The steady-state analysis provided a preliminary assessment of the efficiency of each
Water Flow Glazing (WFG) panel. Three case studies were described and analyzed in
this article. Cases 2 and 3 were selected for analysis under transient conditions in both
winter and summer, serving as a facade of a room. Finally, an experimental setup was
built in Madrid, Spain, to compare the simulated results of Case 3 with recorded data from
the prototype.

Case 2 achieved a tenfold increase in water heat gain compared to the other two
options for winter conditions. On the other hand, Case 3 was the optimal choice for



Sustainability 2025, 17, 9669 25 of 28

summer conditions, as it shielded and reflected solar energy. The performance of Case
3 was similar to that of Case 2 in terms of solar energy transmission. However, it is
essential to note that Case 2 required over twice the energy as Case 3 to achieve a similar
cooling capacity.

Another goal of this article was to validate the results from the newly developed
tool, which was explicitly designed to assess the thermal behavior of Water Flow Glazing,
against the modeling approaches of the commercial dynamic simulation tool, IDA-ICE.
The analysis of indoor temperature results revealed that both simulation tools produced
identical maximum and minimum values. However, a notable divergence in the slope of
the resulting graphs was observed. This variation suggests that the two tools may employ
differing methods for considering interior thermal mass.

A quantitative validation method suggested by ASHRAE Guideline 14-2014 for hourly
values was used to assess the results from the newly developed tool. The value from
IDA-ICE was set as the reference value, and the Normalized Root Mean Square Error
(NRMSE) was used to understand the degree of agreement between the tools. The results
from Cases 2 and 3 under transient conditions revealed acceptable NRMSE values, which
were below the ASHRAE maximum allowable error of 30%, in the assessment of the room’s
indoor temperature. The values of the Water Heat Gain were slightly above the limit stated
by ASHRAE due to the different implementations of the interior thermal mass in both tools.

Comparing the simulation tools with an experimental setup yielded similar results
in terms of Water Heat Gain over three days in summer, when the EPW file used for
simulation replicated the measured outdoor conditions. Significant discrepancies were
found between the measured and simulated indoor temperatures, with an initial coefficient
of determination (R2) of 0.41. Two iterations improved the simulation; adjusting the
room geometry resulted in an R2 of 0.81, and integrating measured inlet temperature data
increased it to 0.97.

The simulation software tool is currently in the experimental phase, so further de-
velopment is necessary, especially regarding the user interface. The first limitation is that
incorporating more Water Flow Glazing options and case studies requires proficiency in
programming software such as FORTRAN and C++, so lay users cannot create their own
WFG panels. Therefore, the users of this tool can only work with limited WFG options.
A closer relationship with industry stakeholders and glass manufacturers is essential for
selecting valid WFG compositions suitable for each climate and energy strategy. Another
limitation of the proposed tool is the use of a simplified model that disregards the thermal
mass of the various WFG layers and resolves a system of algebraic equations. A com-
plete model that acknowledges the thermal mass and considers each layer as a partial
differential equation requires greater computational effort. The tool must be tested against
more empirical data from prototypes in various locations to validate the accuracy of the
simplified model.

Overall, the findings of this report contribute to a deeper understanding of the diverse
capabilities of different building energy simulation (BES) tools. Further studies must
continue to carry out these comparisons to establish a set of parameters that can help
building designers increase their confidence and understanding of using Building Energy
Simulation software. Additionally, the proposed methodology must be tested in buildings
with more complex heating, ventilation, and air conditioning systems and compared with
recorded values from monitoring systems.
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