
CHAPTER 4. RESULTS

4.1.4 PAPER 3: Industrialization and Thermal Performance of a
New Unitized Water Flow Glazing Facade

Overview

Water flow glazing (WFG), as an advanced facade technology, combines passive
(coatings and polyvinyl butyral (PVB) layers) and active solutions (variable water
mass flow rate) to absorb or reject infrared radiation and reduce the temperature
of the interior glass pane. Flowing water captures most of the solar infrared radi-
ation, while a significant part of the visible component goes through the glazing.
WFG radiant panels can be used as components of a heating or cooling hydronic
system with little difference between the water and the indoor temperature. Finally,
WFG can work as an integrated solar collector to provide water heating in warm
seasons, and the excess of hot water can be stored in buffer tanks. The use of the fa-
cade and interior partitions as radiant heating and cooling devices have advantages
compared with convective cooling systems. The Sofia prototype showed some of
the accomplishments of the research project: “Industrialized Development of Water
Flow Glazing Systems” (InDeWag), supported by program Horizon 2020. An effort
was made on industrializing a new WFG unitized facade and its introduction in the
architecture, engineering, and construction (AEC) industry. The water flow glaz-
ing unitized facade was made of three components: glazing, circulating device, and
aluminum frame. The glazing comprises different layers and interfaces according to
determined spectral and thermal properties. The circulating device includes a water
pump moving the fluid in a closed circuit, a heat exchanger, and temperature and
flow sensors to monitor and control the heat. Finally, the aluminum frame provides
the unitized module with structural stability.

After validating the simulation results in the first paper and after proving the
ability to reject energy in the second paper, the next goal was to explore the poten-
tial of WFG to achieve an nZEB standard in an actual building. The design of new
light envelopes for zero-energy buildings must integrate disciplines such as archi-
tectural design, building simulation, HVAC systems, and the curtain wall industry.
This article showed a WFG unitized facade ready for architecture, engineering, and
construction industries. In addition, the outputs were validated with an actual test
facility placed in Sofia, Bulgaria. The design of new light envelopes for zero-energy
buildings must integrate different disciplines such as architectural design, building
simulation, HVAC systems, and the curtain wall industry. This article developed a
methodology for selecting WFG solutions for different facades and tested its perfor-
mance using real data. Case 1 was a triple glazing with the water chamber facing
outdoors. Case 2 was made of triple glazing with water chamber indoors and Low-E
coating. Case 3 had a high reflective coating on face 2 and a water chamber indoors.
Hence, it was essential to (i) simulate the steady state to select the optimum WFG
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in each orientation at the first stage of the design process, (ii) validate the first
results by including transient boundary conditions, (iii) analyze the performance of
the selected glazing in a real facility, and (iv) estimate the final energy savings, the
potential renewable energy production, and CO2 emissions in summer and winter
conditions.

Dynamic properties of WFG allowed considering options for different orientations
and the internal loads, which depend on the building use. The thermal transmittance
(U) ranged from 1 W/m2 K (ṁ = 0) to 0.06 W/m2K (ṁ = 2 L/min m2). A mass
flow rate (ṁ) above 2 L/min m2 (0.029 Kg/s m2) did not impact the water–energy
absorption. The position of the gas and water cavities and the spectral properties of
glass panes and coatings affected the performance of the WFG. Simulation results at
steady conditions showed that Case 2 had the best performance for energy absorption
in winter (226.6 W/m2). Case 1 showed the highest energy absorption in summer
(603.3 W/m2). Case 3 showed the lowest energy absorption, both in summer (131.9
W/m2) and winter (11.5 W/m2).

The difficulties identified were related to the high initial cost and the need for an
energy management system integrated with the rest of the equipment conditioned
the WFG system. After the first year of monitoring, there are uncertainties and
system issues that must be addressed. Firstly, the control unit must integrate the
ventilation system to reduce condensation risks. Secondly, the presented simulation
tool must be integrated into commercial building performance simulation software.
Finally, further research on the deployment is needed to bring down payback peri-
ods. Although considerable efforts have been made in the industrialization process,
there is still low market penetration because of the limited information between pro-
fessionals and consumers. With economies of scale a price comparable to triple-pane
glazing systems equipped with automated exterior shading can be achieved.
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Abstract: New light envelopes for buildings need a holistic vision based on the integration of 

architectural design, building simulation, energy management, and the curtain wall industry. Water 

flow glazing (WFG)-unitized facades work as transparent and translucent facades with new 

features, such as heat absorption and renewable energy production. The main objective of this paper 

was to assess the performance of a new WFG-unitized facade as a high-performance envelope with 

dynamic thermal properties. Outdoor temperature, variable mass flow rate, and solar radiation 

were considered as transient boundary conditions at the simulation stage. The thermal performance 

of different WFGs was carried out using simulation tools and real data. The test facility included 

temperature sensors and pyranometers to validate simulation results. The dynamic thermal 

transmittance ranged from 1 W/m2K when the mass flow rate is stopped to 0.06 W/m2K when the 

mass flow rate is above 2 L/min m2. Selecting the right glazing in each orientation had an impact on 

energy savings, renewable energy production, and CO2 emissions. Energy savings ranged from 5.43 

to 6.46 KWh/m2 day in non-renewable energy consumption, whereas the renewable primary energy 

production ranged from 3 to 3.42 KWh/m2 day. The CO2 emissions were reduced at a rate of 1 Kg/m2 

day. The disadvantages of WFG are the high up-front cost and more demanding assembly process. 

Keywords: building energy management; water flow glazing; unitized facade 

 

1. Introduction 

The residential and commercial building sector accounts for almost 40% of the European Union 

final energy consumption [1]. Thus, the goal of achieving a highly energy-efficient building stock by 

2050 was set by The Energy Performance of Buildings Directive (EPBD 2018) [2]. In the United States, 

recent studies have shown that heating and cooling account for more than 30% of energy 

consumption in buildings [3]. Other non-OECD countries, including China and India, will be 

responsible for half of the global increase in energy consumption until 2040 [4]. The development of 

new materials, new heating and ventilation technologies, and energy-saving measures have 

improved the thermal performance of buildings in winter conditions [5]. However, in summer 

conditions, the increasing standards of life and the affordability of air-conditioning technologies have 

contributed to increasing the energy needs for cooling over the last decade [6]. Nowadays, air 

conditioning in office and commercial facilities accounts for 15% of the total electricity consumption 
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in the world [7–9]. Occupants and equipment are responsible for internal heat gains, and large glass 

areas increase solar radiation gains, especially in warm climates, thus leading to the increased total 

electricity consumption for the purposes of cooling [10,11]. 

The design of advanced glazed facades is the most promising component in building design 

with the highest impact on building performance [12]. In this paper, advanced facades refer to a broad 

spectrum of constructive solutions that allow for the dynamic response of the building envelope. 

They can actively manage the heat flow and energy transfer between the building and its external 

environment, leading to a potentially significant reduction in heating and cooling loads [13]. 

Advanced glazed facades include passive solutions, such as Low-E coatings, which reflect the indoor 

heat when the outdoor temperature is low [14], and highly selective coatings that reflect direct and 

diffuse solar heat radiation in summer. Scientific literature has confirmed this potential energy 

reduction [15,16]. However, the most promising results can be accomplished with dynamic 

technologies that can adapt to different outdoor conditions. Polymer dispersed liquid crystal (PDLC), 

Suspended Particle Devices (SPDs), and electrochromic (EC) glass switch from transparent to colored 

or vary transmission and reflection parameters [17,18]. The system is limited by its high initial cost 

and the need for an energy management system integrated with the rest of the equipment, especially 

the ventilation system. Controlling the relative humidity is essential in radiant panels to prevent 

condensation issues, especially in summer. The integrated piping does not allow movable panels, so 

its use is limited to buildings with mechanical ventilation [19]. Nevertheless, the measures to improve 

the energy performance of buildings do not focus only on the building envelope. Building designers 

must consider all technical and mechanical systems in a building, such as passive elements; heating, 

ventilation, air conditioning (HVAC); the energy use for lighting and ventilation; and other measures 

to improve thermal and visual comfort [20]. 

Water flow glazing (WFG), as an advanced facade technology, combines passive (coatings and 

polyvinyl butyral (PVB) layers) and active solutions (variable water mass flow rate) to absorb or reject 

infrared radiation and reduce the temperature of the interior glass pane [21,22]. Flowing water 

captures most of the solar infrared radiation, while a significant part of the visible component goes 

through the glazing [23,24]. WFG radiant panels can be used as components of a heating or cooling 

hydronic system with little difference between the water and the indoor temperature [25]. Finally, 

WFG can work as an integrated solar collector to provide water heating in warm seasons, and the 

excess of hot water can be stored in buffer tanks [26]. The use of the facade and interior partitions as 

radiant heating and cooling devices have advantages compared with convective cooling systems. 

Using radiant ceilings or walls can reduce energy consumption between 10% to 70% compared with 

all-air systems [27]. This article showed some of the accomplishments of the research project: 

“Industrialized Development of Water Flow Glazing Systems” (InDeWag), supported by program 

Horizon 2020–the EU.3.3.1: Reducing energy consumption and carbon footprint by smart and 

sustainable use. The water flow glazing unitized facade is made of three components: glazing, 

circulating device, and aluminum frame [28]. The glazing comprises different layers and interfaces 

according to determined spectral and thermal properties. The circulating device includes a water 

pump moving the fluid in a closed circuit, a heat exchanger, and temperature and flow sensors to 

monitor and control the heat. Finally, the aluminum frame provides the unitized module with 

structural stability. 

Despite the fast pace of product innovation, a gap has been created between the new advanced 

facades and the available building simulation tools to model and assess building energy performance 

[29]. Monitoring activities are essential to support simulation models, especially in transient state 

[30], when changing the boundary conditions can affect the results of dynamic simulations by more 

than 30% [31]. Although there are commercial building energy simulation tools that include dynamic 

simulations [32], very few include WFG [33,34]. The authors of this paper developed a set of equations 

that take into account multiple direct and diffuse reflections between the glazing surfaces, the 

absorptance of glass and water layers, the spectral properties of coatings, and the convective heat 

transfer coefficient [35,36]. Then, a simulation tool was developed to allow building designers to 

make decisions on the glazing type. Finally, the equations and the simulation tool were validated 
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through the real results taken from a demonstrator placed in Sofia, Bulgaria. In addition to an 

accurate simulation tool, the actual challenge was to develop a monitoring system to reveal 

characteristic patterns of users, and to finally discover relevant design criteria that might be 

applicable to different orientations throughout the year. The monitoring system applied in this case 

study has been tested in other facilities over the last few years, and results were shown in previous 

articles [37,38]. 

This paper focused on a methodology to select and assess the performance of different WFG 

configurations in a test facility in Sofia, Bulgaria. Hence, to achieve this goal, it was essential to (i) 

simulate the steady state to select the optimum WFG in each orientation at the first stage of the design 

process, (ii) validate the first results by including transient boundary conditions, (iii) analyze the 

performance of the selected glazing in a real facility, and (iv) estimate the final energy savings, the 

potential renewable energy production, and CO2 emissions in summer and winter conditions. 

2. Materials and Methods 

Commercial building energy simulation (BES) software does not consider WFG as a component 

of the heating and cooling systems. It is essential to provide building designers with a simple method 

to select the correct glazing and evaluate its performance at the beginning of the design stage. The 

first subsection defines three tested WFGs in terms of spectral properties. The second subsection 

shows the mathematical model that defined the dynamic thermal properties of the glazing. The third 

subsection describes the components and industrialization process of the unitized WFG. 

2.1. Determination of Spectral Properties 

The International Glazing DataBase (IGDB) is a collection of optical data for glazing products. 

Spectral transmittance and reflectance are measured in a spectrophotometer and contributed to the 

IGDB by the manufacturer of the glazing product, subject to a careful review. The IGDB currently 

only allows the inclusion of specular glazing materials without patterns, such as monolithic glass, 

plastic, laminates, applied films on glass, or thin-film coated glass. The products included in the WFG 

catalog are low-emissivity (Low-E) glass, high selective glass, and solar polyvinyl butyral (PVB) 

interlayers to increase sun energy absorbance. The solar energy spectrum can be divided into the 

ultraviolet (UV) light, visible light, and infrared (IR) light, depending on the wavelength. The 

wavelengths of the ultraviolet light range from 310 to 380 nanometers. The visible light ranges from 

380 to 780 nanometers. The infrared light spectrum is transmitted as heat into a building and begins 

at wavelengths of 780 nanometers. Solar heat radiation has shortwave energy, and it is known as 

near-infrared (NIR), whereas the heat radiating off warm objects has higher wavelengths and is 

known as far-infrared (FIR). Three different WFGs were tested: 

 Case 1 was made of the following layers: Planiclear (8 mm), 2 Saflex R solar (SG41), Planiclear (8 

mm), water chamber (24 mm), Planiclear (8 mm), Planiclear (8 mm), 4 Saflex R standard clear 

(RB11), Planiclear (8 mm), a low-emissivity coating Planitherm XN, an argon chamber (16 mm), 

Planiclear (6 mm), 4 Saflex R standard clear (RB11), Planiclear (6 mm). 

 Case 2 was made of the following layers: diamant glass (10 mm), an argon chamber (16 mm), a 

low-emissivity coating Planitherm XN, Planiclear (8 mm), 2 Saflex R solar (SG41), Planiclear (8 

mm), water chamber (24 mm), Planiclear (8 mm), 4 Saflex R standard clear (RB11), Planiclear (8 

mm). 

 Case 3 was made of the following layers: diamant glass (10 mm), a highly reflective coating 

Xtreme 60.28, an argon chamber (16 mm), Planiclear (8 mm), 4 Saflex R standard clear (RB11), 

Planiclear (8 mm), water chamber (24 mm), Planiclear (8 mm), 4 Saflex R standard clear (RB11), 

Planiclear (8 mm). 

Figure 1 shows the front and back reflectance (R), transmittance (T), and absorptance (A), as a 

function of the angle of incidence. It illustrates the glass panes, coatings, and the position of the air 

and water chambers. Case 1 showed the highest infrared absorptance (A), the lowest front reflectance 

(R), and the lowest infrared transmittance (T). It seemed the best option to heat up water. Case 2 
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showed a high near-infrared (NIR) absorptance, low far-infrared (FIR) absorptance, and high front 

far-infrared (FIR) reflectance. The absorptance was not as high as in Case 1, but its ability to reflect 

heat made it the right solution for large glass areas in warm climates. Case 3 showed very low infrared 

absorptance and very high infrared front reflectance. This case would have been the best option to 

reject energy and prevent heat from entering the indoor space, but it would not have been appropriate 

to heat up water. 

 

(a) (b) (c) 

Figure 1. Spectral properties as a function of the solar wavelength. Description of the layers and 

coatings. (a) Case 1: 8 + 8/24 w /8 + 8/16 a /6 + 6. (b) Case 2: 10/16 a/Low-E8 + 8/24 w/8 + 8. (c) Case 3: 

10XNII/16 a/8 + 8/24 w/8 + 8. 

2.2. Determination of Heat Transfer Coefficients (h) and Dynamic Thermal Transmittance (U) 

Water absorbs the solar near-infrared radiation and increases the temperature as it flows 

through the window. The mass flow rate and the thermal properties of glass panes must be studied 

to allow designers to apply energy-management strategies. Sometimes it might be interesting to 

increase the water temperature and store that energy for heating purposes. Other times it might be 

appropriate to reject as much solar radiation as possible without heating the water. The thermal 

transmittance (U) measures the heat transfer through the glazing and the European Standard 

determines its value [39,40]. Figure 2 illustrates the heat transfer coefficients (hi, hw, hg, and he), the 

temperature distribution in the WFG layers (θi, θ1, θ2, θ3, θw, θe), and the absorptance of layers (A1, 

A2, Aw, A3). 
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Figure 2. Temperature distribution in a triple water flow glazing (WFG) at a specific height, with heat 

transfer coefficients (hi, hw, hg, he), heat fluxes through a triple WFG (q1, q2, q3, q4, q5, q6), solar radiation 

and absorptance of layers (A1, A2, Aw, A3). (a) Triple WFG with water chamber outdoors. (b) Triple 

WFG with water chamber indoors. 

The Equation (1) gives the outdoor heat flux: 

�� = ℎ�(�� − ��), (1) 

where he is the outdoor convective coefficient, θ1 is the superficial temperature of the outermost glass 

pane, and θe is the outdoor temperature. The beam solar irradiance, diffuse irradiance, and the angle 

of incidence should be given. Regarding indoor boundary conditions, the indoor heat flux is given 

by the Equation (2): 

�� = ℎ�(�� − ��), (2) 

where hi is the indoor convective coefficient, θ3 is the superficial temperature of the inner glass pane, 

and θi is the indoor temperature that can be a constant value or calculated solving the indoor thermal 

problem. Newton’s law also models the heat transfer inside gas chambers. The heat flux in a gas 

chamber between two parallel surfaces is expressed by Equation (3): 

�� = ℎ�(�� − ����), (3) 

where hg is the heat transfer coefficient of gas chambers, this coefficient considers the radiative heat 

transfer between the parallel glass panes and the natural convective transport. This value can be 

constant or calculated, knowing the emissivity of the two glass planes and an experimental 

correlation for the natural convective transport. In the water chamber, the situation is different. Heat 

flux is proportional to the temperature difference between the water temperature θw and the glass 

pane temperatures. This coefficient takes into account the heat transport mechanism forced by the 

water flow inside the chamber. Since the water is opaque to far-infrared, the radiative heat transfer 

mechanism is not present in the water chamber. Hence, the heat flux through glass panes in contact 

with the water chamber is expressed in Equation (4) for glass panes outside the water chamber, and 

Equation (5) when the glass pane is after the water chamber: 

�� = ℎ�(���� − ��), (4) 

���� = ℎ�(�� − ��), (5) 

where hw is the heat transfer coefficient for the water chamber. By default hw = 50. 
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When it comes to considering the absorptance of layers (Ai), the heat flux can be expressed as in 

Equation (6). 

���� = �� + �� �� . (6) 

Spectral and thermal properties of WFG have been explained in previous articles [35]. The 

authors used data from commercial software and developed equations to evaluate the influence of 

water flowing through glass panes. Equation (7) considers the energy balance at each layer and 

Newton’s definition of heat flux. 

�� = ���� + �� �� + ��̇ (��� − ����). (7) 

Equations (8)–(17) show the heat flux of WFG with water chamber indoors. 

�� = ℎ� (�� − ��), (8) 

�� = �� + �� �� , (9) 

�� = ℎ� (�� − ��), (10) 

�� = �� , (11) 

�� = ℎ� (�� − ��), (12) 

�� = �� + �� �� , (13) 

�� = ℎ� (�� − ��), (14) 

�� = �� + �� �� + ��̇ (��� − ��), (15) 

�� = ℎ� (�� − ��), (16) 

�� = �� + �� �� , (17) 

where hi is the interior heat transfer coefficient; he, the exterior heat transfer coefficient; hg, the air-

cavity heat transfer coefficient; and hw, the water heat transfer coefficient. The thermal transmittances 

(Ue, Ui) depend on the heat transfer coefficients. Equations (18) and (19) refer to WFG with the water 

chamber outdoors (Case 1), and Equations (20) and (21) show the expressions for WFG with a water 

chamber indoors (Cases 2, 3). 

1

��
=

1

ℎ�
+

1

ℎ�
, (18) 

1

��
=

1

ℎ�
+

1

ℎ�
+

1

ℎ�
, (19) 

1

��
=

1

ℎ�
+

1

ℎ�
+

1

ℎ�
, (20) 

1

��
=

1

ℎ�
+

1

ℎ�
. (21) 

U represents the thermal transmittance between the room and outdoors, and Uw represents the 

thermal transmittance between the water chamber and indoors. The thermal transmittance (U) is 

almost zero when the flow rate is the design flow rate because the water chamber isolates the building 

from outdoor conditions. When the water flow stops, the thermal transmittance depends mainly on 

the air chamber. Equations (22) and (23) show the expressions for U and Uw, respectively: 

�� =
���̇�

�̇� + ��+��
, (22) 

� =
����

�̇� + ��+��
, (23) 

where ṁ is the mass flow rate and c is the specific heat of water. 
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Table 1 shows a complete description of the different layers and the selected glazing average 

values. Visual transmittance (Tv) is the measurement of visible light (380 to 780 nm) passing through 

the glazing. The thermal parameters depended on the mass flow rate. If the water was flowing, the 

g-factor became lower. When the water chamber was stopped, the amount of energy entering the 

building increased. The thermal transmittance (U) was almost zero at the design flow rate (2 L/min 

m2). When ṁ = 0, U depended on the air chamber. The thermal transmittance (Uw) as defined in 

Equation (22) measures the heat losses or gains between the water chamber and the indoor air. Uw = 

0 when ṁ = 0. At the working flow rate, its value was high (6.4 W/m2K) when the water chamber was 

close to indoors, and it was low (0.9 W/m2K) when the water chamber was outdoors. The first case 

had the water chamber outdoors and a low-emissivity coating in face 4. When ṁ = 0, the U value was 

1.041 W/m2K, and the g-factor was 0.25. At the operating ṁ, the g-factor became 0.22 and the U value, 

0.128 W/m2K. The visual transmittance (Tv = 0.51) was the lowest of the selected cases. The second 

case had a water chamber facing indoors. A low-emissivity coating was placed in face 3 and a solar 

PVB layer in the central pane. The U value ranged from 0.066 to 1.041 W/m2K and a variable g-factor 

was 0.24 when the flow was ON, and 0.59 when the flow was OFF, adapting to the outdoor 

environment in both summer and winter conditions. The visual transmittance was 0.53. The third 

case had a highly selective coating in face 2. It yielded a U value of 0.995 W/m2K when the flow was 

OFF, and 0.063 W/m2K when the flow was ON. The g-value varied between 0.22 and 0.27. The visual 

transmittance (Tv = 0.55) was the highest of the selected cases. The energy transmittance (T), did not 

show significant variations, and it ranged from 0.20 in Case 1 to 0.21 in Cases 2 and 3. 

Table 1. Spectral and thermal properties of the studied WFGs. 

 Spectral Properties 1 Thermal Properties 2 

  ṁ = 0 L/min m2 ṁ = 2 L/min m2 

Glazing Tv T 
U 

(W/m2K) 

Uw 

(W/m2K) 
g 

U 

(W/m2K) 

Uw 

(W/m2K) 
g 

Case 1: 

P8 (2SG41) P8/24water 

/P8 (4RB11)P8 (plaXNII) 

/16argon/P8 (4RB11) P8 

0.51 0.20 1.041 0.0 0.25 0.128 0.977 0.22 

Case 2: 

D10/16argon 

/(plaXNII) P8(2RB11) P8 

/24water/P8 (4RB11) P8 

0.53 0.21 1.041 0.0 0.59 0.066 6.459 0.24 

Case 3: 

D10 Xtreme /16argon 

/(plaXNII) P8(2SG41) P8 

/24water/P6 (4RB11) P6 

0.55 0.21 0.995 0.0 0.27 0.063 6.462 0.22 

1 Visual transmittance (Tv), energy transmittance (T). 2 Thermal transmittance from water chamber to 

interior (Uw), Thermal transmittance of triple glazing (U), g-factor (g). 

2.3. Description of the WFG Unitized Module 

All the test cases were triple glazing with a 16 mm argon cavity and a 24 mm water cavity. The 

water cavity spacer was designed to lead the design flow rate. The circulating device was made of a 

plate heat exchanger and a solar water pump. The WFG units were manufactured and assembled in 

the glass factory and prepared for deployment on-site with an aluminum frame that enclosed the 

circulating device. The maximum dimension of the panel was 3000 mm high by 1300 mm width. The 

circulating device main components were a plate heat exchanger and a solar water pump. Its design 

allowed hydraulic and electrical independence of the modules with a reduced size. The operating 

flow rate was set to 8 l/min for a 4 m2 module. The circulating device was made of a water pump, 

selected according to the desired flow rate, and a plate heat exchanger based on the glazing heat 

capacity. Figure 3 shows a drawing of the circulator with its materials and primary components. Inlet 

and outlet temperatures were measured using one-wire temperature probes, and a flow meter was 

placed just before the glazing inlet. 
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Figure 3. Description and general dimensions of the circulating device. 

The modular unit hid the complexity of the hydraulic installation, so it became a plug and play 

product with essential advantages from the product marketing point of view. Depending on the glass 

selection, the WFG modules offered a broad spectrum of capabilities depending on the location, 

facade orientation, and use of the building. 

3. Results 

The objective of this section is to compare the thermal performances of different glazings using 

simulation tools and real data. The heat transfer coefficients (hg, hw) define convective heat transfer 

mechanisms of the air and water chambers. Optics and Window software tools were used to validate 

the absorptance and transmittance of commercial glass panes [41]. Optics allows analyzing the 

spectral properties at normal incidence, whereas Window considers spectral properties of glazing 

using different angles of incidence. In order to validate the simulation of the complete thermal 

problem, isolated glazing was considered. The assumption that indoor air temperature was constant 

and diffuse indoor irradiance was zero simplified the problem. Two different cases were tested: 

steady and transient boundary conditions. 

3.1. Steady Boundary Conditions 

If boundary conditions do not vary with time, the steady state does not depend on thermal mass 

and specific heat of components. Hence, a benchmark test case based on constant boundary 

conditions was the easiest way to start with validation. The study comprised three different cases of 

WFG. When the system was circulating, the design flow rate was 2 L/min m2, and the inlet 

temperature was set at a constant value θIN. When the flow rate was stopped, the outlet temperature 

of the water chamber θOUT was called the stagnation temperature. The outputs of these test cases were 

the thermal power transported by the flow rate and the water heat gain. Figure 4 shows the dynamic 

U and Uw values defined in Equations (22) and (23). The red line represents the design flow rate (2 

L/min m2 = 0.029 Kg/s m2). If the flow rate were above the design value, it would not affect the 

transmittances. 
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(a) (b) 

Figure 4. Thermal transmittances of three WFG case studies depending on the mass flow rate, ṁ. (a) 

Thermal transmittance of the WFG modular units (U). (b) Thermal transmittance between the water 

chamber and indoors (Uw). 

Equation (24) shows the absorptance, Av, that depends on the energy absorbed by the glass panes 

and by the water: 

�� = �� �
��

ℎ�
� + �� �

1

ℎ�
+

1

ℎ�
� �� + �� �

��

ℎ�
� + ��. (24) 

Equation (25) shows that the g-factor for WFG also depends on the mass flow rate: 

� = �
�� 

�̇� + ��+��
� �� + �� + �, (25) 

where Ai is the secondary internal heat transfer factor. The direct solar energy transmittance (T) is 

related to the visible and NIR wavelengths. Ai is negligible when the water chamber is facing indoors, 

but if it is facing outdoors and with high values of hw, Ai can be calculated With Equation (26). 

�� = �� �1 −
��

ℎ�
�. (26) 

Table 2 shows the thermal transmittance of WFG at the design flow rate. The interior or exterior 

convective heat transfer mechanism can be modeled by constant values or by more elaborate models 

given by the norm ISO 15099:2003. By default, constant values of hi = 8 and he = 23 were used. However, 

by selecting the ISO model, hi and he could be determined precisely using the European Standard [40]. 

A typical value for the heat transfer coefficient of the water chamber, hw, was 50 W/m2K. The heat 

transfer coefficient of an argon chamber was hc = 1.16 W/m2K. The air chamber emissivity was very 

low, so the heat transfer coefficient due to radiation, hr, could be neglected. Therefore, the heat 

transfer coefficient of the argon chamber, hg = hc+ hr, was 1.16 W/m2K. The specific heat capacity of the 

fluid was c = 3600 J/kg K. A1 is the absorptance of the exterior glass pane, A2, is the absorptance of the 

middle glass pane, and A3 is the absorptance of the interior one. Aw is the absorptance of the water 

chamber. The highest Ai (0.01) is shown in Case 1, when the water chamber was placed outdoors. 

Table 2. Absorptances and thermal transmittances of WFG (ṁ = 2 L/min m2). 

Glazing A1 A2 A3 Aw Av Ai 
Ui 

(W/m2K) 

Ue 

(W/m2K) 

U 

(W/m2K) 

Uw 

(W/m2K) 

Case 1 0.685 0.033 0.012 0.004 0.51 0.01 0.99 15.75 0.128 0.977 

Case 2 0.069 0.432 0.019 0.002 0.44 0.001 6.89 1.08 0.066 6.459 

Case 3 0.291 0.028 0.019 0.001 0.06 0.001 6.89 1.08 0.063 6.462 
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Absorptances of glass panes (Aj), Absorptances of water layer (Aw), Total absorptance of water flow 

glazing (Av), Interior thermal transmittance (Ui), Exterior thermal transmittance (Ue), Thermal 

transmittance of triple glazing (U), Thermal transmittance from water chamber to interior (Uw). 

Equation (27) results from solving the equations (9)–(28): 

���� =
���� + ���� + ���� + ��̇ ���

�̇� + ��+��
. (27) 

Equation (28) shows the analytical expression of water heat gain (P). 

� = �̇�(���� − ���), (28) 

where θOUT and θIN are the temperatures of water leaving and entering the glazing, respectively; ṁ is 

the mass flow rate, and c is the specific heat of the water. By combining Equations (27) and (28), 

Equation (29) shows the power as a function of absorptance (Av) and thermal transmittances (Ui, Ue). 

� =
�̇�

�̇�������
(���� + ��(�� − ���) + ��(�� − ���)), (29) 

where Av comes from Equation (24). When the system reaches a steady state, the boundary conditions 

do not change with time. The assumption that solar radiation is perpendicular to the interfaces makes 

the absorptance of each layer non-dependent of the angle of incidence. When the mass flow rate is 

high enough (ṁc >> Ue + Ui), the absorbed power (P) reaches its peak value (Pmax). Table 3 shows 

constant input values in winter and summer conditions. Indoor air temperature (θi), outdoor air 

temperature (θe), interior and exterior heat transfer coefficients (hi, he), and solar irradiance (I). 

Equations (29)–(32) were used to calculate Ue and Ui. 

Table 3. Constant input parameters in winter and summer. 

Season 
θe 

(°C) 

θi 

(°C) 

he 

(W/m2K) 
hi 

(W/m2K) 

I 

(W/m2) 

ṁ 

(L/min m2) 
θIN 

(°C) 

hg 

(W/m2K) 

hw 

(W/m2K) 

Winter 0 21 23 8 600 2 21 1.16 50 

Summer 35 28 23 8 800 2 17 1.16 50 

Once the glazing reaches the steady state in winter and in summer, thermal performances are 

determined. Using Equations (27) and (29), and considering the inputs in Table 3, Table 4 shows the 

following outputs in winter and summer, respectively. P is the water heat gain, T is the transmittance 

of the glazing, θOUT is the outlet temperature when the flow rate is ṁ = 2 L/min m2, and θs is the 

stagnation temperature when ṁ = 0. 

Table 4. Simulation outputs. Steady state in winter and summer conditions. 

Glazing 
Pwinter 

(W/m2) 
θOUT 

(°C) 

θs 

(°C) 

Twinter 

(W/m2) 

Psummer 

(W/m2) 
θOUT 

(°C) 

θs 

(°C) 

Tsummer 

(W/m2) 

Case 1 22.9 20.78 19.41 123.7 603.3 22.77 58.8 164.9 

Case 2 226.6 23.17 51.57 128.4 418.7 21.01 73.5 171.2 

Case 3 11.5 19.81 4.69 129.2 131.9 18.26 34.81 172.3 

If energy management in winter is based on energy harvesting, Case 2 showed the best 

performance. Its water heat gain in winter was ten times as high as in Case 1. On the other hand, if 

energy management in summer is based on energy rejection, Case 3 was the best choice. In summer, 

the water heat gain of Case 1 was 1.5 times as much as Case 2. When it came to cooling capacity, Case 

3 showed the best performance. It had to dissipate around 131.9 W/m2, whereas Case 2 had to 

dissipate 418.7 W/m2. Case 3 showed excellent properties for energy rejection strategies in warm 

climates because it showed the least absorbed power in summer, whereas the transmittance (T) was 

not much higher than in other cases. 
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Considering the simulation results in a steady state, Case 2 showed the best performance for 

water heat absorption throughout the year. It was selected for the south elevation. Case 3 showed the 

best performance for energy rejection, and it was selected for east and west facades. The next 

subsection studies the simulation results of the selected cases in transient conditions. 

3.2. Transient Boundary Conditions 

Transient behavior is expected when boundary conditions such as outdoor temperature and 

solar irradiance vary during the day. In these following test cases, the indoor temperature was a given 

indoor boundary condition, and transport coefficients remained constant to avoid uncertainties in 

the validation process. These test cases were simulated in Sofia, and the weather file was the standard 

EPW file (EnergyPlus Weather). Regarding the water flow glazing, the flow rate and the inlet 

temperature were constant values given by Table 3. Two simulations in winter and summer were 

accomplished. The simulation period ran from 7 January to 11 January in winter and from 14 July to 

18 July in summer. Figure 5 illustrates the thermal behavior of Case 2 and Case 3. In summer, the 

solar irradiance peak value was 500 W/m2, and the maximum outdoor temperature was slightly 

above 26 °C on 14 July 2020. The goal of rejecting energy was met, and the water heat gain, measured 

by the difference between inlet and outlet temperatures, was not above 1 °C on five sample summer 

days. The peak solar radiation in winter on the eastern facade was 180 W/m2 on 10 January 2020. Due 

to the high infrared reflectance (above 70%) of the selected glazing and the low outdoor temperature 

(below 5.5 °C), the water heat gains were negligible. According to the steady-state analysis, Case 2 

showed the best performance to heat water, as measured by the solar irradiance on the southern 

facade, the outdoor temperature, and the difference between inlet and outlet temperatures in 

southern WFG modules. In summer, the peak solar radiation was 400 W/m2, and the maximum 

temperature was above 26.5 °C on 15 July 2020. On that day, the maximum outlet water temperature 

was 22 °C when the inlet temperature was 20 °C, and there were water heat gains during the central 

hours of the day. In winter, the peak solar radiation was above 250 W/m2, and that made the water 

absorb heat, although the outdoor temperature was low. 

 

(a) (b) 

Figure 5. Simulation results of WFG Case 2 on the southern facade and Case 3 on the eastern facade 

with transient boundary conditions. (a) Summer. (b) Winter. 

Figure 6 shows a summary of the water heat gains on two sample days in summer and winter. 

Case 3 was selected for eastern and western facades because it showed the least heat absorption in 

summer (17 KWh), whereas Case 2 showed the highest absorption in summer (34 KWh). To reject 

energy, the best choice for eastern and western facades was Case 3. Case 2 had the highest heat 
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absorption on a winter day (21 KWh) and a good value in summer (30.5 KWh). Case 2 confirmed its 

excellent performance on southern facades. 

 

(a) (b) 

Figure 6. Accumulated energy of WFG case studies with transient boundary conditions. (a) Summer 

sample day 14 July 2020. (b) Winter sample day 8 January 2020. 

3.3. Real Results in Sofia, Bulgaria 

An experimental setup was placed in Sofia, Bulgaria (42°39’1” North, 23°23’26” East, Elevation: 

590 m a.s.l.), to test the performance of isolated WFG modules throughout a year. Figure 7 shows the 

outdoor temperature. On the coldest winter days, the minimum temperature was below −10 °C, and 

the average daily temperature was 0 °C. During the hottest months, the maximum temperature 

reached 32 °C and the average temperature was 25 °C. The southern solar radiation reached a peak 

value of 400 W/m2 on 21 December 2019, whereas the eastern and western were 160 W/m2 and 270 

W/m2, respectively, on 21 June 2019. On summer days, the highest values were on the east and west 

facades (500 W/m2) because the sun angle was almost perpendicular to the vertical walls. The south 

facade received little radiation (200 W/m2). 

 

Figure 7. (a) Outdoor dry bulb temperature in Sofia, Bulgaria (EnergyPlus Weather file). (b) Eastern, western, 

and southern solar radiation on facades. Sample winter day 21 December 2019 and sample summer 

day 21 June 2019. 

Based on the outdoor simulation data, and the thermal and spectral properties of the studied 

WFG in Table 4, the best option for the southern facade was Case 2. It showed the highest potential 
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for heat absorption in winter (226.6 W/m2) with the highest outlet temperature (23.17 °C). In summer, 

the maximum southern solar radiation was 200 W/m2, whereas the absorption potential was 418 

W/m2, so the fluid could absorb the heat without heating the interior face of the glazing. Due to the 

high solar radiation in summer, the best option for eastern and western facades was Case 3. It showed 

the lowest absorption in summer (131.9 W/m2) with the lowest outlet temperature (18.26 °C). Figure 

8 shows the prototype plan, with five modules facing east, five modules facing west, and five more 

modules on the southern facade. Unitized WFG modules were placed in three different orientations 

(east, south, and west) with a pyranometer measuring solar radiation on each facade. Each heat plate 

exchanger of the circulating device was connected to inlet and outlet water distribution systems. 

 

Figure 8. (a) Prototype plan. Position of WFG and electronic control unit. (b) Pictures of the unitized 

module in the actual facility with the pyranometer. 

The output signals were collected by one-wire probes and sent to an electronic control unit 

(ECU), where the developed software processed the calculations and elaborated the energy outputs. 

The temperature sensor network was installed in both the inlet and outlet of the plate heat exchanger. 

Flux meters were added to the monitoring equipment to keep a steady mass flow rate through all the 

modules. The temperature difference in the external WFG elements could reach 10 °C, depending on 

the exterior conditions. Glass selection for renewable production on the southern facade (Case 2) 

absorbed the maximum incident solar radiation and at the same time reduced indoor solar heat gains. 

A heat pump was used to control the inlet temperature. Figure 9 illustrates the outdoor air 

temperature (T_out), inlet (T_Ei5) and outlet (T_Eo5) temperatures in two eastern WFG modules in 

summer conditions. The maximum temperature difference occurred from 7:00 a.m. to 10:00 a.m., 

when the solar radiation reached its peak value on the east facade. The southern modules’ inlet and 

outlet temperatures (T_Si5, T_So5) reflected the solar radiation and outdoor temperature, and there 

were two peak values at 11:00 a.m. and 4:00 p.m. The maximum temperature difference between 

T_So5 and T_Si5 was 2 °C. The maximum temperature difference between the inlet (T_Wi3) and outlet 

(T_Wo3) temperatures in two western WFG modules occurred at 4:30 p.m., when the solar radiation 

reached its peak value on the west facade. The real measurements confirmed the simulation results 

because, despite the high solar radiation values on the eastern and western facades (700 W/m2), the 

temperature difference between inlet and outlet was 1 °C. However, in the southern modules, the 

temperature difference was 2 °C when the maximum solar radiation was 470 W/m2. 
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Figure 9. Inlet and outlet temperatures of eastern WFG. Sample summer day 14 July 2020. (a) Module 

E5. (b) Module E1. 

In winter, heat absorption does not depend directly on solar radiation due to the severity of 

climatic conditions. The difference between indoor and outdoor temperatures affected energy 

performance more than the solar radiation on the eastern and western facades. Figure 10 illustrates 

the outdoor air temperature (T_out), the inlet (T_Ei5) and outlet (T_Eo5) temperatures in two eastern 

WFG modules. The southern WFG performance showed heat losses in the morning and in the 

afternoon. From 10:00 a.m. to 5:00 p.m., the outlet temperature (T_So5) was higher than the inlet 

(T_Si5), and the maximum difference reached 2.5 °C at 1:30 p.m. In western modules, the inlet (T_Wi3) 

and outlet (T_Wo3) temperatures showed that there were heat losses in the morning with no solar 

radiation and low outdoor temperature. The simulation results were validated with little energy 

absorption on eastern and western facades, and heat gains in the southern modules. 

 

Figure 10. Inlet and outlet temperatures of eastern WFG. Sample winter day 8 January 2020. (a) 

Module E4. (b) Module E3. 
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4. Discussion 

The next step was to analyze the results in terms of potential energy savings. Firstly, the results 

of the simulation tool were validated. Secondly, the heat absorbed by water in summer can be both 

subtracted from the cooling loads and considered as renewable energy production. According to the 

Energy Performance of Buildings Directive (EPDB 2018) recommendations [2], primary energy 

factors (PEFs) were used to assess the energy performance. 

4.1. Validation of Energy Performance 

To validate the selection of WFG, the daily absorbed energy per unit of area was calculated using 

Equation (29). Figure 11 shows the performance of two WFG panels in winter in three orientations. 

As expected, the eastern and western panels’ energy absorption was not relevant. Most of the time 

there were heat losses due to the little radiation and the low outdoor temperature. A different 

performance was shown in the southern panels, where the daily absorbed energy was 21.3 kWh in 

7.8 m2, so the ratio of energy per area was 2.73 kWh/m2. 

 

Figure 11. Energy absorption on eastern, southern, and western WFG facades. Sample winter day 8 

January 2020. 

Figure 12 shows the energy performance on a sample summer day (14 July 2020). The total 

absorbed energy was 30 KWh in two southern WFGs, 18.6 KWh in two western WFGs, and 15.9 KWh 

in two eastern WFGs. The energy-to-area ratio was 3.85 kWh/m2 in the south, 2.38 kWh/m2 in the 

west, and 2.04 kWh/m2 in the east. 

 

Figure 12. Energy absorption on eastern, southern, and western WFG facades. Sample summer day 14 July 

2020. 
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The goal of rejecting energy in the east and west was met. Despite the high solar radiation, the 

water heated up by 2 °C, and most of the infrared energy was rejected. On the south facade, the 

energy absorption was similar in winter and summer, and the water heated up around 3 °C. The 

reliability of the simulation tool was tested by developing real prototypes. Figure 13 illustrates the 

comparison between the results of the real data and the simulation data. The daily energy absorption 

on southern facades in winter and summer were taken from Figures 11 and 12 and compared with 

the simulated results from Figure 6. 

 

Figure 13. Accumulated energy absorption on southern WFG facades. Sample days 14 July 2020 and 

8 January 2020. Comparison between simulated and real data. 

The Mean Error (ME), shown in Equation (24), is the difference between the measured value and 

simulation results. The total number of measurements was n = 2872. 

�� =
1

�
�|��� − ���|

�

���

, (30) 

where ESi is the simulated energy absorption, and ERi is the measured energy absorption. By 

computing ME on 14 July 2020 the value was 0.78. When it came to the energy absorption on 8 January 

2020, the ME was 0.67. The reason for this might be the uncertainties about the inlet and indoor 

temperatures. Although the accumulated energy values were quite similar in the simulation and the 

real conditions, the intermediate values differed at some times of the day. The simulation tool could 

not work with variable inlet and indoor temperatures, which is the main goal for further research. 

4.2. Primary Energy Consumption 

Figure 14 shows the outdoor air temperature and the accumulated energy throughout five days 

in summer. WFG absorbed solar energy and prevented it from entering the building. The amount of 

energy absorbed by the water could be connected to the district heating network, geothermal 

boreholes, or to domestic hot water devices. In the final energy balance, the accumulated energy was 

subtracted from the cooling loads and added to the renewable energy production. 
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Figure 14. Energy absorption on eastern, southern, and western WFG facades. Sample summer days 

from 14 July 2020 to 18 July 2020. 

Article 41 of the Energy Performance of Buildings Directive (EPDB 2018) recommended the use 

of primary energy factors to calculate the energy parameters of building envelopes [2]. Table 5 shows 

these energy factors, such as cooling energy demand (CED in kWh/m2), final energy consumption 

(FEC in kWh/m2), non-renewable primary energy consumption (NRPEC in kWh/m2). The energy 

absorbed by the water was considered as renewable primary energy production (RPE in kWh/m2) 

and CO2 emissions (kg CO2/m2). The electricity consumption of the circulation water pumps was not 

considered because they were connected to photovoltaic panels. The circulation pump was working 

24 h per day. The primary energy factor (PEF) is the inverse of electricity production efficiency from 

fuel source to electricity at the building, taken from official European Union documents [42,43], if the 

energy was produced using heat pumps, considering a Coefficient of Performance (COP) of 2.5 and 

a conversion factor between final energy and non-renewable primary energy (KWh NRPE/KWh FE) 

of 1.954. The factor of emitted CO2 for electricity was 0.331. 

Table 5. Primary energy balance of WFG in summer. 

 

Cooling Energy 

Demand (CED) 

kWh/m2 day 

Final Energy 

Consumption (FEC) 

kWh/m2 day 

Non-Renewable Primary 

Energy Consumption 

(NRPEC) 

kWh/m2 day 

Renewable 

Primary Energy 

(RPE) 

kWh/m2 day 

CO2 

Emissions 

kgCO2/m2 

day 

Day 1 8.27 3.31 6.46 3.42 1.09 

Day 2 7.60 3.04 5.94 3.15 1.01 

Day 3 8.24 3.29 6.44 3.41 1.09 

Day 4 6.95 2.78 5.43 2.88 0.92 

Day 5 7.25 2.9 5.67 3.00 0.96 

Total 38.31 15.32 29.94 15.86 5.07 

Table 6 shows the estimated winter heating loads over the working hours. Indoor (T_int) and 

outdoor (T_ext) temperatures were taken from Figure 10 with a surface area of 3.9 m2. The same 

procedure was repeated to calculate the values on five sample days. A high-performance triple glass 

made of three glass panes with an argon chamber and Low-E coating was compared with the selected 

WFG cases. The triple-glass U value was taken from a glazing catalog [41], whereas the U value of 

the WFG was defined in Table 1. The total heat losses through the passive triple glazing and the WFG 

were 288.38 Wh/m2 and 15.31 Wh/m2. The energy savings per day was 273.07 Wh/m2. In addition, the 

WFG was able to produce renewable energy. 
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Table 6. Winter heating loads on 14 January 2020. 

   Triple Glass WFG 

 
T_int 

(C) 1 

T_ext 

(C) 1 

U 

(triple glazing) 

(W/m2K) 2 

∑UA(T_int-T_ext) 

(Wh/m2) 

U 

(WFG) 

(W/m2K) 

∑UA(T_int-T_ext) 

(Wh/m2) 

7–8 h 18 −3 1.3 23.73 0.06 1.26 

8–9 h 18 −3 1.3 23.73 0.06 1.26 

9–10 h 21.5 −3 1.3 27.69 0.06 1.47 

10–11 h 21.8 0 1.3 24.63 0.06 1.31 

11–12 h 18.8 1.5 1.3 19.55 0.06 1.04 

12–13 h 20 3.1 1.3 19.10 0.06 1.01 

13–14 h 22.7 4.5 1.3 20.57 0.06 1.09 

14–15 h 23 5.1 1.3 20.23 0.06 1.07 

15–16 h 23.1 6 1.3 19.32 0.06 1.03 

16–17 h 23.5 5.6 1.3 20.23 0.06 1.07 

17–18 h 22.2 3.6 1.3 21.02 0.06 1.12 

18–19 h 22 2 1.3 22.60 0.06 1.20 

19–20 h 22 −1 1.3 25.99 0.06 1.38 

TOTAL   288.38  15.31 
1 Values are taken from Figure 10; 2 values are taken from [41]. 

Table 7 illustrates the primary energy savings, the reduction of CO2 emissions, and renewable 

energy production of WFG in five winter days. 

Table 7. Primary energy balance of WFG in winter. 

 
CED 

kWh/m2 

FEC 

kWh/m2 

NRPEC 

kWh/m2 

RPE 

kWh/m2 

EM 

kgCO2/m2 

Day 1 0.226 0.090 0.177 2.40 0.030 

Day 2 0.225 0.090 0.176 2.55 0.030 

Day 3 0.222 0.089 0.174 2.46 0.029 

Day 4 0.222 0.089 0.174 2.46 0.029 

Day 5 0.227 0.091 0.177 2.57 0.030 

Total 0.116 0.449 0.877 12.44 0.149 

4.3. Cost Considerations 

The ideal project for these advanced facades would be a large tower-type office building with 

limited site access. The facade should consist of repetitive geometry that can be divided easily into 

panels. The system would not be fit to have movable windows, so special modules for openings and 

mechanical ventilation systems are required. A literature review was carried out to assess the cost 

and the performance of advanced facades [44–46]. The unit costs of the components included the 

material, production, and assembly costs. These values are the average of the unit costs taken from 

two different passive curtain wall systems [47]. The cost analysis for the WFG-unitized facade 

considered a triple glass described in Case 2, the total estimated costs for aluminum production, 

module fabrication, on-site transportation, and facade assembly. The energy values were calculated 

with the indoor and outdoor temperatures shown in Figures 9 and 10 for sample summer and winter 

days, respectively. The energy parameters and construction costs calculated for all the alternatives 

are shown in Table 8. 
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Table 8. Energy and cost parameters. 

System 

Description 
Glazing 

U 

W/m²K 

FEC 

kWh/m² 

RPE 

kWh/m² 

EM 

kgCO₂/m² 

Cost 

EUR/m² 

   S W S W   

Aluminum frame fixed 

to slab 

Triple 

glazed 
1.3 1 2.42 0.64 - - 1.01 620 1 

Unitized facade 

Aluminum frame 

WFG (Case 

2) 
0.066 0.94 0.30 3.42 2.73 0.41 1375 

1 Values taken from [47]. 

The initial costs of the WFG made up of the triple glazing, the circulating device, and the unitized 

aluminum frames were high, compared to passive glazing systems. However, a holistic approach 

should include energy savings, energy production, and CO2 emissions. The total final energy 

consumption was 3.06 kWh/m² for the standard triple-glazed lightweight enclosure and 1.24 kWh/m² 

for the WFG. When it came to CO2 emissions, the standard curtain wall solution would account for 

2.5 times as much CO2 as the studied WFG. 

5. Conclusions 

The design of new light envelopes for zero-energy buildings must integrate different disciplines 

such as architectural design, building simulation, HVAC systems, and the curtain wall industry. This 

article developed a methodology for selecting WFG solutions for different facades and tested its 

performance using real data. Case 1 was a triple glazing with the water chamber facing outdoors. 

Case 2 was made of triple glazing with water chamber indoors and Low-E coating. Case 3 had a high 

reflective coating on face 2 and a water chamber indoors. 

1. Dynamic properties of WFG allowed considering options for different orientations and the 

internal loads, which depend on the building use. The thermal transmittance (U) ranged from 1 

W/m2K (ṁ = 0) to 0.06 W/m2K (ṁ = 2 L/min m2). A mass flow rate (ṁ) above 2 L/min m2 (0.029 

Kg/s m2) did not impact the water–energy absorption. 

2. The position of the gas and water cavities and the spectral properties of glass panes and coatings 

affected the performance of the WFG. Simulation results at steady conditions showed that Case 

2 had the best performance for energy absorption in winter (226.6 W/m2). Case 1 showed the 

highest energy absorption in summer (603.3 W/m2). Case 3 showed the lowest energy 

absorption, both in summer (131.9 W/m2) and winter (11.5 W/m2). 

3. The primary energy factor (PEF) was used to assess building energy performance. Energy 

savings ranged from 5.43 to 6.46 KWh/m2 day in non-renewable energy consumption, whereas 

the renewable primary energy production ranged from 3 to 3.42 KWh/m2 day. The CO2 

emissions were reduced at a rate of 1 Kg/m2 day. 

4. In the cold winter season, the absorbing south facade heated water (2.73 kWh/m2), whereas 

eastern and western facades received very little solar radiation. 

5. In summer, eastern and western facades rejected most of the solar radiation, and the flowing 

water was heated without surpassing the comfort temperature. The maximum outlet 

temperature was 24 °C on 14 July 2020. The daily absorbed energy was 3.84 KWh/m2 in the 

southern WFG, 2.38 KWh/ m2 in WFG, and 2.04 KWh/ m2 in WFG. 

This article showed an industrialized water flow glazing unitized facade ready to be used in the 

architecture, engineering, and construction industries. The authors developed a simulation tool to be 

used at the first stage of the design process. The outputs were validated with an actual test facility 

placed in Sofia, Bulgaria. The difficulties identified were related to the limitations of the software for 

simulating the dynamic properties of WFG. The high initial cost and the need for an energy 

management system integrated with the rest of the equipment conditioned the WFG system. After 

the first year of monitoring, there are uncertainties and system issues that must be addressed. Firstly, 

the control unit must integrate the ventilation system to reduce condensation risks. Secondly, the 
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presented simulation tool must be integrated into commercial building performance simulation 

software. Finally, further research on the deployment is needed to bring down payback periods. 

With economies of scale a price comparable to triple-pane glazing systems equipped with 

automated exterior shading can be achieved. 
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Nomenclature 

Symbol Meaning 

Aj Absorptance of glass layers 

Aw Absorptance of water 

Av Total absorptance of water flow glazing 

hi Interior heat transfer coefficient (W/m2K) 

hw Water heat transfer coefficient (W/m2K) 

hg Air chamber heat transfer coefficient (W/m2K) 

he Exterior heat transfer coefficient (W/m2K) 

qj Heat fluxes through the different layers of the glazing 

i0 Normal incident solar irradiance (W/m2) 

θi Interior temperature (K) 

θe Exterior temperature (K) 

θj Temperature of the glass layer (K) 

θIN Inlet temperature of the water chamber (K) 

θOUT Outlet temperature of the water chamber (K) 

θw Temperature of the water (K) 

θS Stagnation temperature of the water when ṁ = 0 (K) 

U Thermal transmittance (W/m2K) 

Ui Interior thermal transmittance (W/m2K) 

Ue Exterior thermal transmittance (W/m2K) 

Uw Thermal transmittance (water chamber–interior) (W/m2K) 

T Transmittance of the glazing 

R Reflectance of the glazing 

ṁ Mass flow rate (kg/s m2) 

c Specific heat of the water (J/Kg K) 

P Heat gain in the water chamber (W) 
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4.2. VALIDATION OF OBJECTIVE 2

4.2 Validation of Objective 2

4.2.1 Context of papers and References

This paper evaluated the thermal comfort through the Predicted Mean Vote (PMV)
in summer conditions. The study comprised the energy performance of water flow
glazing (facade and internal partitions) of the DMAIA prototype (office room), cou-
pled with an energy management system.
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4.2.2 PAPER 4: Evaluation of Thermal Comfort and Energy Con-
sumption of Water Flow Glazing as a Radiant Heating and
Cooling System: A Case Study of an Office Space

Overview

This paper has studied the energy performance of water flow glazing (facade
and internal partitions), coupled with an energy management system, and the re-
lationships with steady and transient parameters. The energy management system
was composed of a heat pump and an air heat exchanger to deliver heat or cold to
a buffer tank. The energy management system received inputs from temperature
and relative humidity sensors. The results included actual indoor air and glazing
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temperatures, heating and cooling energy consumption, and the influence of WFG
on the mean radiant temperature and comfort.

The main conclusion drawn from this paper is that a radiant system such as
WFG interior partitions can achieve occupants’ comfort at indoor temperatures
between 25◦C and 27◦C and thus improve the energy performance of air-to-water
heat pumps.

Radiant panels improve the performance of air-to-water heat pumps. The energy
efficiency ratio (EER) reached 3.62 when the water temperature was 18 ◦C, and the
coefficient of performance (COP) was 4.5 when the water temperature was 35 ◦C
in heating mode. Using WFG as a radiant cooling facade and indoor partitions
effectively reduced the operative temperature to comfortable levels when the indoor
air temperature was between 25 and 27.5 ◦C.

MRT = T1 Fp − 1 + T2 Fp − 2 + ...+ TN Fp −N, (4.1)

The mean radiant temperature (MRT) has a strong influence on human thermal
comfort because the occupant body transfers heat to the hot or cold surface. MRT is
calculated as the average value of the surrounding temperatures weighted according
to the angle factors (Fp−N), as it is showm in Equation 4.1. The predicted mean
vote (PMV) model uses six key factors to address thermal comfort: metabolic rate,
clothing insulation, air temperature, radiant temperature, airspeed, and humidity.

The Predicted Mean Vote (PMV) in summer conditions was between 0 and −
0.5 in working hours, within the recommended values of ASHRAE-55 standard. The
MRT ranged from 19.3 to 23 ◦C, and the indoor air temperature ranged from 25.2
to 29.1 ◦C.

Water-Flow Glazing was evaluated as a component of a hydronic radiant heat-
ing and cooling system. It showed final energy-saving potential, provided thermal
comfort, and was considered a valid option for office retrofitting.

The system is limited by its high initial cost and the need for an energy man-
agement system integrated with the rest of the equipment, especially the ventilation
and heat pumps.

Published Paper
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Abstract: Large glass areas, even high-performance glazing with Low-E coating, could lead to
discomfort if exposed to solar radiation due to radiant asymmetry. In addition, air-to-air cooling
systems affect the thermal environment indoors. Water-Flow Glazing (WFG) is a disruptive technology
that enables architects and engineers to design transparent and translucent facades with new features,
such as energy management. Water modifies the thermal behavior of glass envelopes, the spectral
distribution of solar radiation, the non-uniform nature of radiation absorption, and the diffusion
of heat by conduction across the glass pane. The main goal of this article was to assess energy
consumption and comfort conditions in office spaces with a large glass area by using WFG as a
radiant heating and cooling system. This article evaluates the design and operation of an energy
management system coupled with WFG throughout a year in an actual office space. Temperature,
relative humidity, and solar radiation sensors were connected to a control unit that actuated the
different devices to keep comfortable conditions with minimum energy consumption. The results in
summer conditions revealed that if the mean radiant temperature ranged from 19.3 to 23 ◦C, it helped
reduce the operative temperature to comfortable levels when the indoor air temperature was between
25 and 27.5 ◦C. The Predicted Mean Vote in summer conditions was between 0 and −0.5 in working
hours, within the recommended values of ASHRAE-55 standard.

Keywords: building energy management; Water Flow Glazing; mean radiant temperature; final
energy consumption

1. Introduction

Obsolete equipment, design flaws, and inappropriate use can account for up to 20% of the
energy that buildings use over the operation period [1]. Dwellings, offices, educational facilities,
and commercial buildings show different consumption patterns. For example, commercial buildings
exhibit high energy consumption associated with heating, ventilation, and air conditioning (HVAC)
systems and lighting [2]. Office buildings have a high amount of energy use by computers and
monitors, while educational buildings have significantly more energy consumption for lighting [3].
Office buildings are likely to have higher cooling demands due to the impact of internal gains from

Sustainability 2020, 12, 7596; doi:10.3390/su12187596 www.mdpi.com/journal/sustainability
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occupants and IT equipment [4]. The European air conditioning (AC) market is essential in raising
awareness about primary energy utilization. Over the last two decades, all members of the European
Union (EU) have been committed to increasing the production of renewable energy, decreasing
greenhouse gas (GHG) emissions, and reducing the final energy consumption by 20% from 1990 levels
by 2020. The goal of reducing the emissions of GHG by 40% by 2030 has been set. Furthermore, the EU
members have committed to reducing GHG emissions by 80–95% by 2050, and the fulfillment of the
Paris Conference of the Parties 21 agreement will require a further reduction of GHG emissions [5].
In this regard, some studies show that electricity demand for cooling is increasing, especially in colder
European countries [6]. If the electricity demand exceeds the projected renewable capacity, the goal of
reducing GHG emissions will not be met.

An energy management system (EMS) assures that the building’s energy demand is accomplished
without compromising the air quality and comfort levels of its occupants [7]. The EMS can collect
measurements at a specified time interval at designated measurement points. The accurate and diverse
data, deployment without affecting the building operation, communication protocol, and cost influence
the selection of the EMS [8]. Engineers tend to overestimate the internal heat gains in office buildings,
which results in the specification of cooling systems that exceed the needed capacity. As a result,
there is an energy waste over long periods of inefficient operation [9,10]. The Energy Consumption
Guide (ECG) shows patterns and benchmarks for electricity consumption in office buildings [11].
Energy consumption schedules, occupants’ habits, and the diversity of electric loads have a significant
impact on office building energy behavior [12,13]. An energy management system allows owners to
understand building performance, improve energy efficiency, and take appropriate actions [14,15].

Power load density is used to assess expected peak power demand, taking into account internal
heat gains [16,17]. The building envelope materials contribute decisively to reducing the heating and
cooling loads. Windows and curtain walls play a crucial role in the energy efficiency of office buildings
due to solar heat gains. Although solar radiation may help reduce heating loads in the cold season,
summer heat gains have to be avoided [18,19]. In this regard, the extensive use of glass in facades in
office buildings has led to an 8.7% increase in the AC market in Europe over the last decade, especially
in Mediterranean countries [20,21]. Despite the growth of the market, other factors like the increasing
price of electricity in the European Union (17% from 2008 to 2019) [22] and new government regulations
have forced manufactures to develop energy-efficient products, such as inverter technologies and
new refrigerants [23]. The energy performance of heating and AC systems is measured by the energy
efficiency ratio (EER) in the cooling mode and the coefficient of performance (COP) in the heating mode.
The seasonal energy efficiency ratio and the seasonal coefficient of performance (SEER, SCOP) designate
the total heat supplied or removed from areas (Qheat/cold, season) divided by the total work input over the
same period (Welectricity, season) [24]. By product type, split systems, coupled with air-to-air heat pumps,
account for the majority of AC units per type [25]. Air-to-water and water-to-water heat pumps can be
coupled with fan coil units (FCUs) and radiant panels in walls, floors, and ceilings. The EER and COP
of heat pumps depend on the source and load side temperatures, so assessing the energy performance
of each type requires analyzing the outdoor and indoor operating temperatures [26].

When it comes to defining thermal comfort conditions, six main factors must be taken into account:
metabolic rate, clothing insulation, air temperature, radiant temperature, airspeed, and humidity [27].
Fanger’s Predicted Mean Vote (PMV) method was developed to consider the different variables that
influence the comfort assessment in a working environment [28,29]. The international organization for
standardization document ISO 7726 defined local thermal discomfort as the thermal dissatisfaction
caused by unwanted cooling or heating of one particular part of the body. It mainly affects people
developing light sedentary activities [30]. The mean radiant temperature (MRT) has a strong influence
on human thermal comfort because occupant bodies transfers heat to hot or cold surfaces [31]. In office
buildings with convective heating and cooling systems, such as split units, and facades with extensive
glazing, users experience a lack of comfort caused by the inhomogeneity in indoor surfaces and
air temperatures [32]. For example, windows with high thermal transmittance and without Low-E
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coatings can lead to high radiant temperature asymmetry and the local dissatisfaction of some body
parts [33]. An effective way to improve the comfort conditions in these buildings would be to use
temperature-controlled surfaces or radiant panels as the principal source of sensible cooling and
heating in the conditioned space. Radiant panels provide a comfortable indoor environment without
lowering the room air’s moisture content. Occupants in an area heated or cooled by radiant panels
are comfortable at lower air temperatures in winter and higher air temperatures in summer. Indoor
partitions and facades with Water-Flow Glazing (WFG) are considered active radiant panels that
control their temperature by circulating water, and can be used to control the surface temperatures and
provide an acceptable thermal environment [34]. In facades exposed to solar radiation, the water flows
between two glass panes and captures most of the solar infrared radiation, and the visible component
enters the building [35]. Since the WFG is a dynamic envelope, the solar heat transmitted through the
material depends on the flow rate. When the water flows, the transmitted solar heat is low, and when
the water flow stops, the solar radiation enters the building [36]. In interior partitions, WFG panels can
supply the needed power at a rate of 120 W/m2 if the difference between the circulating water and the
indoor air temperature is 10 ◦C [37].

This paper focused on assessing the performance of WFG envelopes in commercial buildings by
analyzing power demand patterns through measured data obtained from a testing facility. Hence,
to achieve this goal, it was essential to: (i) validate the energy management system to enhance the
thermal performance of the building, (ii) estimate the final energy consumption of the office space in
summer and winter conditions, and (iii) evaluate the comfort conditions and the influence of the mean
radiant temperature in the Predicted Mean Vote over the office space working hours.

2. Materials and Methods

Commercial building energy simulation (BES) tools do not include Water-Flow Glazing as an
option, so it is necessary to validate its behavior in real facilities. This section described the office space
layout, the description of the envelope and the Water-Flow Glazing, the energy management system
components, and the electronic control unit logic operation.

2.1. Description of the Facility

The testing facility was an office space of the Department of Applied Mathematics in the School
of Aeronautics and Space Engineering in Madrid, Spain (40,44389◦ N, −3,7261972◦ E). Two faculty
members occupy the room from 8:00 a.m. to 8:00 p.m., and there are meetings with students during
office hours. The occupancy is limited to six people at a time. The facility validated the WFG behavior
as a component of the heating and cooling system. Figure 1 illustrates the floor plan. Four transparent
WFG panels (WFG1, WFG2, WFG3, and WFG4) separated the corridor from the office. The thermal
and spectral properties of these transparent panels were carefully selected to absorb the maximum
heat from the beam solar radiation, which entered through the main glazed facade, impinging into the
WFG in the afternoon for four to five hours, depending on the season. The northeast facade was an
insulated opaque wall, and the rest of the interior partitions were translucent WFG (WFG_TP01 to
WFG_TP09). In all, there were thirteen WFG panels of 1500 mm height by 1300 mm width. The energy
management system is placed outdoors, in the north-east facade. The electronic control unit (ECU)
monitored the temperatures of the WFG and the indoor, corridor, and outdoor temperatures.

Table 1 shows the thermal transmittance and areas of the office envelope. The opaque internal
partitions were modular walls with melamine panel finish (0.5 cm) and rock–wool acoustic insulation
(3 cm). The northeast facade was an insulated opaque wall made up of a zinc plate external finish
(1 mm), ventilated air chamber (3 cm), a brick wall (11 cm), rock–wool thermal insulation (6 cm),
air chamber (5 cm), and a plaster board (12 mm). The roof was composed of a zinc plate external
finish (1 mm), ventilated air chamber (3 cm), metal deck with concrete (10 cm), air chamber (10 cm),
rock–wool thermal insulation (6 cm), and a plaster board (12 mm). The thermal transmittances met the
requirements of the Spanish Building Code [38].
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Figure 1. Plan view of the office spaces. The transparent Water-Flow Glazing (WFG) was connected
directly to the primary circuit. The translucent interior partitions were connected in parallel to the
circulating device.

Table 1. Parameters of the office envelope.

Thermal and
Geometric Parameters Roof N-E Wall N-E Window Int Wall Int Glass Floor

U (W/m2K) 1 0.3 0.3 2.9 0.7 5.2 0.6
A (m2) 40 22.5 2.2 19.6 7.8 40∑

UA (W/K) 12 6.75 6.38 13.72 40.56 24
1 Values meet the Spanish Building Code (CTE DB HE1) requirements [38].

Figure 2 shows the space with transparent WFG (a) facing south-west and translucent interior
partitions (b). The former was double glazed; each glass pane was composed of 8 mm planiclear,
1.54 mm saflex Rsolar SG41, 8 mm planiclear, and a 20 mm water chamber. The latter was double glazed;
each glass pane was formed of 10 mm planiclear, 1 mm translucent Polyvinyl butyral (PVB) 000A
CoolWhite, 3 mm planiclear, and a 16 mm water chamber. The mass flow rate through the transparent
WFG was set to be 2 L/min, and through the translucent glazing, it was 1 L/min. The transparent
panes were exposed to western solar radiation and had to absorb a large amount of heat. In contrast,
the translucent panes were designed to deliver heat or cold in winter or summer.
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Figure 2. Top: View from the access corridor during the construction process. Bottom: Glass
configuration of the office space. (a) Transparent Water-Flow Glazing (corridor), (b) translucent
Water-Flow Glazing (interior partitions).

Table 2 shows the estimated heating and cooling loads in the office space. Ventilation loads
(Vent) and internal loads (IL) were calculated for an occupancy of six people and average office
equipment [38,39]. The total glazed surface was 7.8 m2 of transparent WFG and 17.55 m2 of translucent
interior partitions. The wall-to-window ratio of the wall exposed to solar radiation was 40%. The total
area of WFG radiant panels was 25.35 m2, with a floor area of 40 m2. The expected power delivered by
WFG was 130 W/m2 when the difference between the circulating water and the indoor air temperature
was 13 ◦C. The dew point temperature for the indoor air temperature was at 27 ◦C and relative
humidity at 40% was 12 ◦C. Therefore, keeping the WFG inlet temperature above 12 ◦C, the indoor
air temperature at 27 ◦C, and the average water temperature at 14 ◦C, the delivered cooling power
would be 130 W/m2. The total WFG surface area was 25.35 m2 and the total cooling power was 3295 W,
which was above the predicted cooling loads shown in Table 2. The cost of the system depends on
a few different factors, including the dimensions of the glass, thickness, and distance between the
energy management system and the panels. A typical 2 m2 double glass panel costs 900 USD (around
450 USD/m2), including the piping and individual circulating devices. Installation of WFG requires a
professional team, which could run 50 to 70 USD per hour.

Table 2. Estimation of heating and cooling loads in the offices.

Operating
Condition

T_int
(◦C)

T_ext
(◦C) 1

T_ext_C
(◦C) n

∑
UA(T_int-T_ext)

(W)

∑
UA(T_int-T_ext_C)

(W)
Vent
(W)

IL
(W)

SR
(W)

Total
(W)

Heating 22 4 22 2 452.34 - 1620 - - 2018.16
Cooling 23 35 30 6 301.56 379.26 1080 1400 82.5 3243.42

1 Values are taken from CTE DB HE1 [38].
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Figure 3 shows the schematics of both circuits. The energy management circuit consisted of a
370 L buffer tank, an expansion tank, an air-to-water heat pump, and an air heat exchanger. The heat
pump’s (Saunier Duval Genia Air 8/1 Power A7/W35 = Power A35/W18) nominal power was 7.60 kW
in winter (at an outdoor air temperature of 7 ◦C and inlet water temperature of 35 ◦C) and summer
(at an outdoor air temperature of 35 ◦C and inlet water temperature of 18 ◦C). The heat pump was
selected for commercial reasons, regarding availability and budget constraints. Some malfunctions
and operating issues related to the oversized cooling and heating power are addressed in the following
sections. The air heat exchanger works when the outdoor air temperature is low enough to cool down
water. This cooling mode can only be used when outdoor ambient air temperatures are below 12 ◦C.
When the air heat exchanger is used for free cooling, the control system uses valves to isolate the heat
pump from the rest of the loop, and the heat exchanger is used like a chiller. Once the buffer tank
is heated or cooled down, the water flows to transfer heat or cold to the circulating device. Then,
the secondary circuit transports the heated or cooled water to thirteen radiant WFG units. A control
system with a thermostat based on the indoor temperature turned the heat pump and the flow rate
ON and OFF. The secondary circuit was made up of two branches—one that transferred heat or cold
to translucent partitions and another one for the transparent WFG modules. Each transparent WFG
module had a circulating device (CDi). The mass flow rate through the transparent modules was set
to ṁ = 2 L/min m2 when the system was ON. All the translucent WFG panels were connected to the
same circulating device (CD TP), and the flow rate was ṁ = 1 L/min m2. The influence of the mass
flow rate on the ability to deliver or absorb heat and the recommended values have been studied
in previous articles [37]. Transparent WFG panels are exposed to solar radiation, so the mass flow
rate had to be higher to absorb heat in summer and keep the water temperature within acceptable
values. The electronic control unit actuated the WFG circulating devices, the heat pump, and the
air heat exchanger using the basic commands of ON and OFF, with the control logic explained in
Table 3. There was a mechanical ventilation system that met the requirements of the Spanish Regulation
of Thermal Installations in Buildings (RITE) for ventilation of office spaces (12.5 L per second per
person) [40]. The mechanical ventilation provided conditioned air and operated over the working
hours (8:00 a.m. to 8:00 p.m.) at a constant air volume. However, it was not a component of the
controlled energy management system. The lack of control of the ventilation device was one of the
system’s uncertainties because high relative humidity can cause condensation in radiant panels when
operating in cooling mode, and can affect the latent loads.
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devices (heat pump, air heat exchanger, and buffer tank). The secondary circuit goes from the buffer
tank to the WFG.
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Table 3. Energy management system in cooling mode.

Device HP AHX WFG WFG_HP

Condition 1 T_int > 25 ◦C - T_int > 25 ◦C

Condition 2 (T_tank_top − T_ext)
< 10 ◦C

(T_tank_top − T_ext)
> 10 ◦C (T_int − T_tank_bottom) > 10 ◦C

8:00 p.m.–7:00 a.m. - ON ON ON
7:00 a.m.–8:00 p.m. ON - ON ON

Tables 3 and 4 show the proposed energy management strategy in the heating and cooling modes.
The heat pump (HP) was set to operate during working hours, whereas the air heat exchanger (AHX)
operated only in cooling mode during non-working hours. The first condition was related to the indoor
air temperature (T_int) and the second condition depended on the difference between the outdoor air
temperature (T_ext) and the tank temperatures (T_tank_top, T_tank_bottom).

Table 4. Energy management system in heating mode.

Device HP AHX WFG WFG_HP

Condition 1 T_int < 20 ◦C T_int < 20 ◦C

Condition 2 - (T_tank_bottom − T_int) > 10 ◦C

8:00 p.m.–7:00 a.m. - - ON ON
7:00 a.m.–8:00 p.m. ON - ON ON

2.2. Description of the Sensors

To measure the water heat gain of the WFG panels, flow meters and inlet and outlet digital
thermometers were installed in the primary and secondary circuits. The DS18B20-PAR digital
thermometer communicated over a one-wire bus with the energy control unit (ECU). They had an
operating temperature range of −55 to +100 ◦C and an accuracy of ±0.5 ◦C. A pyranometer Delta Ohm
LP PYRA 03, placed on the vertical south-western facade, allowed measurement of the solar irradiance.
It is a second-class pyranometer according to ISO 9060 standards and the World Meteorological
Organization (WMO); it had to be placed outdoors because obstacles and reflections can affect the
measurements. The same monitoring equipment has been described in other articles [37]. Figure 4
shows the position of the temperature sensors in the WFG and the circulating device. The flow meter
(s) measures the flow rate at the inlet of the WFG panels. The flow meter (p) measures the flow rate of
the primary circuit. The temperature sensors, Ti2 and To2, measure the inlet and outlet temperatures in
the WFG 2, respectively, and Tp2 and Tp2 measure the temperatures at the primary circuit.

Every WFG module had a circulator that comprised a water pump, a plate heat exchanger, and
two one-wire sensors inserted into two pocket wells to measure the inlet and outlet temperatures of the
glazing. In addition, one module was monitored with a digital flow meter for the primary circuit and
another digital flow meter for the secondary circuit. Together with the inlet and outlet temperatures,
these flow meters allowed validation of the design flow rate of the glazing as well as having precise
actual values for the water heat gain of each WFG panel. The one-wire digital thermometers were
inserted into the pocket wells. Each sensor had a unique 64-bit serial number etched into it, and
allowed the housing of a considerable number of sensors to be used on one data bus. There were four
transparent WFG modules and two thermometers per module, plus the inlet and outlet temperatures
for the primary circuit, measured with the same data bus. Thermostats and timers controlled the
heating and cooling system. All indoor temperatures were measured 150 cm above the floor level. The
main objective of this strategy was to maintain a comfortable indoor temperature and to minimize
energy consumption using solar energy harvesting and free cooling. Table 5 presents a description of
the sensors and parameters that have been measured. The WFG transparent panels were located in a
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corridor with south-west orientation. When the solar radiation impinged on the glazing, the water
absorbed the energy. After analyzing the indoor temperature, the EMS decided whether to store the
heat or to distribute it through the rest of the translucent interior partitions. The energy surplus could
be stored in the buffer tank. If there was no solar energy to harvest or there was not enough energy
harvested in the buffer tank, the heat pump would work to satisfy the demand. Generally, an office
building demands cold throughout the year due to its high internal heat load. In winter, the outdoor
temperature is low enough to dissipate the internal heat load utilizing an air heat exchanger. The heat
pump electricity consumption was not measured. The electricity consumption was estimated with the
heat pump thermal power, the coefficient of performance, and the energy efficiency ratio provided by
the manufacturer.
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Table 5. Nomenclature and description of sensors.

Sensor Description

Tik Inlet temperature of the transparent WFG 1 (◦C)
Tok Outlet temperature of the transparent WFG 1 (◦C)
Ts_IN Inlet temperature of the translucent WFG partitions (◦C)
Ts_OUT Outlet temperature of the translucent WFG partitions (◦C)
T_ext Outside temperature (◦C)
T_int Indoor air temperature (◦C)
T_tank_bottom Temperature at the bottom of the buffer tank (◦C)
T_tank_middle Temperature in the middle of the buffer tank (◦C)
T_tank_top Temperature at the top of the buffer tank (◦C)
T _ext_C Temperature of the corridor right outside the door (◦C)
Tfloor Surface temperature of the floor (◦C)
Twall Surface temperature of opaque walls (◦C)
Tceiling Surface temperature of the ceiling (◦C)
TWFG Surface temperature of transparent WFG (◦C)
TWFG_TP Surface temperature of WFG translucent partitions (◦C)
Sun_rad Solar irradiance on vertical surface (W/m2)
kWh_HP Thermal heating/cooling energy by the heat pump (kWh)
kWh_AXH Thermal cooling energy by the air heat exchanger (kWh)
kWh_WFG Heating/cooling energy delivered by transparent WFG (kWh)
kWh_WFG_TP Heating/cooling energy delivered by WFG translucent partitions (kWh)
RH Indoor Relative Humidity (%)

1 k is the module number from 1 to 4.

3. Results

This section presents monitoring temperatures and the power efficiency of WFG modules.
The implementation of different energy strategies was validated. By analyzing the system’s performance,
the energy strategy is improved, achieving significant energy savings. Finally, the power performance
of the WFG module is obtained by measuring the inlet and outlet temperatures and flow rate of each
WFG panel.

3.1. Analysis in Summer Conditions

Figure 5 shows the system temperatures and the irradiance curve of a sample summer week
from 10 July 2019 to 16 July 2019. Ti2 and To2 illustrate the inlet and outlet temperatures of the
WFG. T_int is the indoor temperature, and T_ext is the exterior temperature. T_ext_C corresponds to the
temperature in the corridor between the office and the exterior. The first day, 10 July 2019, was clear,
with some evolution clouds between 16:30 and 18:00. On clear days, direct beam radiation prevailed
over diffuse radiation. The typical irradiance curve (Sun_rad) reached maximum levels above 700 W/m2.
From 9:00 a.m. to 1:00 p.m., the south-west facade was shaded due to geometrical obstructions, and the
irradiance was mainly diffuse, reaching values around 200 W/m2. However, in the afternoon, the facade
was exposed to direct solar radiation, and the corridor temperature rose to 35 ◦C. On 11 July 2019,
the indoor and outdoor temperatures showed a similar performance, although the oscillations of the
inlet and outlet temperatures were different from those of the previous day. On 12 July 2019, the solar
irradiance showed irregular values because of clouds, and it affected the temperature of the corridor,
which was slightly above 30 ◦C. Over the weekend, on 13 July 2019 and 14 July 2019, the mass flow
rate was 0 and the heat pump did not operate. Inlet and outlet temperatures of the WFG (Ti2 and To2)
did not show any difference and reached peak values of 32 ◦C. The indoor air temperature reached a
maximum of 34 ◦C, whereas the temperature in the corridor (T_ext_C) was 39 ◦C. A WFG circuit is a
closed loop and there are two cases, mass flow rate ṁ = 0 or ṁ = design flow rate. Over the weekend,
the mass flow rate was 0 and the heat pump was not in operation. After two weekend days, the indoor
temperature rose to 32 ◦C, making it necessary to cool down the office temperature. Figure 5 shows
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that the inlet and outlet temperatures dropped on Sunday 14/07/2019 before 7:00 a.m., although the
heating pump did not operate that day. The same behavior was shown on Monday, 15/07/2019, before
7:00 a.m. The reason was that the air heat exchanger operated both days for two hours when the
difference between the top tank water temperature (T_tank_top) and the outdoor air temperature (T_ext)
was above 10 ◦C.
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2019 to 16 July 2019.

Figure 6 shows the detailed evolution of temperatures on two consecutive days. Figure 6a shows
that the irradiance curve on 10 July 2019 had some oscillations in the afternoon, and the outdoor
temperature declined, which indicated the existence of clouds. The inlet and outlet temperatures (T_i2,
T_o2) showed that the heat pump worked at three cycles per hour. The heat pump parameters were
fixed to meet the manufacturer’s requirement for minimum cycle times. Figure 6b showed that the
minimum time between starts was, at least, forty minutes. On 10 July 2019 at 7:00 p.m., there was a
peak in the corridor temperature (T_ext_C), and this peak did not occur on 11 July 2019. The corridor
had a cooling system that was not monitored or controlled by the studied energy management system,
and its temperature was a boundary condition of the studied space. The indoor air temperature rose to
27 ◦C on 10 July 2019 and to 29.5 ◦C on 11 July 2019. Although the temperatures might seem too high,
due to the effect of radiating panels and a low mean radiant temperature, there is thermal comfort in
the space, as shown in the discussion section.

3.2. Analysis in Winter Conditions

Figure 7 shows the temperatures and the irradiance curve of a sample winter week from
08 January 2020 to 14 January 2020. On sunny working days (from 08 January 2020 to 10 January 2020),
the outdoor temperature showed typical values of winter in Madrid, with a minimum temperature
slightly below 0 ◦C and a maximum temperature between 10 and 15 ◦C. The solar radiation impinged on
the south-west facade as of 11:00 a.m. with a peak value of 300 W/m2. The indoor air temperature (T_int)
was below comfort until 7:00 p.m. because the heating system was off. In the morning, the heat pump
started working, and the radiant WFG panels were delivering heat. In the afternoon, the temperature
in the corridor (T_ext_C) rose to 30 ◦C, which helped to heat the office space air temperature (T_int) to
22 ◦C. The solar radiation in the afternoon made the heat delivered by the WFG unnecessary. Over the
weekend (11 January 2020 and 12 January 2020), the heat pump was not operating, and the indoor air
temperature declined and reached its lowest value (14 ◦C) on Monday 13 July 2020 at 7:00 a.m. Due to
the solar radiation, the temperature in the corridor rose to 28 ◦C. On weekend days, the heat pump did
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not operate in the morning, so the indoor temperature continued to drop until the afternoon, when the
solar radiation and the corridor overheating contributed to raising the indoor air temperature from
17 to 19 ◦C on 11 January 2020 and from 15 to 17 ◦C on 12 January 2020. Nevertheless, the indoor
temperature on 11 January 2020 at 7:00 a.m. was 18 ◦C, and on 13 January 2020, it was 14 ◦C after two
days without operating the heat pump. On working days, the indoor air temperature was above 18 ◦C
at the beginning of the working hours. On 13 July 2020 and 14 July 2020, the solar irradiance was low,
and the outdoor temperature variation over the day was only 5 ◦C. The heat pump operated most of
the working hours, unlike on sunny days, when it operated only in the morning.
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Figure 8 details the parameters on two winter days with different outdoor conditions. Figure 8a
illustrates a sunny winter day when the solar irradiance reached a peak value of 300 W/m2, and the
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outdoor temperature ranged from−1 to 11 ◦C. The WFG started working in heating mode from 7:00 a.m.,
when the indoor air temperature was 18 ◦C, to 9:30 a.m., when the indoor air temperature reached
20 ◦C. The indoor air temperature continued to rise to 22 ◦C because the corridor air temperature
reached a peak of 30 ◦C. Figure 8b shows a winter day with little solar radiation and an outdoor
temperature that ranged from 4 to 10 ◦C. The WFG started working in heating mode at 7:00 a.m.,
when the indoor air temperature was 16 ◦C. It took the system four hours to increase the indoor air
temperature to 20 ◦C. The heat pump was connected to the buffer tank, so the heating time seemed too
long due to the thermal inertia. Starting the heat pump four hours before the working hours would be
an excellent strategy to improve comfort conditions on winter days after the holidays.
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Figure 9 presents a sample week of February, from 19 February 2020 to 25 February 2020.
The minimum outdoor air temperature was 0 ◦C on 20 February 2020, and the maximum temperature
was 21 ◦C on 24 February 2020. The indoor air temperature (T_int) in the office space maintained
comfortable conditions operating in a free-floating temperature regime with zero energy consumption.
The WFG circuit was never empty. During the free-floating regime, the mass flow rate was 0 and the
heat pump was not in operation. Temperature in the corridor (T_ext_C) showed peak values above
32 ◦C in the afternoon. The solar irradiance on the west facade (Sun_rad) reached a peak of 480 W/m2.

Figure 10 illustrates the performance on two consecutive February days. Although the minimum
outdoor air temperature was 0 ◦C on 19 February 2020 and 20 February 2020, the peak solar radiation
(440 W/m2) increased the temperature inside the studied office in the afternoon. When the indoor
air temperature reached 25 ◦C, the water inlet temperature dropped, and the outlet temperature was
above the inlet. As stated in Table 3, the heat pump was set to operate in cooling mode when indoor
temperature was above 25 ◦C. The heat pump cooled down water three times between 5:00 p.m. and
7:00 p.m. on 19 February 2020, and only once at 6:30 p.m. on 20 February 2020.
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Table 6 shows a summary of the energy performance on four days in different seasons.
On 10 July 2019, the system was working in cooling mode. The heat removed from the office
space by the transparent WFG (kWh_WFG) and by the translucent partitions (kWh_WFG_TP) was
4.9 KWh. The transparent WFG absorbed the most significant amount of heat during the working
hours because of the high mass flow rate (ṁ = 2 L/min m2), whereas the translucent interior partitions
performed better during the night. The contribution of the air heat exchanger (kWh_AXH) during the
night was negligible compared with the heat pump, which operated from 7:00 a.m. to 8:00 p.m.
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Table 6. Thermal energy summary on four sample days.

Date 10 July 2019 09 January 2020 14 January 2020 20 February 2020

hour 0–7 7–20 20–24 0–7 7–20 20–24 0–7 7–20 20–24 0–7 7–20 20–24

kWh_WFG 1 −0.3 −4.3 −0.3 3.4 - - - 8.6 - - −2.3 -
kWhWFGTP 1 −1.6 −2.0 −1.3 3.2 11.3 4.1 1.7 17.4 5.6 −2.5 −1.1 −1.2

kWh_HP 1 - −21 - - 7.12 - - 15.0 - - −0.6 -
kWh_AXH 1 −0.7 - - - - - - - - −0.1 - −0.3

1 Energy values in kWh.

On 09 January 2020, the heat delivered by the translucent WFG (KWh_WFG_TP) was 18.7 kWh,
whereas the total amount of energy delivered by the transparent WFG (KWh_WFG) was 3.4 kWh.
In the afternoon, the transparent WFG circuit was stopped to allow solar radiation to enter the office
space. The translucent WFG supplied most of the heat during the working hours. The thermal energy
delivered by the heat pump (kWh_HP) was 7.12 kWh from 7:00 a.m. to 11:00 a.m. In the afternoon,
the thermal inertia of the tank and the solar radiation made it unnecessary to operate the heat pump
again. On 14 January 2020, the contribution of the transparent WFG was higher because there was
little solar radiation in the afternoon. The heat pump operated over the working hours and released
twice as much thermal energy as on 09 January 2020.

On 20 February 2020, the system was working in cooling mode. The air heat exchanger (kW_AXH)
was cooling down the buffer tank during the night, and the heat pump operated during the working
hours. The heat removed by the translucent WFG (kWh_WFG_TP) was 4.8 kWh. The energy delivered
by the heat pump was 0.6 kWh, and the thermal inertia of the buffer tank was enough to keep indoor
temperature between 20 and 26 ◦C. In Section 4.4, these conditions are assessed to evaluate the
occupants’ comfort.

4. Discussion

Radiant WFG panels were part of the heating and cooling system. They impact the indoor air
temperature and help reduce the mean radiant temperature and, therefore, the operative temperature.
The thermal problem of the glazing is coupled with the thermal problem of the room, and the indoor
temperatures should be measured.

4.1. Validation of Energy Management System

The power released or absorbed by the water (P) is measured in watts per square meter (W/m2),
and is shown in Equation (1).

P =
.

mc(TO − Ti), (1)

where ṁ is the mass flow rate (Kg/s m2), c (J/Kg ◦C)is the specific heat of the water, and To and Ti are
the temperatures of water leaving and entering the glazing, respectively (◦C). The mass flow rate is
the mass of a fluid passing by a point over time. In summer conditions, the transparent WFG was
set to operate during working hours. It had to absorb most of the solar radiation impinging on the
glazing. Figure 11 illustrates the buffer tank temperatures and the thermal energy provided by the heat
pump in a sample summer week. The top tank temperature (T_tank_top) showed that the heat pump was
set to work when T_tank_top was between 15 and 18 ◦C. On 10 July 2019, it worked at three cycles per
hour. The following days, it was fixed to operate at a minimum time between starts of forty minutes.
Over the weekend, the heat pump did not operate, and the buffer tank temperature reached 35 ◦C.
The maximum power delivered by the heat pump (31.13 kWh) took place on 11 July 2019, when the
solar irradiance reached its maximum value without any obstructions, according to Figure 5.
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Figure 11. Tank temperatures and heat pump thermal power—sample summer week from 1 July 2019
to 16 July 2019.

When the heat pump was working in the heating mode in winter conditions, the transparent
WFG was set to operate in the morning. It did not operate in the afternoon because the solar radiation
on the south-west partition helped reduce the heating load. Figure 12 shows the tank temperatures
(T_tank_top, T_tank_middle, T_tank_bottom) and the thermal consumption of the heat pump (kWh_heatpump)
measured with the water flow rate and the difference of water temperature between the inlet and
outlet in the heat pump. On sunny days, the heat pump operated mainly in the morning because the
solar radiation heated up the office space in the afternoon. On 09 January 2020, when the outdoor air
temperature ranged from −1 to 11 ◦C and a peak solar radiation of 300 W/m2, the heat pump heated
the buffer tank from 7:00 a.m. to 9:00 a.m. The thermal inertia of the tank and the solar radiation in the
afternoon made it unnecessary to operate the heat pump again. The total energy consumption per day
was 7.12 kWh. The average heat pump thermal energy was 7 kWh on 08 January 2020, 09 January 2020,
and 10 January 2020, whereas on Monday 13 January 2020, a cloudy winter day after non-working
days, the total energy consumption was 20.05 kWh. The warm-up response was too low, and it took
four hours to raise the temperature to comfort conditions. Over the weekend, the tank temperature
dropped, and this made it necessary to increase the energy supplied by the heat pump. The lack of solar
radiation in the afternoon was the reason to operate the heat pump until the end of the working hours.

Figure 13 shows the tank temperatures (T_tank_top, T_tank_middle, T_tank_bottom) and the thermal
consumption of the heat pump (kWh_heatpump) on six February days. The heat pump operated in
cooling mode and cooled down the top tank temperature in the afternoon. On 21 February 2020 and
22 February 2020, the heat pump did not operate, and the buffer tank was in a free-floating regime.
The average energy consumption per day was 1 kWh on working days. The difference between the
heat pump consumption on 14 January 2020 (15 kWh) and on 20 February 2020 (1.1 kWh) can be
explained because the peak solar radiation on 09 January 2020 was below 300 W/m2, and the outdoor
temperature was above 10 ◦C for four hours. On 20 February 2020, the peak solar radiation was
450 W/m2, and the outdoor temperature was close to 18 ◦C for 7 h.
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19 February 2020 to 25 February 2020.

4.2. Estimation of Final Energy Consumption

Tables 7 and 8 show the estimated heating (positive) and cooling (negative) loads. Ventilation
loads (Vent) were calculated with the number of occupants (n) at each hour. Internal loads (IH) are
calculated with the number of occupants, the metabolic rate of typical office activity, and 20 W/m2 for
lighting and equipment. Solar radiation (SR) was taken from Figure 6a with a surface area of 7.8 m2

and a solar heat gain coefficient of 0.5. The same procedure was repeated to calculate the values on
five sample days.

Tables 9 and 10 compare the thermal energy consumption of the air-to-water heat pump with the
calculated cooling and heating loads. The values are taken from Figures 11 and 12 (kWh_heatpump) and
Tables 7 and 8 by adding the heating and cooling loads over the working hours.
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Table 7. Summer cooling loads on 10 July 2019.

Hour T_int
(C)

T_ext
(C) 1

T_ext_C
(C) 1 n

∑
UA(T_int-T_ext)

(Wh)

∑
UA(T_int-T_ext_C)

(Wh)
Vent
(Wh)

IL
(Wh)

SR
(Wh)

Total
(Wh)

7–8 23 18 24 0 −125.65 54.18 0 800 0 728.53
8–9 23 20 23.8 2 −75.39 43.34 −90 1000 0 877.95

9–10 23 21.5 23.7 2 −37.69 37.92 −45 1000 0 955.23
10–11 23 28 23.9 2 125.65 48.76 150 1000 0 1324.41
11–12 23 36 24 6 326.69 54.18 1170 1400 0 2950.87
12–13 23 38 24.2 6 376.95 65.01 1350 1400 0 3191.96
13–14 23 38.5 26 2 389.51 162.54 465 1000 510 2527.05
14–15 23 39.7 28 2 419.67 270.9 501 1000 521.2 2712.82
15–16 23 39.8 30 2 422.18 379.26 504 1000 510 2815.44
16–17 23 35 34 6 301.56 595.98 1080 1400 390 3767.54
17–18 23 32 33 6 226.17 541.8 810 1400 281.2 3259.22
18–19 23 31 34 2 201.04 595.98 240 1000 202.5 2239.52
19–20 23 29.5 32 2 163.34 487.62 195 1000 82.5 1928.45

1 Values are taken from Figure 6.

Table 8. Winter heating loads on 14 January 2020.

Hour T_int
(C)

T_ext
(C) 1

T_ext_C
(C) 1 n

∑
UA(T_int-T_ext)

(Wh)

∑
UA(T_int-T_ext_C)

(Wh)
Vent
(Wh)

Total
(Wh)

7–8 h 22 4 14 0 452.34 433.44 0 885.78
8–9 h 22 5 20 2 427.21 108.36 510 1045.57

9–10 h 22 6 22 2 402.08 0 480 882.08
10–11 h 22 7 23 2 376.95 −54.18 450 772.77
11–12 h 22 7 23 6 376.95 −54.18 1350 1672.77
12–13 h 22 8 24 6 351.82 −54.18 1260 1557.64
13–14 h 22 9 24 2 326.69 −54.18 390 662.51
14–15 h 22 10 24 2 301.56 −54.18 360 607.38
15–16 h 22 8 24 2 351.82 −54.18 420 717.64
16–17 h 22 4 24 6 452.34 −54.18 1620 2018.16
17–18 h 22 4 23 6 452.34 −54.18 1620 2018.16
18–19 h 22 5 21 2 427.21 54.18 510 991.39
19–20 h 22 5 18 2 427.21 216.72 510 1153.93

1 Values are taken from Figure 8.

Table 9. Sample summer week energy consumption (kWh).

Date 10 July
(kWh)

11 July
(kWh)

12 July
(kWh)

15 July
(kWh)

16 July
(kWh)

Total
(kWh)

Cooling loads
(WFG) 1 21.60 31.13 23.90 29.40 27.6 133.63

Cooling loads
(Aid-to-Air) 27.20 35.75 28.38 32.72 31.56 155.61

1 Values are taken from Figure 11.

Table 10. Sample winter week energy consumption (kWh).

Date 08 January
(kWh)

09 January
(kWh)

10 January
(kWh)

13 January
(kWh)

14 January
(kWh) Total (kWh)

Heating loads
(WFG) 1 6.93 7.15 6.79 20.05 15.01 55.93

Heating loads
(Ait-to-Air) 8.72 9.11 8.39 18.27 16.53 61.02

1 Values are taken from Figure 12.

Final energy (FE) consumption, non-renewable final energy (NRFE) consumption, and the CO2

emissions in kg are primary energy factors in calculating the energy performance of buildings, according
to the Energy Performance of Buildings Directive (EPDB 2018) [39]. The Spanish regulation of building
thermal systems (RITE) recommends a conversion factor between final energy (FE) and non-renewable
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final energy (NRFE) of 1.954 [40]. The factor of emitted CO2 for electricity is 0.331. The final energy
consumption and CO2 emissions were calculated with two different heat pumps. Table 11 illustrates
the performance of the air-to-water heat pump in cooling and heating mode. The performance depends
on the outlet temperature of the WFG (To = 15 ◦C in summer, To = 30 ◦C in winter) and the source
inlet temperature in the heat pump (Ts,i = 20–35 ◦C in summer, Ts,i = 15–20 ◦C in winter). The outdoor
temperature, T_ext, is shown in Figures 5 and 7, respectively. Ts,i values were taken from the top tank
temperatures (T_tank_top) shown in Figures 11 and 12. The air-to-water heat pump shows a better
coefficient of performance (COP) when the water temperature is close to 35 ◦C and a better energy
efficiency ratio (EER) when the water temperature is close to 18 ◦C. The top tank temperatures (T_tank_top)
in Figures 11 and 12 confirmed the range of optimal operating temperatures. Although the actual heat
pump electrical energy consumption has not been measured, the estimated COP and EER have been
taken from [41].

Table 11. Final energy analysis. Air-to-water heat pump.

Air-to-Water Heat Pump

T_ext_db (◦C) Cooling 35 ◦C Heating 7 ◦C
Ts,i (◦C) 7 ◦C 18 ◦C 35 ◦C 45 ◦C

Energy consumption (kWh) 133.63 133.63 55.93 55.93
EER 1/COP 2 2.90 1 3.62 1 4.50 2 3.50 2

FE consumption (kWh) 46.08 36.91 12.43 15.98
NRFE consumption (kWh) 90.04 72.13 24.29 31.22

CO2 emissions (KgCO2) 15.25 12.22 4.11 5.29
1 Energy efficiency ratio (EER)/2 coefficient of performance (COP) values are taken from [41].

Air-to-air heat pumps were also analyzed using the cooling and heating loads from Tables 9 and 10.
The parameters that influence air-to-air heat pump performance are the dry bulb exterior air temperature
(T_ext_db) and the dry bulb interior return air temperature (Tri_db). Table 12 shows the final energy (FE),
non-renewable final energy (NRFE), and the emitted CO2 for electricity of the air-to-air heat pump.

Table 12. Final energy analysis—air-to-air heat pump.

Air-to-Air Heat Pump

Tri_db (◦C) Cooling 23 ◦C Heating 22 ◦C
T_ext_db (◦C) 35 ◦C 7 ◦C

Energy consumption (kWh) 155.61 61.02
EER 1/COP 2 3.25 1 3.72 2

FE consumption (kWh) 47.88 16.40
NRFE consumption (kWh) 93.56 32.05

CO2 emissions (KgCO2) 15.85 5.43
1, 2 EER/COP values are taken from [41].

The radiant WFG panel system coupled with a buffer tank and air-to-water heat pump showed
non-renewable final energy (NRFE) consumption of 72.13 kWh in cooling mode and 24.29 kWh in
heating mode, whereas the expected values of an air-to-air system were 93.56 kWh and 32.05 kWh in
the studied summer and winter weeks. This resulted in a final energy savings of 23% in summer and
24% in winter. The reductions of CO2 emissions were 3.63 kg/week in summer and 1.32 kg/week in
winter. As stated in Section 2.1, the ventilation device was not a component of the energy management
system, and its performance was not controlled. The ventilation load was estimated by multiplying the
air flow by the specific enthalpy (kJ/kg) difference between indoor and outdoor conditions. In summer,
the specific enthalpy of outdoor air at 31.3 ◦C with 35% relative humidity was 58.8 kJ/kg. At 26 ◦C and
36% relative humidity, the indoor air specific enthalpy was 46.7 kJ/kg. At a ventilation air flow rate of
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75 L per second, the total ventilation cooling load over 12 h was 10.8 kWh. In winter, the indoor and
outdoor specific enthalpy were 37.11 kJ/kg and 16.36 kJ/kg, respectively, and the ventilation load over
the working hours was 13.24 kWh. The electrical consumption of the ventilation device, including the
engine and the fan, was 3.24 kWh [42].

The non-renewable energy consumption was 72 kWh in a summer week and 24 kWh in a winter
week. The expected energy consumption projection throughout the year was 1700 kWh with a floor
area of 40 m2. Therefore, the yearly heating and cooling energy consumption per m2 was 42.5 kWh/m2

per year. If the average energy savings compared to an air-to-air heat pump with multi-split were 23%,
the total non renewable energy consumption (NREC) savings accounted for 391 kWh/year. The average
price of electricity in Spain is 0.12 EUR/kWh [22], and the system overcosts compared to traditional
indoor wall partitions plus the split system can be 50 EUR/m2. For 24 m2 of radiant WFG panels,
the expected payback period would be 20 years. WFG technology is not competitive nowadays,
so future research is needed in industrialization and standardization to bring down the initial costs.

4.3. Mean Radiant and Operative Temperatures

Mean radiant temperature (MRT) expresses the influence of surface temperatures in the room
on occupant comfort. The area-weighted method shown in Equation (2) is a simple way to calculate
MRT, but it does not reflect the geometric position, posture, and orientation of the occupant, ceiling
height, or radiant asymmetry [29]. In Equation (3), the calculation of mean radiant temperature from
surrounding surfaces considers the surface temperatures of the surrounding elements and the angle
factor. The angle factor is a function of shape, size, and the position concerning the occupant standing
or being seated. The surfaces of the room are assumed as black, with high emissivity and no reflection.
In this case, the angle factors weight the enclosing surface temperatures to the fourth power [28].

Tmr =
T1A1 + T2A2 + . . .+ TNAN

A1 + A2 + . . .+ AN
, (2)

T
4
mr = T4

1Fp−1 + T4
2Fp−2 + . . .+ T4

NFp−N , (3)

where

Tmr = mean radiant temperature, ◦C,
TN = surface temperature of surface N, ◦C (calculated or measured),
AN = area of surface,
Fp-N = is the angle factor between the person and surface N.

The angle factors quantify the amount of radiation energy that leaves the human body and reaches
each surface. They were calculated according to Figures B.2 to B.5 in [28]. If the difference between the
indoor surface temperatures is relatively small (<10 ◦C), Equation (4) can be used.

Tmr = T1Fp−1 + T2Fp−2 + . . .+ TNFp−N (4)

The MRT is calculated as the average value of the surrounding temperatures weighted according
to the angle factors. If the temperature difference between indoor surfaces is below 10 ◦C, then the
MRT error calculated with Equation (4) will be less than 0.2 ◦C [28]. Equation (5) shows the formula to
calculate the angle factor [43].

Fp−N = Fmax
(
1− e−(a/c)τ

)(
1− e−(b/c)γ

)
, (5)

where

γ = A+B(a/c),
τ = C+D(b/c) + E(a/c).
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Parameters a, b, and c, defined in Figure 14, are related to dimensions and distances between the
occupant and the envelope. Table 13 shows the parameters A, B, C, and D to calculate angle factors for
seated persons and walls, floors, and ceilings.
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Figure 14. Geometry of the office space and occupant’s position and dimensions to calculate the
angle factor.

Table 13. Parameters for calculating angle factors 1.

Fmax A B C D E

Seated person
(Wall/window facing person) 0.118 1.216 0.169 0.717 0.087 0.052

Seated person
(Floor/ceiling facing person) 0.116 1.396 0.130 0.951 0.080 0.055

1 Values are taken from [28].

Figure 14 illustrates the dimensions and geometry of the office space and the different surfaces
considered to calculate the MRT for a seated person. The facing direction was ignored for simplification.
The temperature of each rectangle (1 to 21) was measured to calculate the MRT. Due to small differences,
only five temperatures have been taken into account. T1 = T6 = T1′ = T14 = T15 = T16 = T17 = Tceiling;
T3 = T3′ = T4 = T4′ = T9 = T11 = T12 = T18 = T19 = T20 = T21 = Tfloor; T7 = T5 = T5′ = Twall; T8 = TWFG;
T2 = T2′ = TWFG_TP.

A rough approximation to obtain the operative temperature may be to use the arithmetic average
of the mean radiant temperature (MRT) of the heated space and dry-bulb air temperature if air velocity
is less than 0.2 m/s and MRT is less than 50 ◦C. In cases where the air velocity is between 0.2 and 1
m/s, or where the difference between mean radiant and air temperature is above 4 ◦C, the ASHRAE
55 provides a formula, shown in Equation (6), to calculate operative temperature [27].

Top = A Ta + (1−A) Tmr , (6)

where

Top = operative temperature (◦C),
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Ta = indoor air temperature (◦C), and
Tmr = mean radiant temperature (◦C).

The value of A can be found in Table 14 as a function of the relative air speed, vr.

Table 14. Parameters of WFG.

vr <0.2 m/s 0.2 to 0.6 m/s >0.6 m/s

A 0.5 0.6 0.7

Figure 15 illustrates the indoor relative humidity (RH), the surface temperature of indoor surfaces,
and the MRT calculated according to Equation (4). The WFG panel temperatures (TWFG, TWFG-TP)
contribute to cooling the mean radiant temperature down to 20 ◦C when the energy management system
is in operation. TWFG was lower than TWFG-TP because the mass flow rate through the transparent
panels was set to ṁ = 2 L/min m2, and through the translucent interior partitions, it was ṁ = 1 L/min m2.
Another reason to explain the temperature difference was that each transparent WFG has its circulating
device, whereas the translucent panels share the same circulating device. The former has proven to
be more effective in delivering the cold from the heat pump than the latter. Floor, opaque walls, and
ceiling temperatures (Tfloor, Twall, Tceiling) are taken into account with their angle factors, which are
calculated according to Equation (5).
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Figure 15. Surface temperatures of indoor surfaces, mean radiant temperature (MRT), and indoor
relative humidity (RH)—sample days 10 July 2019 to 11 July 2019 and 15 July 2019 to 16 July 2019.

4.4. Predicted Mean Vote (PMV)

The Predicted Mean Vote (PMV) model uses six key factors to address thermal comfort: metabolic
rate, clothing insulation, air temperature, radiant temperature, airspeed, and humidity. These factors
may vary with time; however, in this article, the airspeed, metabolic rate, and clothing insulation
are considered steady. Compliance with the ASHRAE-55 standard is tested using the CBE Thermal
Comfort Tool. This tool, developed at the University of California at Berkeley, allows designers to
calculate thermal comfort according to ASHRAE Standard 55-2017. The indoor air temperature and
the MRT were taken from Figure 15 during operating hours. Clothing was set as 0.8 Clo (typical office
indoor clothing); the metabolic rate was set as 1 Met (sedentary activity), the relative humidity was
taken from Figure 14, and air velocity was set as 0.10 m/s (mean air velocity of the day). The ASHRAE-55
Comfort Zone, shaded in gray in Figure 16, represents the recommended predicted mean vote, between
−0.5 and +0.5, for buildings where the occupants have metabolic rates of between 1.0 met and 1.3
met, and clothing provides between 0.5 clo and 1.0 clo of thermal insulation. Figure 16 illustrates the
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variations of the predicted mean vote (PMV), mean radiant temperature (MRT), indoor air temperature
(T_int), and operative temperature (Top) on four summer days. The PMV over the working hours
ranged from −0.04 to −0.42 on 10/07/2019, while the MRT ranged from 23.0 to 19.3 ◦C, and the indoor
air temperature ranged from 25.2 to 27.4 ◦C. During the working hours, the highest indoor temperature
was on 11 July 2019 at 8:00 p.m., when the MRT was 20.1 ◦C and the predicted mean vote was 0.1,
very close to the optimum value. Similar values are shown over the four days.
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Figure 16. Operative temperature (Top) and Predicted Mean Vote (PMV) in summer—sample days
10 July 2019 to 11 July 2019 and 15 July 2019 to 16 July 2019.

The comfort zone is defined by the combinations of the six key factors for thermal comfort.
The PMV model is calculated with the air temperature and mean radiant temperature in question
along with the applicable metabolic rate, clothing insulation, airspeed, and humidity. If the resulting
PMV value generated by the model is within the recommended range, the conditions are within the
comfort zone. Table 15 defines the PMV range for the thermal sensation scale. For 1.1% of the working
hours, the PMV was above +0.4; for 6.7%, the PMV was from 0 to +0.2; for 32.3%, the PMV was from 0
to −0.2; for 54.3%, the PMV was from −0.2 to −0.4; and for 5.6% of the time, the PMV was below −0.4.
Despite the high indoor air temperature, the PMV showed that occupants would describe their comfort
conditions as “Slightly Cool” and always within the recommended limits specified by ASHRAE-55
(−0.5 < PMV < +0.5). The transparent WFG provided the partition exposed to solar radiation with a
temperature that prevented thermal asymmetry and a lack of comfort. Hence, the results in Figure 15
indicated that the system gave consistent performance and provided comfortable conditions.

Table 15. ASHRAE thermal comfort scale 1.

Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot

−3 −2 −1 0 +1 +2 +3
1 Values are taken from [27].

The same comfort analysis was carried out in February. Figure 17 illustrates the variations of
the predicted mean vote (PMV), mean radiant temperature (MRT), indoor air temperature (T_int) and
operative temperature (Top), and relative humidity (RH) on four February days. As shown in Figure 9,
the conditions on sunny winter days are required to operate the heat pump in cooling mode in the
afternoon. The indoor air temperature dropped to 20.5 ◦C on 19 February 2020 at 8:00 a.m., and reached
27 ◦C on 24 February 2020 at 7:00 p.m. The relative humidity ranged from 35% to 40%. The PMV over
the working hours ranged from −1 on 19 February 2020 to 0.8 on 24 February 2020. Both values are out
of the comfort range. In the morning, the PMV on the four days was below −0.5, so the occupants
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would describe their comfort conditions as “Slightly Cool” or “Cool”. The heat pump was set to
operate in heating mode when the indoor temperature was below 20 ◦C, and that condition was not
met. On 24 February 2020, the PMV was above 0.5 from 5:00 p.m. to 8:00 p.m. Even though the
heat pump was operating in cooling mode, the occupants would describe their comfort conditions as
“Slightly Warm” or “Warm”. For 45% of the working hours, the predicted mean vote was below −0.5,
out of the shaded area representing the recommended comfort range. For 8% of the working hours,
the predicted mean vote was above the comfort range when the indoor temperature surpassed 25.5 ◦C,
and the WFG temperature was not low enough to bring down the mean radiant temperature.
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5. Conclusions

This paper has studied the energy performance of innovative building envelopes (facade and
internal partitions), such as water flow glazing (WFG), coupled with an energy management system,
as well as the relationships with steady and transient parameters. The energy strategies varied from
a free-floating temperature regime on sunny winter days to the air-to-water heat pump, air heat
exchanger, and buffer tank in summer conditions. A simple logic energy management system received
inputs from temperature and relative humidity sensors. It controlled the heat pump and the air heat
exchanger to deliver heat or cold to the buffer tank. The results included actual indoor air and glazing
temperatures, heating and cooling energy consumption, and the influence of WFG in the mean radiant
temperature and comfort.

Water-Flow Glazing was evaluated as a component of a hydronic radiant heating and cooling
system. It showed final energy-saving potential, provided thermal comfort, and may be considered
a valid option for office retrofitting. On the hottest day of the year, when the temperature ranged
from 18 to 40 ◦C and the peak solar radiation was above 700 W/m2, the energy system consumed
32 kWh (0.8 kWh/m2) and the WFG managed to keep the indoor air temperature between 25 and 27 ◦C.
The contribution of the air heat exchanger was negligible over the year because it was set to work for
cooling only when the difference between the tank top temperature and outdoor temperature (T_tank_top
− T_ext) was above 10 ◦C. It complicated the piping and the control logic and did not improve the
energy performance.

Radiant panels improve the performance of air-to-water heat pumps. The energy efficiency ratio
(EER) reached 3.62 when the water temperature was 18 ◦C, and the coefficient of performance (COP)
was 4.5 when the water temperature was 35 ◦C in heating mode. Using WFG as a radiant cooling
facade and indoor partitions effectively reduced the operative temperature to comfortable levels when
the indoor air temperature was between 25 and 27.5 ◦C.
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The Predicted Mean Vote (PMV) in summer conditions was between 0 and −0.5 in working hours,
within the recommended values of ASHRAE-55 standard. The MRT ranged from 19.3 to 23 ◦C, and the
indoor air temperature ranged from 25.2 to 29.1 ◦C. In winter conditions, the electronic control unit
was set to operate in heating mode if the indoor air temperature was below 20 ◦C. Then, for 45% of the
working hours, the predicted mean vote was below −0.5, out of the comfort range, so the occupants
would describe their comfort conditions as “Slightly Cool” or “Cool”. The control unit logic should be
fixed to start operating the heating mode if the indoor temperature drops below 21 ◦C. On mild sunny
winter days, when the outdoor temperature reached 17 ◦C in the afternoon, the heat pump cooled
down the buffer tank, but the WFG failed to deliver enough cooling power. The predicted mean vote
was above 0.5, and the conditions could be described as “Warm” and out of the comfort range for more
than three hours. There were two conditions to activate WFG in the cooling mode; first, indoor air
temperature should be above 25 ◦C, and second, the difference between indoor air temperature and
the bottom tank temperature should be more than 10 ◦C.

Water-Flow Glazing was evaluated as a component of a hydronic radiant heating and cooling
system. It showed final energy-saving potential, provided thermal comfort, and may be considered
a valid option for office retrofitting. The system is limited by its high initial cost and the need for
an energy management system integrated with the rest of the equipment, especially the ventilation
system and the heat pump. The ventilation system is an essential aspect of comfort. Controlling the
relative humidity is indispensable in radiant systems to avoid condensation issues. Therefore, a more
advanced ventilation device could help optimize the whole system’s performance. Including a heat
recovery and variable airflow would reduce the sensible and latent thermal loads and control the dew
point temperature. There were uncertainties with the air-to-water heat pump operation. Although the
radiant WFG panels could improve the heat pump COP and EER, there were issues with the operating
cycles that could affect its performance. The selected heat pump was oversized, and frequently started
and stopped because it prematurely detected that it had reached the target temperature.

After the first year of monitoring, there are uncertainties, misfunctions, and system issues that must
be addressed. Firstly, due to the complexity of the elements involved in human comfort, the control
unit must integrate the ventilation device. The operation logic should be able to modify the water
mass flow rate and ventilation air heat flow. Secondly, the devices must be adequately dimensioned to
avoid misfunctions, especially the air-to-water heat pump. Further research must include heat pump
electricity monitoring to compare the actual thermal and electricity consumption and assess energy
performance more accurately. Finally, further research on the standardization of its manufacturing
process and deployment is needed to bring down initial costs and payback periods. Another research
line would be to integrate WFG into commercial building performance simulations.
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CHAPTER 4. RESULTS

4.3 Validation of Objective 3

4.3.1 Context of papers and References

This paper examined the Life Cycle Assessment (LCA) throughout the Peralveche
and Sofia prototypes. The analysis comprises Life Cycle Energy (LCE), Life Cycle
Cost (LCC) and Global Warming Potential (GWP) calculations for dynamic Water
Flow Glazing (WFG) envelopes.

This paper has been published in Energies, which is a peer-reviewed, open access
journal of related scientific research, technology development, engineering, and the
studies in policy and management and is published semimonthly online by MDPI.

Energies is indexed in JCR, with an Impact Factor of 3.004 (2020) Q3, and in
Scopus, with a CiteScore of 4.7 (2020) Q2.

Paper:

Energies

PAPER 5: Santamaria, B.M.; Gonzalo, F.d.A.; Griffin, M.; Aguirregabiria,
B.L.; Ramos, J.A.H. Life Cycle Assessment of Dynamic Water Flow Glazing En-
velopes: A Case Study with Real Test Facilities. Energies 2021, 14, 2195.

4.3.2 PAPER 5: Life Cycle Assessment of water flow glazing en-

velopes: A Case Study with Real Test Facilities

Overview

Life Cycle Assessment (LCA) is a comprehensive and internationally standard-
ized method. It quantifies all relevant emissions, resources consumed, and the related
environmental aspects associated with any goods or services. A Life Cycle Assess-
ment can significantly help improve a sustainable building design by presenting how
different materials or processes contribute to the building’s overall environmental
impact. Life Cycle Assessment considers four phases, the extraction of resources,
the construction phase, the building operation, and the demolition. This paper ex-
amined the Life Cycle Assessment (LCA), Life Cycle Energy (LCE), and Life Cycle
Cost (LCC) calculations for dynamic Water Flow Glazing (WFG) envelopes.
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4.3. VALIDATION OF OBJECTIVE 3

Life Cycle Energy comprises the building’s operational energy, initial and recur-
rent embodied energy over its lifetime, and, finally, the energy for demolition and
disposal. Equation 4.2 was used to calculate the Life Cycle Energy.

E = Ei + Eerr + E0(n) + Ed, (4.2)

where E is the total energy of the building element, Ei is the initial embodied
energy, Eerr is the recurrent embodied energy for future maintenance and refurbish-
ment (5% of the initial embodied energy), Eo is the total annual operational energy,
n is the lifetime of the element in years, and Ed is the embodied energy required for
demolition and disposal (3% of the initial embodied energy).

The building envelope’s Life Cycle Cost has included its construction cost, C1,
operation cost, C2, and demolition cost, C3. The present value interest factor of
the annuity (PVIFA) was used to calculate the operation cost’s current value. The
present value interest factor (PVIF) was used to estimate the demolition and disposal
cost’s current value at the end of the envelope life cycle. C represents the building
envelope’s total Life Cycle Cost and the heating and cooling system; r represents
the interest rate; n represents the design operating life in years.

C = C1 + C2

(
1

r
− 1

r(1 + r)n

)
+ C3

(
1

(1 + r)n

)
. (4.3)

Finally, Global Warming Potential (GWP) is a measure of the amount of heat
trapped in the atmosphere. This variable is measured in carbon dioxide equivalents
(kgCO2eq). This equivalence means that the total greenhouse potential of a specific
emission type is given concerning CO2. The most common period for lifetime of
buildings is 50 years in their LCE and LCC approach.

This paper showed that WFG glazing technology typically retains a higher price
point for initial construction than the reference prototypes, requiring a substantial
investment early on. This is because of the additional equipment needed for the
successful operation of WFG panels. The steeper initial investment for WFG tech-
nology can serve as a deterrent for the technology in the eyes of building design
professionals. It is not until we consider each system’s overall Life Cycle Costs that
the economic benefits of WFG systems become apparent. For this study, a WFG
system is better over the operation phase only when it is compared with a traditional
double-glazing system, as has been demonstrated in Peralveche. Another important
factor that should be taken into account in the analysis between a much more tra-
ditional glazing system versus a WFG system is the Life Cycle Energy (LCE) and
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global warming potential (GWP) variables. The Peralveche WFG system, as com-
pared to the Peralveche reference prototype, has demonstrated a savings of 66% in
LCE with a 70% reduction of CO2 emission. In Sofia, there are similar results. Sofia
WFG demonstrated a 36% savings in LCE with a 30% reduction in CO2 emissions.
After monitoring the WFG systems for a several years, uncertainties, mis-functions,
and system issues must be addressed. WFG systems are limited by a high initial
investment cost coupled with the need for an energy management system integrated
with the other required equipment, especially if the system is coupled with bore-
holes heat exchangers combined with a ground source heat pump. The heating
and cooling devices must be adequately dimensioned to avoid mis-functions, espe-
cially the Air-to-Water heat pump. Further research must include monitoring energy
performance much more accurately by attaching sensors to monitor the amount of
electricity powering the heat pump to compare the actual thermal and electricity
consumption. In addition to this, further standardization of the manufacturing and
deployment process is required to bring down upfront investment costs and payback
periods. Finally, an integration of a whole evaluation protocol, including mainte-
nance, environmental, and economic aspects, should be explored. This could be
used by stakeholders involved in the design, maintenance, and monitoring process
in future projects.
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Abstract: High initial costs hinder innovative technologies for building envelopes. Life Cycle
Assessment (LCA) should consider energy savings to show relevant economic benefits and potential
to reduce energy consumption and CO2 emissions. Life Cycle Cost (LCC) and Life Cycle Energy
(LCE) should focus on investment, operation, maintenance, dismantling, disposal, and/or recycling
for the building. This study compares the LCC and LCE analysis of Water Flow Glazing (WFG)
envelopes with traditional double and triple glazing facades. The assessment considers initial,
operational, and disposal costs and energy consumption as well as different energy systems for
heating and cooling. Real prototypes have been built in two different locations to record real-world
data of yearly operational energy. WFG systems consistently showed a higher initial investment than
traditional glazing. The final Life Cycle Cost analysis demonstrates that WFG systems are better over
the operation phase only when it is compared with a traditional double-glazing. However, a Life
Cycle Energy assessment over 50 years concluded that energy savings between 36% and 66% and
CO2 emissions reduction between 30% and 70% could be achieved.

Keywords: water flow glazing; dynamic building envelope; life cycle assessment

1. Introduction

In recent years, clean energy use has steadily grown. However, energy consumption
has not altered its pattern, with fossil fuels acting as the primary energy consumption and
generation source. Many carbon emissions and greenhouse gasses caused by conventional
energy sources have severe consequences on the environment. Therefore, building codes,
regulations, and energy directives consider carbon emissions’ impact when evaluating
energy efficiency [1]. New technologies emerge rapidly and force building designers to act
without a thorough environmental impact analysis [2]. To control the construction sector’s
environmental impact is the most critical challenge that the architecture, engineering,
and construction (AEC) industry must face soon [3,4]. Life Cycle Assessment (LCA)
is a comprehensive and internationally standardized method. It quantifies all relevant
emissions, resources consumed, and the related environmental aspects associated with any
goods or services [5,6].

1.1. Literature Review

Extensive investigation has been conducted to study the environmental impact of
building materials [7]. A Life Cycle Assessment can significantly help improve a sustainable
building design by presenting how different materials or processes contribute to the
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building’s overall environmental impact [8,9]. According to some authors, Life Cycle
Assessment considers four phases, the extraction of resources, the construction phase,
the building operation, and the building’s demolition [10]. The European standards (EN)
standards for Building Life Cycle Assessment maintain a list of 24 total categories that
describe potential environmental impact [11–13]. A broadly accepted standard of the
environmental impact of buildings is energy consumption [14]. The Life Cycle Energy
analysis (LCE) only accounts for energy inputs at different life cycle stages, including the
operational energy and embodied energy in buildings over their lifetime. Life Cycle Energy
analysis evaluates the embodied energy of products, design modifications, and strategies
used to optimize operational energy. The most common period for major renovations in
the residential sector in practice is, according to some authors, 30–40 years [15]. Other
authors estimate the lifetime of buildings as 50 years in their LCC approach [16]. The
optimization of building envelopes should examine both the energy-saving and the Life
Cycle Cost goals [17]. Different authors have proposed mathematical models to calculate
each envelope material’s Life Cycle Cost and heating and cooling system [18]. Construction
costs, return on investment, increased market value, and maintenance and operation
costs are the factors that determine consumers’ response to sustainable buildings [19].
Since buildings have long lifespans, the design decisions have long-term consequences,
considering that upfront costs amount to less than 30% of the total Life Cycle Costs [20,21].

Global warming potential (GWP) is a measure of the amount of heat trapped in the
atmosphere. This variable is measured in carbon dioxide equivalents (kgCO2eq). This
equivalency means that the total greenhouse potential of a specific emission type is given
concerning CO2 [22]. Since the calculation for global warming potential includes the resi-
dence time of gases in the atmosphere, a total time range for an assessment can be defined
at 100 years [23]. Emissions are substances that are released into the environment, which
includes the air, water, and soil. This, in turn, negatively impacts human and environmental
health. Emissions typically enter into the environment as a waste product from different
industrial processes. The most common (and therefore well-known) emissions are called
greenhouse gas (GHG) emissions [24]. Some articles have studied building envelope design
from its energy-saving potential, environmental consequences, and social impacts. It is of
the utmost importance to optimize the balance between the cost and energy savings [25,26].

Dynamic or active buildings adapt their thermal performance according to different
inputs, such as outdoor and indoor conditions, and can produce part of the building’s
energy over its operational life. Technical research and numerical simulation tools on active
building envelopes have increased over the last decade. However, the ratio of dynamic
facades in the building industry remains stable [27]. Some dynamic envelopes change their
opacity or vary their transmission or reflection properties. Electrochromic glass, Polymer
dispersed liquid crystal, and Suspended Particle Devices are hindered by their high cost
and non-standardized manufacturing processes [28,29]. Active envelopes can also produce
renewable energy on-site. Photovoltaic panels (PV) are considered the most reliable on-
site renewable energy generation technology due to the wide range of electricity use and
cables’ flexibility that transport the energy [30]. Solar thermal collectors are considered a
renewable and CO2 free energy source. However, the pipes’ stiffness transporting warm
water has limitations in their applicability as a part of the building envelope [31].

This paper will examine the Life Cycle Assessment (LCA), Life Cycle Energy (LCE),
and Life Cycle Cost (LCC) calculations for dynamic Water Flow Glazing (WFG) envelopes.
Coupled with a plug and play piping system, it would produce a high-performance
building envelope and innovative heating and cooling system [32,33]. Water Flow Glazing
is a technology that can be integrated into transparent building envelopes, either in new
buildings or as a retrofit for traditional glazing [34]. Flowing water through WFG panels
captures an extensive percentage of the solar infrared radiation and keeps the glazing
transparency [35]. WFG can absorb solar energy to provide domestic hot water to plumbing
fixtures when the solar irradiance is high enough [36,37].
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1.2. Objectives and Innovation

Water Flow Glazing has proven its potential for energy savings and for increasing
comfort of occupants in previous studies. The main contribution of this article has been to
carry out a thorough analysis of a 50-year life cycle from the energy and cost perspectives.
To accomplish this task, the authors have employed a tested methodology used in previous
scientific articles. This study considered two prototypes in different locations, glazing
compositions and energy systems. Real-world data were collected from these prototypes
and analyzed to determine the actual energy performance of WFG systems. This paper
is structured into four separate parts. Section 2 of this article provides background infor-
mation on Water Flow Glazing technology, a description of the WFG test facilities, and
finally the methodology of Life Cycle Energy analysis (LCE) and Life Cycle Cost (LCC)
calculations. Section 3 provides an analysis of the year-long data collection that occurred
at the WFG facilities. This section also contains information pertaining to the embodied
energy, the operational energy, and the renewable energy production of the test facilities.
Section 4 is a discussion on LCE and LCC and their impact on global warming potential
based on a multi-index evaluation. In addition to this, this section has a discussion on the
limitations of the methodology. The fifth and final section is the conclusions section.

2. Materials and Methods

Water flow glazing can be used as both a high-performance envelope as well as an
element of the heating and cooling system. The WFG module presented in this paper is
made up of three components: an extruded aluminum frame, the glazing, and a circulating
device. The glazing is a compound of several layers of laminated glass and coatings,
with thermal and spectral properties provided by the glass manufacturers. It combines
coatings and Polyvinyl butyral layers with a variable water mass flow rate to absorb or
reject incoming infrared solar radiation. The circulating device is defined by a water pump,
an exchanger that can regulate heat, and different sensors (such as the water flow and
water temperature) to regulate the different fluid variables involved. Finally, the aluminum
assembly provides the frame with structure. Although WFG can absorb and transport
thermal energy, alternative heating and cooling sources might be added to compensate for
the heat losses and gains and maintain comfort conditions. The initial cost of the glazing
exceeds the cost of a traditional double or triple glazing panel. However, its performance
has to be evaluated over its life cycle to consider potential energy savings. In addition,
the water flow captures the solar infrared radiation and increases its temperature through
the window. This water is transported and eventually releases the energy in buffer tanks
so that thermal energy can be used in hydronic heating systems. The renewable energy
integrated into the building envelope might not be enough to meet the energy needs, so it
is necessary to study different energy sources and systems to compare their final energy
consumption and greenhouse gas emission potential. The Life Cycle Assessment of Water
Flow Glazing includes four phases. Phase 1 is the extraction, production of construction
materials, and transportation of materials from the extraction point to the construction site.
Phase 2 is the construction phase, including required energy to run construction machinery,
any additional materials for construction, and any waste disposal. Phase 3 includes the
energy required for the building’s actual operation (including all energy used during the
building occupation over the total lifespan of the structure), general maintenance, repairs,
and finally, any required material replacement for the building. Finally, phase 4 involves
demolition and transport of waste to recycling plants or landfills.

2.1. Water Flow Glazing Thermal Properties

Heat flux through any glazing depends on the difference between the indoor and
outdoor temperatures (θe − θi) and the direct and diffuse solar radiation, i0. Equation (1)
shows the heat flow, q, in glazing panels with gas chambers depending on the thermal
transmittance, U, and g-factor. Equation (2) illustrates that the variable fluid’s temperature
and mass flow rate impact the heat flow through the glazing. Equations (1) and (2) are
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valid assuming steady conditions, constant values for convective and radiative coefficients,
negligible thermal resistance and thermal mass of the glass panes and the water chamber,
and the uniform flow inside the water chamber.

q = U(θe − θi) + gi0, (1)

q = U(θe − θi) + Uw(θIN − θi) + gi0, (2)

where Uw is the thermal transmittance between the water chamber and the interior, U is the
glazing thermal transmittance, θe is the outdoor temperature, θi is the indoor temperature,
and θIN is the inlet temperature of the fluid into the WFG system. Equations (3)–(5) are
taken from a previous article [38]. They show the thermal transmittances of WFG, along
with the g-factor. All the parameters depend on the mass flow rate, which is estimated
uniform inside the glass pane.

U =
Ui Ue

.
mc + Ue + Ui

, (3)

Uw =
Ui

.
mc

.
mc + Ue + Ui

, (4)

g =

(
Ui

.
mc + Ue + Ui

)((
A1

(
Ue

he

)
+ A2

(
1
hg

+
1
he

)
Ue + A3

(
Ue

hi

)
+ Aw

))
+ Ai + T. (5)

Water flow glazing can change the thermal performance by varying the mass flow rate
per unit of surface, ṁ. U and Uw are two additional thermal transmittances that depend on
the mass flow rate. The product ṁc denotes the potential of the water to transfer energy.
Ui and Ue thermal transmittances were obtained utilizing the convective heat coefficients,
he, hi, hg, hw. The thermal resistance, (1/Ue) is the sum of the thermal resistances from the
water chamber to the outdoors. Similarly, the thermal resistance, (1/Ui), is the sum of the
thermal resistances from the water chamber to indoors. Hence, Ue represents the thermal
transmittance between the water chamber and outdoors, and Ui, the thermal transmittance
between that water chamber and indoors. Aw is the water absorptance, whereas A1, A2, A3
are the glass panes absorptances.

This study included two separate prototypes. The first one was placed in Peralveche,
Spain (latitude 40◦36′42” N, longitude 2◦26′57” W, altitude 1111 MAMSL). The second one
was built and tested in Sofia, Bulgaria (42◦39′1” N, 23◦23′26” E, Elevation: 590 m a.s.l.).
The Peralveche WFG cabin was made of double glazing with a water chamber. Figure 1
shows the WFG cabin and energy system schematics.
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The glass panes utilized to build this glazing assembly were Planiclear 6 + 6 mm
with Poly-Vinyl Butyral layers (1 × 0.38 mm), a water chamber measuring 16 mm, and
Planiclear 8 + 8 mm with Poly-Vinyl Butyral layers (1 × 0.38 mm). The cabin had six sides
and each side was a square of 2 m × 2 m. The WFG panels were connected to four borehole
heat exchangers buried 50 m underneath the cabin. The WFG cabin managed two different
closed loop circulating systems. The first loop consisted of pipes that distributed refrigerant
fluid from the borehole heat exchangers to the circulation pump. The WFG cabin included
a second loop that circulated water through vertical facades and the horizontal roof and
the mass flow rate was set to 0.9 L·min−1·m−2. Table 1 shows the glazing’s thermal and
spectral values from previous articles [38,39]. This WFG cabin was compared with another,
referred to as Reference prototype, which had double glazing with an air cavity.

Table 1. Thermal properties of Peralveche glazing.

ṁ = 0 L·min−1·m−2 ṁ = 0.9 L·min−1·m−2

Orientation Area
(m2)

U
(W·m−2·K−1)

Uw
(W·m−2·K−1) g U

(W·m−2·K−1)
Uw

(W·m−2·K−1) g

WFG 1 S + E + W + roof 15.8 4.797 0.0 0.396 0.762 5.802 0.27
Reference 1 S + E + W + roof 15.8 2.6 - 0.67 - - -

1 Values taken from [39].

As per the Sofia prototype, the square plan dimensions were 7 m × 7 m. The walls are
parallelograms of 7 m by 3.4 m comprised of five WFG modules facing east, west, and south,
respectively. Figure 2 shows the unitized facade module. The circulating system incorporated
a solar water pump and a plate heat exchanger connected to the water distribution pipes.
The unitized WFG panels measured 3000 mm high and 1300 mm width, and the mass flow
rate was set at 2 L·min−1·m−2. In the Southern glazing, the following layers were employed:
a single 10 mm diamant glass pane, a 16 mm argon chamber, a low-emissivity coating
Planitherm XN, Planiclear (8 mm), 2 Saflex R solar (SG41), Planiclear (8 mm), water chamber
(24 mm), Planiclear (8 mm), 4 Saflex R standard clear (RB11), Planiclear (8 mm). Eastern and
western glazing composition was meant to reject energy, so a highly reflective coating was
included, instead of the low emissivity coating.
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Table 2 shows the thermal properties of the glazing taken from a previous article [40].
The total glass area was 60 m2. This WFG cabin was compared with another one, referred
to as Reference prototype, with triple glazing with an air cavity and an argon cavity. The
glass layers and coatings were the same as the WFG.

Table 2. Thermal properties of Sofia glazing.

ṁ = 0 L·min−1·m−2 ṁ = 2 L·min−1·m−2

Area
(m2) Orientation U

(W·m−2·K−1)
Uw

(W·m−2·K−1) g U
(W·m−2·K−1)

Uw
(W·m−2·K−1) g

WFG 1 19.2 S Wall 1.041 0.0 0.59 0.066 6.459 0.24
WFG 1 38.4 E–W Wall 0.995 0.0 0.27 0.063 6.462 0.22

Reference 19.2 S Wall 1.0 - 0.57 - - -
Reference 38.4 E–W Wall 1.0 - 0.30 - - -

1 Values taken from [40].

2.2. Life Cycle Energy (LCE) Analysis

The total embodied energy of building elements involves the energy consumed directly
at the primary material extraction, manufacturing, and assembly. These amounts of energy
constitute the element’s initial embodied energy, and the operational energy includes
the heating and cooling energy consumption. Primary energy also considers the energy
required to produce the final energy consumed in the building, and it varies according to
fuel type and transportation losses. Primary energy is proportional to energy-related CO2
emissions [41,42]. Life Cycle Energy comprises the building’s operational energy, initial
and recurrent embodied energy over its lifetime, and, finally, the energy for demolition
and disposal. Equation (6) was used to calculate the Life Cycle Energy.

E = Ei + Eerr + Eo(n) + Ed, (6)

where E is the total energy of the building element, Ei is the initial embodied energy, Eerr
is the recurrent embodied energy for future maintenance and refurbishment (5% of the
initial embodied energy), Eo is the total annual operational energy, n is the lifetime of the
element in years, and Ed is the embodied energy required for demolition and disposal (3%
of the initial embodied energy). Some LCE analysis studies include energy requirements
such as lighting, cooking, hot water, and appliances. However, this study includes only
the heating and cooling energy through the envelope. For the purposes of this paper, the
energy absorbed by the WFG panels was considered as renewable energy production over
the operational time in the final energy balance. Therefore, when calculating the total
annual operational energy variable, this will be determined by taking the total energy
consumption value and subtracting the amount of energy provided by the WFG panels in
the structure.

2.3. Life Cycle Cost (LCC) Analysis

In addition to improving the thermal performance and reducing the environmental
impact, the design of an efficient building envelope needs to pay attention to reducing
the economic costs. Building owners demand the selection of cost-effective elements of
the building envelope in a sustainable building design. Therefore, in terms of effective
decision-making, it is essential to have a complete insight into the construction and running
costs throughout the building’s lifespan. The Life Cycle Cost (LCC) approach is based
on optimizing design solutions and minimizing the sum of construction and operating
expenses over the building lifetime. The building envelope’s Life Cycle Cost has included
its construction cost, C1, operation cost, C2, and demolition cost, C3. The present value
interest factor of the annuity (PVIFA) was used to calculate the operation cost’s current
value. The present value interest factor (PVIF) was used to estimate the demolition and
disposal cost’s current value at the end of the envelope life cycle. C represents the building
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envelope’s total Life Cycle Cost and the heating and cooling system; r represents the
interest rate; n represents the design operating life in years. Therefore, the proposed Life
Cycle Cost model for building facades is presented in Equation (7).

C = C1 + C2

(
1
r
− 1

r(1 + r)n

)
+ C3

(
1

(1 + r)n

)
(7)

3. Results

This section started by defining the parameters to quantify the environmental perfor-
mance: primary energy, equivalent CO2 emissions, and cost. The building reference time
was defined as 50 years.

Depending on the local context, the embodied impact may surpass the operational
impact. The indicators that measure energy performance can be split into economic factors
and physical energy factors.

3.1. Embodied Energy Calculation

The building elements’ embodied energy has been taken from different sources, whereas
the operational energy was calculated with experimental data from the prototypes. It was
assumed that the structures were not renovated during this time and had no change in their
usage mode throughout their useable life. Energy use, in the viewpoint of the various stages of
a building’s life cycle, in cold-weather temperatures, the operational stage can reach upwards
of 80%. In contrast, the building materials and in-situ construction account for 10–20% [43].
For simplification purposes, the energy for demolition and disposal is a percentage of the
total primary energy. Embedded Energy (EE) is the total energy needed to produce goods
and services, including processing, mining and extraction, manufacturing, and transport
of products. Table 3 shows the emissions associated with the EE are the result of energy
and emissions quantification based on the ITeC database [18]. The following assumptions
have been considered: The embodied energy associated with the replacement, refurbishment,
and substitution of materials and products is assumed to be 5% every ten years [44]. The
embodied energy associated with demolition and disposal was assumed to be 3% of the total
building Life Cycle Energy [45–47]. The considered energy for replacement, demolition, and
transportation to landfill does not exceed 10 kWh.m−2.

Table 3. Embodied Energy (EE) and Embodied Carbon (EC) of materials.

Material EE
(MJ·kg−1)

EC
(kgCO2eq·kg−1)

Weight
(kg·m−2)

EE
(MJ·m−2)

EC
(kgCO2eq·m−2)

Cost
(€·m−2)

Double Reference 12.95 1.59 69.00 1500.00 110.01 120.50
Triple Reference 15.30 1.70 104.50 2002.30 180.05 220.50

Double WFG 13.25 1.63 70.00 1666.00 114.10 239.10
Triple WFG 15.90 1.75 105.00 2299.50 183.75 370.22

Extr. Al. Stick 220.00 14.76 25.8 5676.00 380.81 110.85
Extr. Al. Stick (R) 14.60 1.02 25.8 376.68 26.32 110.85
Extr. Al. Unitized 220.00 14.76 84.00 18480.00 1239.84 415.20

Extr. Al. Unitized (R) 14.60 1.02 84.00 1226.40 85.68 415.20
Circulating device 1 - - - 237.20 79.68 200.00

1 A circulating device can serve 4 m2 of WFG.

The energy systems used for this study were borehole heat exchangers coupled with
a ground-source heat pump for the WFG Peralveche prototype, Air-to-Water heat pump
for WFG Sofia prototype, and Air-to-Air heat pump for both reference prototypes. All
the heat pumps are considered to be 7 to 20 kW. The chosen system boundaries include
the production of the component, starting from raw materials, the use stage, and the
dismantling stage of both systems, along a temporal horizon of 50 years. Closed-loop
borehole heat exchangers were made of high-density polyethylene vertical pipes with
water (78%) and ethylene glycol (22%) mixture flowing. The installation process included
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drilling boreholes and trenches, inserting a vertical loop, and grouting operations of the
borehole with concrete and bentonite mixture [48–50]. The dismantling process included
the disposal of the glycol, the sealing of the borehole, and the disposal at the heat pump’s
end of life. Table 4 shows the embodied energy, emissions, and cost associated with the
energy systems used to operate the different prototypes.

Table 4. Embodied Energy (EE) and Embodied Carbon (EC) of energy systems.

Material EE (MJ) EC (kgCO2eq) Cost (€)

Borehole heat exchangers 1 9975.50 1661.98 5695.30
Ground-source heat pump 2193.60 390.30 7396.21

Air-to-Water heat pump 2210.50 350.70 8078.65
Air-to-Air heat pump 2393.70 380.50 3700.70

1 Four 50 m borehole heat exchangers, diameter 118 mm.

The compressor and structure were made of reinforced steel and the evaporator and
condenser from low alloyed steel. The pipes, cables, and expansion valves were made of
copper. Pipes were insulated with a polymer and the cables were insulated with PVC. The
refrigerant was assumed to be the same (tetrafluoroethane) for all the heat pumps. The
heat pumps were considered maintenance-free, and their lifetime, 25 years.

3.2. Renewable Energy Production

Renewable primary energy (RPE in kWh·m−2) was produced as the water flowed
through the glazing. The data were measured over a year. The RPE can cover part of
the winter’s heating needs and was subtracted from the non-renewable primary energy
needed to maintain the prototype’s indoor temperature within a comfort range. The heat
absorption rate in the southern facades is closely related to the glazing composition and
the orientation. When the solar radiation hits in the glazing units, the water chamber
absorbs part of that energy. Heating was assumed to be delivered by a hydronic system
using the energy absorbed by the WFG envelope. When needed, a heat pump operated to
deliver the energy to keep comfort indoor conditions. Figure 3 shows the water heat gain
of the prototypes’ envelope. The horizontal panels in Peralveche show the largest water
heat gain in July with 81.44 kWh·m−2. When it comes to the southern facades, the Sofia
prototype shows the largest heat gain. The mass flow rate was set higher than any other
prototypes (2 L·min−1·m−2), and the southern glazing properties demonstrate the highest
absorptance. The peak solar heat gain in the Sofia prototype was 97.39 kWh·m−2 in July.
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3.3. Operational Energy

Heating and cooling energy loads (in kWh·m−2) were calculated by using Equation (1)
for the reference glazing and Equation (2) for WFG. The inputs were measured over a year
time. Real data, obtained from the prototype throughout the year, allowed the correlation
between the WFG cabin and the Reference cabin. Figure 4 shows the heating and cooling
energy in kWh·m−2 to keep the inside within comfort temperature over the year. The
figure considers only the energy that goes through the transparent envelope. The cooling
load of the Peralveche Reference cabin showed by far the highest energy consumption with
a peak of 118 kWh·m−2 in July.
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Table 5 shows conversion factors between non-renewable primary energy, NRPE, and
final energy, FE (kWhNRPE/kWhFE), as well as CO2 emissions conversion factors provided
by the Spanish Regulation of Thermal Installations in Buildings [42]. The price per kWh of
different energy carriers or fuels was taken from Eurostat documents [43].

Table 5. Conversion factor (f) from final energy (FE) to non-renewable primary energy (NRPE), CO2 emissions, and price of
energy carriers.

fNRPE (kWhNRPE/kWhFE) fTPE (kWhTPE/kWhFE) fCO2 (kgCO2/kWhFE) Price 1 (€/kWh)

Mainland electricity 1.954 2.368 0.331 0.239
Fuel 1.179 1.182 0.331 0.0713

Natural gas 1.190 1.195 0.252 0.102
Biomass (pellets) 0.085 1.113 0.018 0.0462

1 values taken from [43].

The non-renewable primary energy consumption of the existing building per unit of
envelope area and year, NRPEC, in kWh·m−2 per year, was calculated using Equation (8).

NRPE = fNRPEFEheat + fNRPEFEcool , (8)

The equivalent CO2 emissions of the existing building per unit of envelope area and
year, in kgCO2.m−2 per year, were calculated with Equation (9).

CO2eq = fCO2FEheat + fCO2FEcool , (9)

Tables 6 and 7 illustrate the non-renewable primary energy consumption (NRPE) with
different energy generators in Peralveche and Sofia, respectively. The conversion factor
between final energy and non-renewable primary energy (kWh NRPE/kWh FE) and the
factor of emitted CO2 for electricity were taken from Table 3 for mainland electricity: 1.954
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for the conversion factor between final energy and non-renewable primary energy (kWh
NRPE/kWh FE) and 0.331 for CO2 emissions for electricity. In the final energy balance,
the renewable energy production was subtracted from the WFG prototype heating loads.
The ground-source heat pumps’ performance depends on the source inlet temperature in
the heat pump, and the inlet temperature in the WFG (θIN). A typical value of source inlet
temperature ranges from 20 ◦C in ground-source heat pumps (GSHP) to 35 ◦C in other
Water-to-Water (W-W) heat pumps. The parameters that influence Air-to-Air (A-A) heat
pumps’ performance are the dry bulb exterior air temperature and the dry bulb interior
return air temperature [51].

Table 6. Peralveche prototype. Final energy, non-renewable primary energy, and CO2 emissions.

Heating Cooling

Peralveche WFG(W-W) RC(A-A) WFG(W-W) RC(A-A)

Energy (kWh·m−2) 42.12 206.95 279.70 755.05
COP 1 6.60 4.20 5.90 3.30

FE (kWh·m−2) 6.38 49.27 47.41 228.80
NRPE (kWh·m−2) 12.47 96.28 92.63 447.08

CO2eq (kgCO2.m−2) 2.11 16.31 15.69 75.73
OE cost (€·m−2 per year) 1.53 11.78 11.33 54.68

1 COP values are taken from [51].

Table 7. Sofia prototype. Final energy, non-renewable primary energy, and CO2 emissions.

Heating Cooling

Sofia WFG(W-W) RC(A-A) WFG(W-W) RC(A-A)

Energy (kWh·m−2) 0.00 76.58 219.10 298.07
COP 1 5.30 4.20 4.60 3.30

FE (kWh·m−2) 0.00 18.23 47.63 90.32
NRPE (kWh·m−2) 0.00 35.63 93.07 176.49

CO2eq (kgCO2.m−2) 0.00 6.04 15.77 29.90
OE cost (€·m−2 per year) 0.00 4.36 11.38 21.59

1 COP values are taken from [51].

The yearly operating energy was assumed to remain steady during the entire building
operation. The resource mix supplying electricity to the buildings is assumed to be unvary-
ing. The HVAC systems’ efficiency and the operation schedule were assumed to remain
unchanged during the Life Cycle Assessment.

4. Discussion

WFG can be a part of hydronic heating and cooling systems, and it is compatible with
ground-source heat pumps and boilers. In this study, the authors have considered only
mainland electricity as the energy source, ground source heat pumps for the Peralveche
WFG prototype, Air-to-Water heat pumps for the Sofia WFG prototype, and Air-to-Air heat
pumps for the reference prototypes.

4.1. Life Cycle Cost Evaluation

The method to evaluate the Life Cycle Cost (LCC) has been shown in Section 2. The
parameters to calculate the envelope’s Life Cycle Cost and the energy system initial cost
have been discussed in Section 3. The operation cost was calculated with data provided by
Table 5 and energy prices for mainland electricity. Maintenance costs for the envelope over
50 years have been calculated as a percentage of the initial cost (1% for the reference glass
and 5% for WFG), whereas the heat pump’s lifetime was 25 years. The cost of the studied
WFG unitized facade was 985 €·m−2, whereas the price for the circulating water pump was
20 €·m−2. Replacing the water pumps after a 10-year cycle is included in the maintenance
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cost. Finally, the demolition and disposal costs were calculated as a percentage of the
initial cost (3%). Therefore, the total proposed Life Cycle Cost for the building envelope
and energy system was calculated according to Equation (7). The total construction costs
of the envelopes and the energy systems were calculated by multiplying each envelope
component’s quantity by the total unit price. The operation cost was converted to the
present value based on annual heating and cooling loads through the envelope. The
considered demolition and disposal values were 3% of the total construction costs and
converted to the present value. This article considered a discount rate of 2% calculated
as an average of the harmonized consumer price index in Spain over the last 20 years.
The price of energy was taken from Eurostat reports [43]. The material prices of other
components come from the ITeC database [18]. Table 8 shows the cost analysis parameters
for all cases.

Table 8. Cost analysis parameters.

C1 C2 C3 Total (50 Years)

Peralveche WFG 17,529 640 7921 40,611
Peralveche RC 7373 1239 3921 47,767

Sofia WFG 65,626 1320 10,046 110,865
Sofia RC 40,795 1923 4923 103,066

Water flow glazing envelopes showed a higher Coefficient C1. The initial cost reflected
the investment in borehole heat exchangers and circulating devices. However, the coef-
ficient C2 reflected that the reference yearly operation cost is twice as much as the WFG
cost in Peralveche and 1.5 more in Sofia. The total cost considered a 50-year life cycle
by converting the operation and disposal costs to the present value. In Peralveche, the
reference prototype cost surpassed the WFG one. In Sofia, the WFG is slightly higher than
the reference one.

4.2. Life Cycle Energy Evaluation

Life Cycle Energy included the materials initial embodied energy, the operational
energy for heating and cooling over 50 years, the recurrent embodied energy over its
lifetime, and, finally, the energy for demolition and disposal. Equation (6) was used to
calculate the Life Cycle Energy. Table 9 shows the initial embodied energy Ei, the recurrent
embodied energy for future maintenance Eerr, calculated as a percentage of the initial
embodied energy, the total annual operational energy, and the embodied energy required
for demolition and disposal Ed.

Table 9. Life Cycle Energy parameters in GJ.

E1 Eerr Eo Ed Total (50 Years)

Peralveche WFG 193 19 300 58 571
Peralveche RC 116 12 1553 35 1716

Sofia WFG 1216 122 978 61 2377
Sofia RC 1198 120 2230 60 3608

The most considerable initial embodied energy Ei was shown in both WFG prototypes.
It was more significant in the Peralveche prototype than in Sofia because of the high
embodied energy in the borehole heat exchangers. However, the lower operational energy
over 50 years compensated for the higher initial energy consumption. Table 10 illustrates the
CO2 emissions, which is the parameter used to assess the global warming potential (GWP)
in kgCO2eq. The life cycle emissions included the same phases: manufacture and transport
of construction materials, maintenance, operation of the building, and waste disposal.
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Table 10. Life cycle Embodied Carbon in kgCO2eq.

EC1 ECerr ECo ECd Total (50 Years)

Peralveche WFG 10,107 707 14,133 505 25,452
Peralveche RC 8145 3654 73,080 407 85,286

Sofia WFG 83,713 2302 46,048 4186 136,250
Sofia RC 83,269 5247 104,945 4163 197,625

Improving the thermal performance of the building envelope with WFG caused an
increase in the initial cost. However, the amount of energy and CO2 emissions declined in
both cases over the considered life cycle.

4.3. Multi-Index Evaluation Model

Usually, the optimum building envelope’s thermal performance is often accompanied
by an increase in the cost and environmental load. This study established a multi-index
evaluation model, including non-renewable primary energy consumption NRPE, global
warming potential GWP, and cost, as indicators of the environment’s aspects to evaluate a
building envelope. Figure 5 shows that the initial cost of the WFG prototype in Peralveche
doubled the reference one’s cost because of the investment in borehole heat exchangers.
Over a 50-year lifetime cycle, the reference prototype’s accumulative cost surpasses the
WFG prototype, due to the operational cost difference. When it comes to the Life Cycle
Energy and the global warming potential the WFG showed a better performance. The
reference prototype consumed three times as much energy as the WFG. The accumulative
CO2 emissions for the WFG envelope were 25,247 kgCO2eq, whereas the reference glass
envelope was responsible for 85,286 kgCO2eq. When the cost is increased by 100%, the total
Life Cycle Energy decreased by 1145 GJ. It has been estimated that the initial investment for
the WFG system would cost €17,529, while the Reference system would require an initial
investment of €7373. The WFG system would require €640.88 for maintenance per year,
with an end-of-product, total demolition, and removal cost of €7921. Summing together
these values and the initial investment for the system, the final total Life Cycle Cost of
the Peralveche WFG system is €40,611. Meanwhile, for Peralveche RC, this system would
cost €1239 in maintenance costs per year, with an end-of-product, total demolition, and
removal cost of €3921. Combining these values with the initial investment cost shows that
the final total Life Cycle Cost of the Peralveche RC system would be €47,767. Therefore, in
the Peralveche case, it is apparent that the successful construction and implementation of
the WFG system would save the owner a total of €7156 over the total building life cycle
period. When it comes to Life Cycle Energy assessment and global warming potential,
the WFG system in the Peralveche prototype used 571 GJ of energy during its lifetime. It
was also determined that the system would contain 25,452 kgCO2eq during its 50 years of
use. Meanwhile, for the Peralveche RC prototype, the system was calculated to use 1716
GJ of energy, while containing 85,286 kgCO2eq during its 50 years of use. Therefore, the
Peralveche WFG system, when compared to the RC, will save 1145 GJ of energy as well as
59,834 kgCO2eq of Embodied Carbon over its entire lifetime.

Figure 6 shows that the HVAC operation cost over 50 years did not compensate for the
higher initial cost of the WFG prototype. Over a 50-year lifetime cycle, the WFG envelope
showed a better performance in the Life Cycle Energy and the global warming potential.
The accumulative Life Cycle Energy for the WFG envelope was 2377 GJ, whereas the Life
Cycle Energy of the reference glass was 3608 GJ. A model integrating Life Cycle Cost with
Life Cycle Energy is used to assess the envelope schemes and select the optimal one in the
decision-making process. The Sofia WFG system is estimated to initially cost €65,626, while
the Sofia Reference system would cost €40,795.
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For Sofia prototypes, the WFG system would require €1320 for maintenance per year,
with an end-of-product, total demolition, and removal cost of €10,046. Summing together
these values, as well as the initial investment for the system, it can be seen that the final total
Life Cycle Cost of the Sofia WFG system is €110,865. Meanwhile, for Sofia RC, this system
would cost €1923 in maintenance costs per year, with an end-of-product, total demolition
and removal cost of €4923. Combining these values with the initial investment cost, the
final total Life Cycle Cost of the Sofia RC system would be €103,066. The Sofia WFG system
would cost an additional €33,184 compared to Sofia RC over the structure’s lifespan.

The WFG system in the Sofia prototype used 2377 GJ of energy, so the system would
contain 136,250 kgCO2eq during its 50 years of use. Meanwhile, for the Sofia RC prototype,
the system used 3608 GJ of energy while containing 197,625 kgCO2eq during its 50 years
of service. In this case, the WFG system will save 1231 GJ of energy while also contain-
ing 6137 kgCO2eq less of Embodied Carbon over its entire lifetime as compared to the
Reference system.

5. Conclusions and Limitations

This paper aimed to develop a conceptual framework to assess the building envelope
energy consumption throughout their entire life cycle. By analyzing two case studies, the
results can assist building designers during the decision-making process at early stages and
consider water flow glazing as an option to reduce energy consumption and CO2 emissions.

As has been demonstrated, WFG glazing technology typically retains a higher price
point for initial construction than the reference prototypes, requiring a substantial invest-
ment early on. This is because of the additional equipment needed for the successful
operation of WFG panels. The Peralveche reference prototype’s initial cost is 42% of the
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Peralveche WFG cost, whereas the Sofia reference prototype initial cost is 62% of the WFG
initial cost. The steeper initial investment for WFG technology can serve as a deterrent
for the technology in the eyes of building design professionals. However, when the total
Life Cycle Costs of the WFG and RC are also taken into account, WFG can potentially be a
much more economical option.

It is not until we consider each system’s overall Life Cycle Costs that the economic
benefits of WFG systems become apparent. For this study, the building lifespan was
determined to be 50 years. The total Life Cycle Cost (LCC) of the Peralveche WFG is 85%
of the total Reference system LCC. Meanwhile, the Sofia Reference LCC is 92% of the total
WFG LCC. The conclusion derived from these findings is that selecting high-performance
triple glazing is better than a WFG in Life Cycle Cost. A WFG system is better over the
operation phase only when it is compared with a traditional double-glazing system, as has
been demonstrated in Peralveche.

Another important factor that should be taken into account in the analysis between a
much more traditional glazing system versus a WFG system is the Life Cycle Energy (LCE)
and global warming potential (GWP) variables. The Peralveche WFG system, as compared
to the Peralveche reference prototype, has demonstrated a savings of 66% in LCE with a
70% reduction of CO2 emission. In Sofia, there are similar results. Sofia WFG demonstrated
a 36% savings in LCE with a 30% reduction in CO2 emissions. This analysis shows that a
high-performance triple glazing system improves the Reference prototype performance,
but WFG performs better in LCE and GWP in both cases.

The WFG system, however, does have several limitations. Firstly, there is an apparent
lack of interoperability with the rest of the building systems present in modern structures,
especially concerning the ventilation system. In addition to this, it is not always possible
to retrieve all the detailed information needed as input for Water Flow Glazing operation.
The maintenance of the building systems operation and the control of the building’s indoor
environmental conditions according to its user’s comfort is of the utmost importance, and
smart meters can assist in this. However, these devices pose considerable limitations con-
cerning the quality, frequency, and accuracy of data. Therefore, taking these limitations into
account, several future steps of research should be undertaken. Firstly, a development of a
testing method to evaluate the performance of the unitized module components should be
explored. In addition to this, more case studies in several different climate regions should
be analyzed. Thirdly, the development of a management system to control the water pump
in the circulating device should be realized. The life cycle of the water pump, which is an-
other point of future research, depends on the operating hours and the on-off cycle. Finally,
an integration of a whole evaluation protocol, including maintenance, environmental, and
economic aspects, should be explored. This could be used by stakeholders involved in the
design, maintenance, and monitoring process in future, potential projects.

After monitoring the WFG systems for a year, several uncertainties, misfunctions, and
system issues must be addressed. WFG systems are limited by a high initial investment
cost coupled with the need for an energy management system integrated with the other
required equipment, especially if the system is coupled with borehole heat exchangers
combined with a ground source heat pump. The heating and cooling devices must be
adequately dimensioned to avoid misfunctions, especially the Air-to-Water heat pump.
Further research must include monitoring energy performance much more accurately by
attaching sensors to monitor the amount of electricity powering the heat pump to compare
the actual thermal and electricity consumption. In addition to this, further standardization
of the manufacturing and deployment process is required to bring down upfront investment
costs and payback periods. Finally, another potential further research component would
be to control indoor relative humidity, which would be achieved by integrating WFG with
efficient ventilation systems.
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Abbreviations

Symbol Meaning
AEC Architecture, engineering, and construction.
EE Embedded energy.
FE Final energy.
GHG Greenhouse gas.
GSHP Ground source heat pump.
GWP Global warming potential.
LCA Life Cycle Assessment.
LCC Life Cycle Cost.
LCE Life Cycle Energy.
NRPE Non-renewable primary energy.
PV Photovoltaic
PVIF Present value interest factor.
PVIFA Present value interest factor of the annuity.
RC Reference cabin.
RPE Renewable primary energy.
WFG Water Flow Glazing.
Aj Absorptance of glass layers.
C1 Construction cost.
C2 Operation cost.
C3 Demolition cost.
E Total energy of the building element.
Ei Initial embodied energy.
Eerr Recurrent embodied energy for future maintenance and refurbishment.
Eo Total annual operational energy.
Ed embodied energy required for demolition and disposal.
hj Convective heat coefficients.
i0 Solar irradiance (W·m−2·K−1).
ṁ Mass flow rate per unit of surface (Liter·min−1·m−2).
n Lifetime of the element in years.
P Heat gain in the water chamber (W).
q Heat flow (W·m−2·K−1).
r Interest rate.
θi Interior temperature (K).
θe Exterior temperature (K).
θIN Inlet temperature of the water chamber (K).
U Thermal transmittance (W·m−2·K−1).
Ui Interior thermal transmittance (W·m−2·K−1).
Ue Exterior thermal transmittance (W·m−2·K−1).
Uw Thermal transmittance (water chamber–interior) (K).
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Chapter 5

CONCLUSIONS

5.1 Conclusions

Traditional curtain walls can accomplish a passive role in managing the interior
environment of a structure by employing measures such as different glazing coatings
and gas cavities. Water flow glazing technology acts as an active element to manage
the incoming solar radiation on the building and provide its occupants with comfort
conditions.

Mathematical models have two different approaches. The simplified one, a set of
algebraic equations, helps architects understand the thermal problem. The other one
is the complete model, which is more accurate and considers all aspects of reality.
The former seems to be the most important one because it is used to start making
decisions at the early stages of the project. The latter is used to verify a hypothesis
in a transient state. In this research, actual data from prototypes have been used to
validate a set of algebraic equations.

The next step is to analyze energy strategies to improve the transparent enve-
lope’s behavior based on the previous algebraic equations. On the one hand, the
glazing has to maximize the power absorbed by the water flow (P ) to harvest ther-
mal energy. On the other hand, reducing the absorptance of the glazing contributes
to energy rejection. Furthermore, different orientations and winter and summer
conditions must been analyzed.

Equations 5.1 and and 5.2 were presented in Chapter 3.
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P = ṁ c (θOUT − θIN), (5.1)

θOUT =
i0 Av + Ui θi + Ue θe + ṁ c θIN

ṁ c+ Ue + Ui

, (5.2)

where P is the total power that is absorbed by the water, θOUT is the temperature
of the water leaving the glazing assembly while θIN is the temperature of the water
entering the glazing assembly.

Equation 5.3 is the result of combining equations 5.1 and 5.2.

P =
ṁ c

ṁ c+ Ue + Ui

(i0 Av + Ui (θi − θIN) + Ue (θe − θIN)). (5.3)

To maximize the water heat gain (P ), the value of the product (ṁ c) must be
higher than the sum of (Ue) and (Ui) ( ṁ c > > Ue + Ui)

In this case, the power absorbed (P ), turns to be the maximum power (Pmax).

In addition, if the total absoptance of the glazing (Av ) increases, P also increases.

The difference between the outdoor temperature and the inlet temperature of
the glazing (θe - θIN) must be controlled in order to avoid energy losses.

Therefore, Southern facades in cold climates in winter conditions would make
the most of solar radiation maximizing the water heat gain. The energy absorbed
in the water chamber provides hot water for the heating system or DHW.

In contrast, during summer, energy rejection strategies would be desirable, spe-
cially in Eastern and Western facades. For this strategy, the optimum solution would
be to reduce the total absoptance of the glazing (Av ) keeping the energy absorption
of water in order to avoid energy transmittance indoors.

GENERAL CONCLUSIONS: ENERGY

1. The WFG modular facade bestows high performance on triple glazing thick-
ness: Thermal transmittance (U) ranges from 1.041 to 0.066, while the Solar
Heat Coefficient (g) ranges from 0.592 to 0.24, when varying the mass flow rate
from 0 L/m2 min to 2 L/m2 min. The Visible Transmittance (Tv) is 0.529 and
the Transmittance (T ) is 0.214.
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2. The WFG prototype developed in Peralveche employed the dual utilization of
renewable solar energy production and borehole heat exchangers. The most
prevalent advantage is the cooling effect that is apparent during the summer
months. During the sample summer week for the WFG cabin, the exterior
environment reached a temperature of 36.5 ◦C, while the WFG cabin was able
to produce a temperature reduction of 16 ◦C as compared to the Reference
Cabin.

3. WFG technology can be coupled with air-to-water heat pumps to increase ef-
ficiency. The Coefficient of Performance (COP) of water-to-water heat pumps
is higher due to the lower temperature difference between the source (outdoor
air) and load (WFG) sides. The DMAIA prototype results showed that WFG
radiant panels improved the performance of air-to-water heat pumps. In Sum-
mer conditions, with an outdoor air temperature of 35 ◦C, the COP increased
from 2.90 to 3.62 when the water temperature through the WFG was 18◦C.

4. Water heat gain depends on several variables, including the orientation, the
glass composition, and the mass flow rate. The higher the absorptance and
mass flow rate, the higher the water heat gain. A triple-pane system with an
argon chamber outdoors and a low-emissivity coating has shown promising re-
sults in absorbing solar energy. Data from the Sofia prototype showed that the
daily solar energy absorbed by the Southern facade in winter is 2.73 kWh/m2

with a peak solar irradiance of 380 W/m2 and average outdoor temperature
of 1.5 ◦C. However, if the goal is to reject solar energy, a triple pane system
with an argon chamber closest to the exterior combined with a solar-control
coating has performed well. The daily solar energy absorbed by the Eastern
and Western facades in summer is 2.16 kWh/m2 with a peak solar irradiance
of 525 W/m2 average outdoor temperature of 27 ◦C.

5. The potential of WFG as a means to reduce the cooling loads in summer
has been tested. A prototype with WFG in facades and the roof, connected
to borehole heat exchangers, was built along with another prototype with the
same dimensions and made of traditional double glazing. The effect of thermal
inertia derived from geothermal boreholes contributes to flattening the WFG
prototype’s temperature curve compared with the Reference one. The WFG
cabin temperature peaked at 37 ◦C during the day and 15 ◦C at night, whereas
the RC ranged from 52 ◦C during the day to 13 ◦C at night.

6. The damping effect on the WFG cabin’s temperature is shown in the Madrid
prototype. The WFG system provided the facade with thermal inertia, and the
cabin did not suffer drastic thermal oscillations between day and night. The air
temperature of the WFG cabin reached a peak value of 27 ◦C, during the day
and 18 ◦C by night, whereas the air temperature of the RC was 37 ◦C during
the day and 15 ◦C by night. This effect can increase the thermal comfort inside
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the building and reduce energy consumption. Once the maximum temperature
was reached, the interior of the WFG cabin cooled down more slowly than the
Reference cabin did.

PARTICULAR CONCLUSIONS: METHODS

1. Building prototypes proved to be very useful as they have been an essential
part of the methodology that has allowed to validate the hypotheses and objec-
tives. Likewise, the mathematical model, provided by researchers of the School
of Aeronautics and Space Engineers, has been crucial to compare simulated
results with actual data.

2. The reliability of the mathematical model to predicting the behavior of WFG
was tested by developing real prototypes. In the Peralveche prototype, the
outlet temperature in the WFG roof panels was predicted and compared with
the actual results. The mean error (ME) and the mean percentage error (MPE)
were measured. The ME of the outlet temperature, θOUT , was 0.29◦C, and
the MPE was 2.1%.

PARTICULAR CONCLUSIONS: ARCHITECTURE AND CONSTRUCTION

1. The study of the Sofia prototype demonstrated that industrialized water flow
glazing unitized facade is ready to be used in architecture, engineering, and
construction industries.

2. Water flow glazing (WFG), as an advanced facade technology, combines passive
(coatings and polyvinyl butyral (PVB) layers) and active solutions (variable
water mass flow rate) to absorb or reject infrared radiation and reduce the
temperature of the interior glass pane.

3. The WFG module reaches dimensions up to 3 x 1.3 m vertically, allowing
freedom in facade design. In addition, every module is autonomous and inde-
pendent from each other, enabling facade breakdowns that do not depend on
hydrostatic pressure.

4. As we have seen in all the prototypes, the WFG modular facade maintains
the properties of glass in terms of its transparency, luminosity, lightness, and
smoothness.

PARTICULAR CONCLUSIONS: SUSTAINABILITY
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1. Thermal comfort can be achieved in summer using WFG radiant surfaces.
With indoor air temperatures between 25 and 27◦C and MRT between 18 and
22◦C, the PMV ranges from -0.5 and +0.1. Those values fall into ASHRAE
Thermal Comfort Scale as ”Slightly cold.”

2. Life Cycle Assessment (LCA) of WFG systems consistently showed a higher
initial investment than traditional glazing. The final Life Cycle Cost analysis
demonstrates that WFG systems are better through the operational phase
only when it is compared with a traditional double-glazing. However, a Life
Cycle Energy assessment over 50 years concluded that energy savings between
36% and 66% and CO2 emissions reduction between 30% and 70% could be
achieved.

Overall, this thesis has shown that a set of algebraic equations from a simplified
mathematical model helps architects and engineers understand the complex behavior
of dynamic WFG envelopes at an early stage of the project. Future research could
develop a complete mathematical model and its integration in commercial software
to validate the hypothesis in a transient state over the years.

5.2 Critical Reflections

The WFG system has several challenges to address. Firstly, retrieving detailed
inputs is necessary to assess Water Flow Glazing operation. An advanced energy
management system with smart meters and actuators should be deployed along
with the WFG facade to integrate the heat pump operation and the ventilation
system. These devices show limitations concerning the regularity and precision of
data. Secondly, more case studies in several different climate regions should be
analyzed. The system is originally meant to operate in areas with mild winters
and warm summers. When the freezing risk is high, the performance in the harsh
wintertime has to be tested. Finally, a whole commissioning protocol, including
design, manufacturing, and maintenance, should be explored to involve construction
stakeholders in adopting this product.

The market adoption of the WFG system is limited by its high initial cost, par-
ticularly when coupled with borehole heat exchangers. Production and deployment
processes must be standardized to bring down initial costs and payback periods.

Water-Flow Glazing was evaluated as a component of a hydronic radiant heat-
ing and cooling system. It showed final energy-saving potential, provided thermal
comfort, and may be considered a valid option for office retrofitting. However, the
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system is limited by its high initial cost and the need for an energy management sys-
tem integrated with the rest of the equipment, especially the ventilation system and
the heat pump. The ventilation system is an essential aspect of comfort. Control-
ling the relative humidity is indispensable in radiant systems to avoid condensation
issues. Therefore, a more advanced ventilation device could help optimize the whole
system’s performance. Including a heat recovery and variable airflow would reduce
the sensible and latent thermal loads and control the dew point temperature. There
were uncertainties with the air-to-water heat pump operation. Although the radiant
WFG panels could improve the heat pump COP and EER, there were issues with
the operating cycles that could affect its performance. The selected heat pump was
oversized and frequently started and stopped because it prematurely detected that
it had reached the target temperature.

After the first year of monitoring, uncertainties, misfunctions, and system issues
must be addressed. Firstly, due to the complexity of the elements involved in hu-
man comfort, the control unit must integrate the ventilation device. The operation
logic should be able to modify the water mass flow rate and ventilation air heat
flow. Secondly, the devices must be adequately dimensioned to avoid misfunctions,
especially the air-to-water heat pump. Further research must include heat pump
electricity monitoring to compare thermal and electricity consumption and assess
energy performance more accurately. Finally, further research on the standardiza-
tion of its manufacturing process and deployment is needed to bring down initial
costs and payback periods. Another research line would be to integrate WFG into
commercial building performance simulations.

5.3 Future Research

This thesis studies water flow glazing as a key technology to achieve Net-Zero Energy
Buildings (NetZEB), reducing energy consumption and greenhouse gas emissions.
The aqueous medium of WFG technology offers multiple advantages in terms of
energy savings in buildings. It provides an opportunity for transparent facades to
show a real solution to climate change.

When solar radiation penetrates the WFG glazing, a certain amount of this
energy is absorbed into the water chamber and later distributed to other parts of
the building. Furthermore, another amount of solar energy is transmitted indoors.
This energy is reflected diffusely inside the room, creating irradiance. The inner
walls absorb some part of the transmitted beam radiation and some diffuse irradi-
ance. Moreno and Hernández (2018) demonstrated that glass panes absorb beam
and diffuse solar radiation, together with diffuse irradiance created inside the room
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after multiple reflections. This absorbed energy contributes to increasing the indoor
temperature. Hence, future research includes evaluating water flow glazing as an
effective technology to alleviate overheating inside the buildings.

Energy harvesting strategies may yield considerable energy surplus stored through
geothermal borehole heat exchangers or water tanks. The former produces heat with
high energy efficiency but needs sufficient ground area and has a high initial cost.
The latter allows a cost effective solution, although it requires a significant water
volume within an insulated tank. However, Phase Change Materials (PCM) appli-
cation presents a potential advantage in increasing storage capacity. Chow and Lyu
(2017) highlighted that PCM has 5 to 14 times as much storage capacity per unit
volume as water. Likewise, more hot water can be harvested during off-work hours
for residential use in typical summer and winter weeks using PCM. A fascinating fu-
ture research project is to implement PCM heat exchangers to enhance WFG energy
management.

Some dynamic envelopes react to diverse outdoor conditions by changing their
opacity or varying transmission or reflection properties. Gutai and Kheybari (2021)
introduces the Smart Water-filled Glass (SWFG) control method, which enables the
change of the façade element’s opacity by coloring the fluid over a year regarding
seasonal changes. A promising future research includes the evaluation of dynamic
thermochromic dyes through the glazing.

The simplified mathematical model defines the energy balance in a macro-scale
situation to measure the energy that enters the building and its loses. A mezzo-scale
situation for the different elements of the building will provide an algorithm defining
the specific operations that should be carried out to solve the problem, by means
of numerical methods. A very interesting future research will be to implement the
algorithm in a commercial tool in order to develop a whole year validation, as it is
shown in Figure 5.1.

During the InDeWaG Project, the tests corresponding to the UNE-EN 13830
standard (air permeability, water tightness and resistance to wind load) were carried
out. It would be interesting to continue in this way to test the WFG module against
impact and fire.
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Figure 5.1: Methodology based in the comparison of real data and simulation results

Every day more users, companies and organizations decide to develop their
projects following ecological construction standards, and with almost zero energy
consumption. This need is what has given rise to the Green Certificates, which are
certifications made by experts based on standardized, clear and objective criteria,
which allow to ensure or attest to the good environmental performance of the build-
ing or construction. An attractive and striking future research will be to evaluate
the suitability of the WFG facades in relation to the Green Certificates: LEED,
BREAM, etc.

The industrialized facade becomes extremely relevant in nowadays’ architecture
due to several advantages such as: freedom of geometries because the design is fully
computerized, reduction of assembly elements or pieces on-site, reduction of labor
costs, execution times are shortened, the use of water is reduced and the work is
”cleaner”, the quality control is exhaustive, etc. Hence, a very promising future
research will be to optimize the design in order to reduce manufacturing costs.
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R&D PROJECTS AND DOCTORAL
STAY

2019-2020

CONFERENCES

From 2019 to 2020, I have participated in 3 International Conferences, as part of
the work to disseminate the results of the Research Project, entitled Industrial Devel-
opment of Water Flow Glazing Systems (IndeWaG), funded by the program Horizon
2020-EU.3.3.1: Reducing energy consumption and carbon footprint by smart and
sustainable use, project Ref. 680441.

1. International Conference on Innovative Applied Energy (IAPE 2019). Ox-
ford, United Kingdom (14-15 March 2019)

The IAPE international conference provides a forum for both researchers and
industrials to present and share their latest findings in all aspects of applied
energy. This provides a unique opportunity to investigate the intersections
and the inter-play of the various approaches and solutions developed across
this domain.

2. VII European Conference on Renewable Energy Systems (ECRES 2019).
Madrid, Spain (11-12 June 2019)

Within the framework of this conference a special session, related to WFG
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technology, has been organized in which I participated as chairman.

Session title: Achieving nearly Zero Energy Buildings with Water Flow Glazing
facades

Conveners: B. Moreno Santamaria, Technical University of Madrid, Spain/
Prof. Dr. J.A. Hernandez, Technical University of Madrid, Spain Dr. T.T.
Chow, City University of Hong Kong, Hong Kong

The goal of this session was to attract building energy experts, researchers and
industrialists to present and discuss their recent works on water-flow glazing
facades and the related technologies, referring to (but not limited to) the scope
outlined below.

Scope of the session:

� Theoretical heat and fluid flow analysis in water flow glazing (WFG)

� WFG materials selection and optical properties

� Solar engineering, energy storage and services system integration

� WFG product and system design optimization

� Architectural design, prefabrication and site installation matters

� Long-term reliability and life-cycle analysis

� Operation, maintenance, and services management

� Industrial applications and demonstration projects

� Social and technological barriers on WFG applications

3. 14th Conference on Advanced Building Skins (ABS 2019). Bern, Suitzerland
(28-29 October 2019)

Within the framework of this conference a special session related to WFG
technology has been organized.

Session title: Fluid-flow Façade Technology for Advanced Environmental Per-
formance

Conveners: Dr. T.T. Chow, City University of Hong Kong, Hong Kong Prof.
J.A. Hernandez, Technical University of Madrid, Spain/ B. Moreno Santa-
maria, Technical University of Madrid, Spain

The two organizing parties in the past decade have accumulated considerable
research experiences, technical knowledge, and invention patents on this topic,
including the fluid-flow channeled glazing as the transparent façade surfaces
and the building-integrated hybrid-solar panels as the opaque wall surfaces.
In recent years, more and more academic publications, innovative ideas and
practical solutions have been released. New applications were reported in
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different countries and meetings. This proposed session is to gather the experts
and co-workers of this field to review the state-of-the-arts, to disseminate the
technology advancements, to invite for valuable industrial feedback, and to
bridge the gap for industrialization.

The scope of the session includes, but is not limited to the following:

� Theoretical heat and fluid flow analysis of Fluid-flow Facade (FF)

� FF materials selection and properties evaluation

� FF product and system design optimization

� Architectural design, prefabrication and site installation matters

� Long-term reliability and life-cycle analysis

� Operation, maintenance, and services management

� Practical applications and demonstration projects

4. 5th World Multidisciplinary Civil Engineering-Architecture-Urban Planning
Symposium – WMCAUS 15-19 June 2020, Prague, Czech Republic

The main mission of World Multidisciplinary Civil Engineering-Architecture-
Urban Planning Symposium - WMCAUS is to contribute in multidisciplinary
studies related with Civil Engineering, Architecture, City and Urban Planning
and to improve interactions between people within these fields. As another mis-
sion it will provide a forum for this diverse range of studies which report very
latest results and document emerging understanding of the related systems
and our place in it.

2019-2020

PUBLICATIONS

The above-mentioned Conferences, yielded the following publications:

Rapado, M.A. Moreno, B. y Hernández, J.A. Battery-less wireless low consump-
tion sensor powered by PV cells and buffered by an ultra-capacitor. Con ISBN:
978-1-912532-05-6. International Conference on Innovative Applied Energy (IAPE
2019). Oxford, United Kingdom (14-15 March 2019).

Del Ama, F., Ferrandiz, J.A., y Moreno, B. Building Energy Modeling by means
of BIM software. A case study with Water Flow Glazing. Proceedings ISBN: 978-
605-86911-7-9. VII European Conference on Renewable Energy Systems (ECRES
2019). Madrid, Spain (11-12 June 2019).
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Belen Moreno, Benito Lauret y Juan A. Hernandez. Industrialization of Water
Flow Glazing facades by means of modular units. Proceedings ISBN: 9878-605-
86911-7-9. VII European Conference on Renewable Energy Systems (ECRES 2019).
Madrid, Spain (11-12 June 2019).

Belen Moreno y Juan A. Hernandez. Software Tool for the design of Water
Flow Glazing envelopes. Proceedings ISBN: 9878-605-86911-7-9. VII European
Conference on Renewable Energy Systems (ECRES 2019). Madrid, Spain (11-12
June 2019).

Diego Garcia, Belen Moreno, Benito Lauret y Juan A. Hernandez. Commission-
ing process of Water Flow Glazing facades. Proceedings ISBN: 9878-605-86911-7-9.
VII European Conference on Renewable Energy Systems (ECRES 2019). Madrid,
Spain (11-12 June 2019).

Belen Moreno, Fernando del Ama y Juan A. Hernandez. Achieving nZEB by
means of Water Flow Glazing. Energy balance and thermal behaviour in build-
ings for advanced performance. 14th Conference on Advanced Building Skins (ABS
2019). Bern, Switzerland (28-29 de octubre de 2019).

Belen Moreno, Fernando del Ama y Juan A. Hernandez. Spectral and thermal
problems of Water Flow Glazing. A case of study of an office space. 14th Conference
on Advanced Building Skins (ABS 2019). Bern, Switzerland (28-29 de octubre de
2019).

Moreno, B., Del Ama Gonzalo, F., Fernandiz, JA., Lauret, B. Hernandez, JA.
A building energy simulation methodology to validate energy balance and comfort
in zero energy buildings. Journal of Energy Systems 2019, 3(4), 168-182, DOI:
10.30521/jes. 623285.

Fernando del Ama, Hunter Davis, Benito Lauret, Belen Moreno, Juan A. Hernan-
dez. Building energy simulation. Case studies with water flow glazing. IOP Conf.
Series: Materials Science and Engineering, 960 (2020) 022006, doi:10.1088/1757-
899X/960/2/022006.

2020-2021
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PUBLICATIONS INDEXED IN JCR AND SCOPUS

Moreno Santamaria, B.; del Ama Gonzalo, F.; Pinette, D.; Gonzalez-Lezcano,
R.-A.; Lauret Aguirregabiria, B.; Hernandez Ramos, J.A. Application and Valida-
tion of a Dynamic Energy Simulation Tool: A Case Study with Water Flow Glazing
Envelope. Energies 2020, 13, 3203. (Section 4.1.2)

Moreno Santamaria, B.; del Ama Gonzalo, F.; Lauret Aguirregabiria, B.; Her-
nandez Ramos, J.A. Experimental Validation of Water Flow Glazing: Transient
Response in Real Test Rooms. Sustainability 2020, 12, 5734. (Section 4.1.3)

Moreno Santamaria, B.; Ama Gonzalo, F.; Lauret Aguirregabiria, B.; Hernandez
Ramos, J.A. Evaluation of Thermal Comfort and Energy Consumption of Water
Flow Glazing as a Radiant Heating and Cooling System: A Case Study of an Office
Space. Sustainability 2020, 12, 7596. (Section 4.2.2)

Moreno Santamaria, B.; del Ama Gonzalo, F.; Pinette, D.; Lauret Aguirre-
gabiria, B.; Hernandez Ramos, J.A. Industrialization and Thermal Performance of
a New Unitized Water Flow Glazing Facade. Sustainability 2020, 12, 7564. (Section
4.1.4)

Santamaria, B.M.; Gonzalo, F.d.A.; Griffin, M.; Aguirregabiria, B.L.; Ramos,
J.A.H. Life Cycle Assessment of Dynamic Water Flow Glazing Envelopes: A Case
Study with Real Test Facilities. Energies 2021, 14, 2195. (Section 4.3.2)

2010-2020

R&D PROJECTS

During the last ten years I have been involved in several R & D Projects at a
National and European level, focused on Energy Efficiency in Buildings:

RESEARCH PROJECT InDeWaG – INDUSTRIAL DEVELOPMENT OFWA-
TER FLOW GLAZING SYSTEMS. Financed by the European Commission. Hori-
zon 2020. Call: H2020-EE-2015-1-PPP. Topic: EE-02-2015. Type of action: IA.
Proposal number: 680441. Start/ End: 2015/2020.

PROYECTOADIMET – AUTÓMATADIGITALMINIATURIZADODE BAJO
COSTE DOTADO DE FIRMWARE INTELIGENTE PARA MONITORIZACIÓN,
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EL CONTROL DEL CONSUMO PORMENORIZADO DE APARATOS ELÉC-
TRICOS EN EDIFICACIÓN CON EL OBJETIVO DEL AHORRO ENERGÉTICO.
Entidad financiadora: Ministerio de Industria, Turismo y Comercio. Plan de Inves-
tigación Cient́ıfica y Técnica y de Innovación 2013-2016. Descripción: AEESD 2014
– Acción estratégica de Economı́a y Sociedad Digital Inicio/Fin: 2014/2015.

PROYECTO SOHIRE – SOLUCIÓN HÍBRIDA REACTIVA PARA ENVOL-
VENTES SOSTENIBLES. Entidad financiadora: MINISTERIO DE ECONOMÍA
Y COMPETITIVIDAD. Centro para el Desarrollo Tecnológico Industrial CDTI De-
scripción: Proyecto de Cooperación Interempresas Nacional Inicio/Fin: 2013/2015.

PROYECTO SILEDs–NUEVO SISTEMA DE ILUMINACIÓN TRANSPAR-
ENTE MEDIANTE LA INTEGRACIÓN DE LEDs EN EL CANTO DE VIDRIOS
CURVOS. Entidad financiadora: MINISTERIO DE ECONOMÍA Y COMPET-
ITIVIDAD. Centro para el Desarrollo Tecnológico Industrial CDTI Descripción:
Proyecto de Investigación y Desarrollo (PID) Inicio/Fin: 2012/2015.

PROYECTO SINGER - SISTEMA INTELIGENTE PARA LA GESTIÓN Y LA
EFICIENCIA ENERGÉTICA EN REHABILITACIÓN DE ENVOLVENTES AR-
QUITECTÓNICAS BASADO EN TECNOLOGÍA INTELLIGLASS. Entidad finan-
ciadora: MINISTERIO DE CIENCIA E INNOVACIÓN subprograma INNPACTO
Descripción: IPT-2011-1764-920000 Inicio/Fin: 2011/2014.

PROYECTO SIGLAS. SISTEMA INTELIGENTE DEGESTIÓN ENERGÉTICA
EN EDIFICIOS BASADOS EN TECNOLOGÍA RADIAGLASS. Entidad finan-
ciadora: Ministerio de Industria, Turismo y Comercio. Subprograma Avanza Com-
petitividad I+D+i. Descripción: TSI-020302-2010-118 Inicio/Fin: 2010/2013.

2019-2020

DOCTORAL STAY

I have participated in the Faculty Development Grant project, Keene State Col-
lege, New Hampshire, USA, supervised by Dr. Fernando del Ama Gonzalo.

The research project took two semesters: fall 2019 and spring 2020. On this
regard I was able to become familiar with the Architecture program and successfully
collaborated with faculty and students. I stayed at Keene State College for 6 weeks
from August 16, 2019. The collaboration continued on-line over the spring Semester
due to COVID-19 outbreak.

Overview of the Department:
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This project’s first objective was to understand energy consumption and carbon
emission patterns in the building sector. ARTICLE 1 and ARTICLE 2 showed
detailed reports on energy consumption patterns in buildings.

The second objective was to evaluate comfort parameters related to occupant
behavior and mean radiant temperature in non-residential buildings. ARTICLE 1
showed a building energy management system’s design and operation coupled with
Water Flow Glazing throughout a year in an actual office space. Temperature,
relative humidity, and solar radiation sensors were connected to a control unit that
actuated the different devices to keep comfortable conditions with minimum energy
consumption.

The final objective was to validate a Building Energy Management system that
collected data at a specified time interval at designated measurement points. ARTI-
CLE 2 showed that the accuracy of the system has proven to be adequate. However,
using borehole heat exchangers as a renewable source of energy comes at a high
deployment cost.

The dissemination of results plan included the submission of articles to peer-
reviewed journals. Two articles co-authored by the senior KSC students, Hunter
Davis and Danielle Pinette, have been submitted to open-access indexed journals:

� ARTICLE 1: Moreno Santamaria, B.; del Ama Gonzalo, F.; Pinette, D.;
Gonzalez-Lezcano, R.-A.; Lauret Aguirregabiria, B.; Hernandez Ramos, J.A.
Application and Validation of a Dynamic Energy Simulation Tool: A Case
Study with Water Flow Glazing Envelope. Energies 2020, 13, 3203. (Section
4.1.2)

� ARTICLE 2: Fernando del Ama, Hunter Davis, Benito Lauret, Belen Moreno,
Juan A. Hernandez. Building energy simulation. Case studies with water flow
glazing. IOP Conf. Series: Materials Science and Engineering, 960 (2020)
022006, doi:10.1088/1757-899X/960/2/022006.

As a result of this publications, we participated at World Multidisciplinary
Civil Engineering Architecture and Urban planning Symposium (WMCAUS) held in
Prague in 2020. As explained in previous paragraph, the aim of this symposium was
to provide a forum for discussion of the latest findings and technologies in different
fields of Civil Engineering, Architecture and Urban Planning. The original date of
the conference was postponed, and it was finally held on-line.

In addition to the scientific articles, I overviewed KSC students John Mc Mahon
and Mike Downing participation at the Academic Excellence Conference, held at
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Keene State College in spring 2020. The presentation title was: The unintentional
air and moisture movement through buildings.
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