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Introduction
Building energy consumption depends on the electricity consumed in heating, cooling, 
lighting, and other electrical appliances. Due to affordability and increased comfort require-
ments in recent years, buildings now account for a more significant portion of total energy 
use. The window regulates 20 to 40 percent of the total energy consumption of the build-
ing and provides the occupants with the ability to control the local environment (Cheng 
et al. 2018; Bülow-hübe 2001). The window orientation and window-to-wall ratio (WWR) 
are significant factors in determining a building’s energy usage. A large or small WWR can 

Abstract 

A tool Smart Glazing Simulator (SGLSim), has been developed to perform parametric 
simulation analysis of different window systems with several window-to-wall ratios 
and orientations to compute and compare the annual energy performance. The net 
annual energy performance of the building is based on the electricity consumption in 
heating, cooling, interior lighting, and appliances, along with the electricity generation 
by the photovoltaic (PV) glazing, which is used to evaluate the energy performance 
of smart glazing. Performing parametric energy simulations and calculating the net 
annual electricity consumption of different combinations requires building modeling 
and energy simulation expertise. A web-based parametric tool can assist the user in 
carrying out the desired studies without requiring extensive technical knowledge. A 
case study is prepared for India’s warm and humid climatic zone. This study examines 
the benefits of double pane semi-transparent photovoltaics (STPV) glazing, STPV glaz-
ing with dynamic internal blind, and electrochromic (EC) glazing over other traditional 
glazing systems. The study shows that the optimal net annual electricity consumption 
in the case of STPV windows is 10–12% less than the optimal value obtained in a sim-
ple glazing case. Additionally, the result suggested that glare-controlled interior blinds 
in the STPV window further reduce the net annual electricity consumption by up to 
15% compared to conventional glazing. Similarly, installing the EC glazing reduces the 
yearly electricity consumption by up to 5% compared to standard glazing.
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cause overheating or underheating in the indoor environment, seriously impacting thermal 
comfort, human health, and building energy consumption. Newer technologies such as 
building-integrated photovoltaics (BIPV), dynamic blinds, and electrochromic (EC) glazing 
have been deployed in building facades or windows to conserve energy consumption and 
maintain the occupants’ thermal and visual comfort.

In the recent decade, solar photovoltaics (PV), which convert sunlight directly into elec-
tricity, have been more widely used (Zhang and Lu 2019). Due to limited land resources, 
integrating PV modules into buildings, such as roofs, facades, and skylights, to construct 
BIPV systems is one of the most effective ways to promote sustainable energy. In addition, 
unlike wind energy which requires enormous wind farms, PV installation is easy-going 
in urban areas. Moreover, dynamic blinds in buildings reduce building energy consump-
tion while providing a desirable indoor environment for building occupants. Similarly, EC 
glazing is another dynamic technology that changes its tint to improve occupant comforts, 
maximize daylight access and reduce energy consumption. In general, windows are passive 
components, but the addition of these technologies transformed these windows into active 
systems. These systems are smart windows in this research.

The performance of a window system depends on the glazing’s optical, thermal, and elec-
trical parameters. These properties affect the building energy demand, and in the case of 
the semi-transparent photovoltaic (STPV) system, it affects the power generation capabili-
ties of the module (Miyazaki et al. 2005; Olivieri et al. 2014). An STPV window with low 
transparency may produce high electrical energy; however, it may increase the lighting load 
of the building. In contrast, a highly transparent STPV window allows more visible light 
to enter interior spaces, thereby reducing the lighting load of the building. Moreover, the 
high solar component in the infrared and ultraviolet range may increase the building’s cool-
ing load besides generating less electrical energy. Blinds, on the other hand, affect interior 
lighting loads, space heating, and cooling loads by regulating the quantity of daylight and 
incoming solar radiation via the window. Integrating dynamic internal blinds with STPV 
glazing further reduces the building energy consumption by reducing the solar heat gain. 
Similarly, EC glazing reduces the building energy consumption by changing its tint, thereby 
reducing the solar heat transmission inside the building based on some control parameters.

To conduct parametric energy simulations of STPV, STPV with dynamic blind, and EC 
glazing requires proficiency in building simulation, which is repetitive and error-prone. A 
miscalculation in any energy simulation step can drastically alter the results. Hence, there 
is a need for a tool that can perform parametric simulations for multiple window systems 
using the inputs the user provides with the least amount of error. In this research, a web 
tool is developed to take the users’ input about the building and simulate different window 
systems in EnergyPlus for various orientations and WWR. After completing all the simula-
tions, it sends the graphical results back to the users to make an informed decision.

Objectives
This study aims to develop a tool for performing parametric simulations of several types 
of smart glazings, such as EC, STPV with dynamic blind, and STPV glazing. The para-
metric energy simulation is performed to compute, analyze, and assess the impact of 
smart glazing on the net annual electricity consumption of the building.
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To perform the comparative energy performance analysis of smart glazing with tradi-
tional glazing, annual energy simulations with varying envelope variables, WWR, and ori-
entation are necessary. The variation in glazing parameters, direction, and WWR helps 
comprehend the impact of different glazing and dwelling parameters on building energy 
performance. It also helps identify the optimal operating condition (WWR, orientation, 
window type) under different climatic zones.

Methodology

Evaluation of smart glazings such as building-integrated STPV, STPV with dynamic blinds, 
and EC glazing is performed using a parametric annual energy simulation-based methodol-
ogy. To understand the impact of smart windows on energy consumption and find the opti-
mal building configuration, building energy modeling (BEM) is essential. EnergyPlus v9.2 
(EnergyPlus 2021a) is used in this study because it has been validated under the ASHRAE 
standard 140-2017 validation test, a traditional comparative method for evaluating build-
ing energy analysis computer programs. It is the third-generation dynamic building energy 
simulation engine developed by the United States Department of Energy for simulating 
building, heating, cooling, lighting, ventilation, and other energy flows. The program was 
established in the 1990s using the BLAST and DOE-2 simulation engines.

A significant portion of the building energy consumption depends on the glazing 
installed in the building. Glazing can alter the solar heat gain inside the room and light 
transmittance, which can increase/decrease the energy consumption in cooling/heating 
depending upon the season, i.e., summer or winter. EnergyPlus requires the window sys-
tem’s optical and thermal performance indices (i.e., U-values, SHGC, and VLT) to model 
traditional glazing in a window. The building energy performance depends on the opto-
thermal parameters. Moreover, PV glazing impacts the net annual electricity consumption 
of the building by generating electricity. The generated electricity from the STPV system is 
accounted as well in EnergyPlus.

Post modeling, the annual energy simulation for a window system is performed in vari-
ous orientations and WWR. The energy performance of a system depends on the electricity 
benefits it provides. The net annual electricity consumption depends on electricity genera-
tion and consumption of the building. It is the summation of all the electricity consump-
tion and generation in the building whereas the values corresponding to the electricity 
consumption are positive, and electricity generation is negative. The lower the net annual 
electricity consumption value compared to the baseline, the better the glazing performance.

The SGLSim tool performs a parametric simulation of different window systems. It calcu-
lates and compares the net annual electricity consumption of the selected window system 
in different configurations. Finally, it provides a straightforward graphical interpretation of 
results describing the energy-saving potential of various glazing systems to the end-user.

Development of the tool
A web-based tool called SGLSim has been developed to perform parametric simu-
lations of the different window systems. The software details and architecture has 
been described in this section. The tool gives a simple interface to the users to model 
the building and window as per their requirements. It then computes and compares 
the net annual electricity consumption of the selected glazing systems in different 
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configurations. Finally, it provides a graphical interpretation of results demonstrating 
the energy-saving potential of various glazing systems to the end-user. No other open-
source tool exists which supports the same functionality and feature as provided by 
SGLSim. Energy enthusiasts, researchers, and building simulation engineers can use this 
easy-to-use tool to determine the efficiency of different glazing systems.

Tool description

This tool is the first of its kind and can be used for energy analysis of conventional glazing 
with PV systems. The software stack helped in building a convenient and user-friendly 
application. The tool requires computation memory and storage for running EnergyPlus 
parametric simulation and saving the results with both web application and simulation 
server running on the same instance. It provides the user with graphical results compar-
ing the net annual electricity consumption of different window systems. It also provides 
users with tabular yearly energy consumption data.

Software stack

Python-based software development has become popular owing to its simplicity, flex-
ibility, and ease of learning. Python (https://​www.​python.​org/) has extensive library 
options, which can help a lot in the automation of various tasks. Also, unlike most other 
modern programming languages, python is much more user-friendly and reliable. The 
entire web application is built in Flask (https://​flask.​palle​tspro​jects.​com/​en/2.​1.x/). It 
is a lightweight web server gateway interface (WSGI) web application framework and 
offers much flexibility in structuring the application. Redis (Redis 2021) list allows to 
push and pop items from both ends using commands. Thus, it creates a first-in, first-out 
queue that maintains the task queues. MySQL database was used to store user data, and 
Flask SQL Alchemy was used to implement and communicate with the database. Table 1 
shows the technologies used in the development of the tool.

Tool architecture

The entire application architecture consists of three parts: (1) Front End or web cli-
ent, which includes a user interface that allows users to register, log in, and submit the 
required parameters for the simulation. (2) A Flask app interconnects the database, task 
queues, web client, and simulation server. (3) A Simulation server generates an Ener-
gyPlus input data file (IDF), performs energy simulation, generates results, and sends it 
back to the user. Figure 1 shows the system design of the tool. Each component of the 
system has been explained in detail in this section.

Table 1  Tech stack

Technology Usage description

Flask Web application

Eppy Scripting language for EnergyPlus

EnergyPlus Building energy simulation

Redis Maintains task queues

MySQL Database

https://www.python.org/
https://flask.palletsprojects.com/en/2.1.x/
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Web client

The web client consists of web pages that act as an interface to submit the simula-
tion parameters and construct the building model. The user interface and the simu-
lation form were developed using the technologies such as HTML, CSS, JavaScript, 
and Bootstrap. The simulation parameters consist of two different types: Fixed and 
Parametric. WTForms (https://​wtfor​ms.​readt​hedocs.​io/​en/3.​0.x/) is used for form 
validation as it is a flexible forms validation library for Python web development. It 
notifies the user if any field is incorrectly filled, and in case all the fields are correct, 
the tool sends the data to the Flask app using a POST API request. Figure 2 shows a 
screenshot of the user interface of the SGLSim tool. Since the simulation usually takes 
a long time, the user is redirected to the home page after successfully submitting the 
simulation parameters. Meanwhile, the simulation is performed on the server; post-
completion, the results are mailed to the user by the tool using python-emails (email 
PyPI 2022), a python library for emails. The results include the building’s net annual 
electricity consumption for different window systems and configurations and tabular 
load consumption data.

Flask app

Flask is a python-based web application framework with a simple and scalable core. 
It’s a micro-framework built on the Werkzeg WSGI toolkit and the Jinja2 template 
engine. Werkzeug is a WSGI toolkit that implements requests, response objects, and 
utility functions and allows for creating a web frame. Jinja2 is a popular python tem-
plate engine that enables you to create dynamic web pages. It does not provide an 
Object Relational Manager (ORM); however, Flask SQLAlchemy is used as an ORM 
to communicate with the database. Both Flask app and simulation server is hosted 
on the same server in different instance. Flask app renders pages for the web client. 

Fig. 1  System design of the tool

https://wtforms.readthedocs.io/en/3.0.x/
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When the application receives a simulation request, it validates to check for any 
errors. It then serializes the user input into a JSON object and stores it in the task 
queue. After successfully storing the input data, the application redirects the user 
back to the home page.

Simulation server

The simulation server is the standalone and most crucial component of the tool. The 
core of the simulation server is developed in python using various open-source libraries 
such as Eppy (eppy PyPI 2022), NumPy (NumPy 2022), Pandas (https://​pandas.​pydata.​
org/), etc. Eppy is a scripting language for EnergyPlus input and output files. It is writ-
ten in the python programming language; hence, it fully utilizes the rich data structure 
and idioms offered in python. NumPy and Pandas were used during the post-processing 
of results. The simulation server connects the Flask app with the building simulation 
software EnergyPlus. It takes the input from the task queues using the first-in, first-out 
(FIFO) algorithm and then deserializes it to generate the simulation’s EnergyPlus input 
data files.

As soon as file generation is completed, it starts simulating the IDF files, successively 
storing the net annual electricity consumption for the various parametric combination 
of the building model. This annual energy consumption is later graphically plotted using 
Plotly (https://​plotly.​com/) and sent back to the user. Figure 3 shows the working of the 
tool. Since the parametric simulation can take a long time, all the essential steps are per-
formed in the server, so the web client is free to take requests from the users and store 
them in the task queue. The application allows the user to install different kinds of glaz-
ing and PV on windows and observe their effect on annual electricity consumption. The 
tool has a primary input data file on which all these user inputs are appended.

Fig. 2  User interface of the tool

https://pandas.pydata.org/
https://pandas.pydata.org/
https://plotly.com/
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Features

The tools aim to automate the entire process of comparative energy analysis of differ-
ent glazing systems, such as PV, Low-E, and standard glazing. It provides the net annual 
electricity consumption of the same building model with various window systems, which 
can help the user understand the optimal orientation, WWR, and glazing for a particular 
climatic zone. A sample of graphical results sent by the tool is shown in Fig. 4, a graph of 
the net annual electricity comparison of two glazing systems A and B in West orienta-
tion. Table 2 shows the number of features developed in this tool.

Simulation model
The input to the SGLSim tool consists of all the parameters required to construct a 
single-zone model with the smart window functionalities. The input can be categorized 
into fixed and variable parameters, as shown in Table 3. The fixed parameters include 
the building name, location, dimension, blind control, building type, daylight control, 
heating, ventilation, and air conditioning (HVAC) type. In contrast, the variable param-
eters are orientation, WWR, and glazing properties such as solar heat gain coefficient 
(SHGC), thermal transmittance (U-value), visible light transmittance (VLT), and PV 
generator properties. Further details about the other parameters can be found in the 
EnergyPlus input–output reference guide (EnergyPlus 2021b).

Window geometry and construction

The building model has a window in one of the walls to install the glazing and to study 
the effect of changes in WWR on the net annual electricity consumption of the building. 
The WWR of the building changes by modifying the dimension of the window. In Ener-
gyPlus, calculating the window parameters such as length, height, starting X coordinate, 
and Z coordinate is necessary for making changes in the WWR.

The window dimensions and the starting X and Z coordinates of the window are 
calculated before each IDF generation to change the WWR of the model. The Z 

Fig. 3  Working of the tool
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Fig. 4  Graphical comparison of net annual electricity consumption between two window systems

Table 2  Features of the tool

Features Current version

Task queues √
Simultaneous request handling √
Energy management system (EMS) √
Both heating and cooling loads √
Allows modelling of PV √
Allows blind modelling √
Software stack Flask

EnergyPlus version v9.2

World-wide weather data √

Table 3  Fixed and variable parameters

Fixed parameters Variable parameters

Building name
Building location
Building type
Floor area of the building
Height of the building
HVAC type
Blind control
Daylight control

Orientation
WWR​
Glazing properties
PV generator properties
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coordinate represents the sill height of the window. The offset is 50 cm on each side 
and represents the minimum distance between the wall and window in the horizontal 
direction. L and H denote the length and height of the building model. The following 
equations show how the window dimensions and coordinates are calculated before 
IDF generation.

Modeling STPV glazing

STPV glazing generates electrical power based on the fraction of sunlight on the win-
dow surface absorbed by the panel, which otherwise would have penetrated the room. 
Increasing the coverage area of the STPV glazing may increase power generation, but 
the daylight entering the room reduces, thereby increasing artificial lighting consump-
tion. As a result, solar cells on the glass minimize transmitted solar heat gain, potentially 
resulting in a higher heating load in the winter and a lower cooling load in the summer 
than standard glazing. When the glazing has STPV, it generates electricity that the build-
ing can use, and therefore, it is deducted from the total electricity consumption.

The double-pane semi-transparent CdTe PV glazing was modeled using the Sandia 
model as a PV performance object. It uses PV panel coefficients to calculate the electri-
cal production capabilities of the STPV window. Sandia model is intrinsically linked to 
the surface heat equilibrium and uses surface temperature as the operating temperature 
of the solar cell (Peng et al. 2015). The PV arrays are connected to a single electric load 
center containing a list of electric power generators required in the simulation and an 
inverter that converts direct current (DC) to alternating current (AC) and has a fixed 
efficiency.

The study compares the energy performance of double-pane STPV glazing sys-
tems with standard glazing. The window configuration and electrical properties of the 
selected STPV glazing are referred from earlier study (Raihan et al. 2022), as shown in 
Table  4 and Table  5. The conventional glazing is assumed to have the same U-factor, 
SHGC, and VLT as in Table 4 without the electrical parameters of the STPV.

Area of the wall (A) = L×H

Area of the window (Aw) =
A×WWR

100

Length of the window (l) = L− 2× Offset

Height of the window (h) =
Aw

l

X coordinate of the window =

L− l

2

Z coordinate of the window =

H − h

2
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Modeling STPV glazing with dynamic blind

Blinds control the amount of sunlight entering the room. Depending on how it is 
mounted on the window, blinds can be classified into three categories: external, internal, 
and intermediate. There are two kinds of blind control: Static and Dynamic. Static blind 
control is always on or off and manually operated by the occupants. A dynamic blind 
system allows control of the blinds based on the room’s dynamics. EnergyPlus allows 
more than fifteen control types for the blinds based on solar radiation, horizontal solar 
radiation, slat angle, outdoor temperature, zone temperature, glare, and zone cooling, 
depending upon the requirements of the building.

In EnergyPlus, a blind is modeled as a window material integrated into the window 
as a construction layer. Further, to dynamically control the blind, window shading con-
trol is used to fix the setpoint, schedule, and shading control type. This study modeled a 
dynamic internal blind with glare control in EnergyPlus. The blind lowers if the glare at 
the zone’s first daylighting reference point from the window exceeds the maximum glare 
index specified in the daylighting input for the building.

Modeling electrochromic glazing

In EnergyPlus, Electrochromic (EC) glazing can be modeled as a switchable glazing 
shading device that allows electrochromic glazing to switch from clear (high transmit-
tance) to dark (low transmittance) based on user-defined control type and setpoint. 
EnergyPlus allows various control types based on temperature, solar radiation, glare, and 
cooling. As reported in multiple studies, EC control based on daylight illuminance and 
solar radiation has resulted in maximum energy saving (Sullivan et al. 1994; Maria et al. 
2000). The limitation of this modeling method is that it allows only two states; however, 
current EC glass allows intermediate conditions between the clear and fully tinted state.

Another method to model EC glazing is through Energy Management System (EMS) 
program in EnergyPlus. It is developed to incorporate many control algorithms with 
the previous generation of the Building Performance Simulation (BPS) program. EMS 
uses a programming language called EnergyPlus Runtime Language (ERL) to describe 
the control algorithms. EMS program broadly contains two kinds of objects: Sensor and 

Table 4  Window parameters

Window system Configuration U-factor, W/(m2K) SHGC VLT

W1 PV/airgap/Low e 1.812 0.271 0.297

Table 5  Electrical parameter of STPV

Parameter Value

Nominal power [Pm] (W) 43.50

Short circuit current [Isc] (A) 0.54

Open circuit voltage [Voc] (V) 116

Current at maximum power point [Imp] (A) 0.50

Voltage at maximum power point [Vmp] (V) 87
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Actuator. The sensor object declares an ERL variable that uses the standard EnergyPlus 
variable to calculate the parameter used in the control algorithm. In contrast, the actua-
tor overrides the predefined construction states assigned to specific components such as 
surface constructions, thermostat setpoints, and internal shades (Crawley et al. 2007).

This study evaluates a 4-tint states SAGE EC product (SAGEGLASS®) with a control 
algorithm modeled using the EMS program. The spectral properties of the EC glazing 
are available in the electrochromic parameter folder in the GitHub repository. The sen-
sor object used in the EMS program calculates the solar radiation falling per unit area on 
the window. This variable is used in the control algorithm to determine the tint state of 
the window. EMS Actuator object contains the name of the component controlled and 
its type. It also specifies the control type since some elements have more than one con-
trol type, such as flow rate or temperature. For our case, we have used the surface actua-
tor with the control types of construction state (Dutta 2018). EMS construction index 
variable declares an EMS variable that identifies a construction. The default construction 
assigned is clear, which has the highest transmittance. The following two represent the 
intermediate states, and the last depicts the darkest tint.

Algorithm 1 Electrochromic glazing control

Result: Switching tint of the EC window

while building is operating do
 if solar radiation falling on window ≤ 200 then

  Set Tint 1

 else if solar radiation falling on window ≤ 500 then

  Set Tint 2

 else if Solar radiation falling on window ≤ 700 then

  Set Tint 3

 else
  Set Tint 4

 end if
end while

Case study
The simulation model for the case study was referred from earlier study (Raihan et al. 
2022). Input parameters for the case study are mentioned in Tables 6 and 7, showing the 
fixed and variable parameters of the case study, respectively.

Climate of Kolkata

Kolkata (22.5726°  N, 88.3639°  E) has a warm and humid climate with hot and humid 
summer and pleasant winter. The Bay of Bengal heavily influences its environment. Kol-
kata has three seasons- summer, monsoon, and winter. The annual mean temperature is 
26.8 °C, whereas the monthly mean temperature ranges from 15 to 30 °C. Summer has a 
monthly mean temperature of 30 °C, but the maximum temperature often exceeds 40 °C, 
whereas, during winters, the temperature dips to 12 °C between December and January. 
Most of the city’s annual rainfall is brought by the Bay of Bengal rains, which lash the 
city between June and September. Figure 5 shows the dry bulb temperature and relative 
humidity of Kolkata.



Page 12 of 17Raihan et al. Energy Informatics  2022, 5(Suppl 4):40

Results

The net annual electricity consumption of the STPV and standard window systems 
in the four primary orientations in Kolkata is shown in Fig. 6. The dashed black line 
denotes the PV window system, whereas the solid red line indicates the performance 
of the traditional glazing system.

The graphs show that the PV window system is energy efficient compared to the 
standard glazing system. The lowest net annual electricity consumption was achieved 
in the North orientation due to less solar radiation, causing a low cooling load, as 
shown in Table 8. The West orientation is the next optimal orientation for PV instal-
lation in Kolkata.

Table 6  Fixed parameter for the case study

Parameter Value

Building type Office

HVAC type Ideal load 
air system

Length (m) 10

Width (m) 10

Height (m) 3

Daylight control On

Shading control Off

Table 7  Variable parameter for the case study

Parameter Min value Max value No. of 
intervals

WWR (%) 5 90 18

Orientation (°) 0 360 4

Fig. 5  Dry bulb temperature and relative humidity of Kolkata
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The minimum net annual electricity consumption achieved by the window systems in 
different orientations and the corresponding WWR has been mentioned in Table 9. The 
table shows the best performance of window systems in various configurations and ori-
entations. It also shows that the optimal net annual electricity consumption in the case 
of STPV windows is less than 10–12% compared to the standard glazing having the same 
optical and thermal characteristics. Moreover, it shows that with the help of the STPV 
window, a larger WWR is possible.

Figure 7 shows a window system’s comparative energy performance analysis in three 
different configurations. Dashed blue and solid red lines denote the STPV and standard 
glazing, respectively, whereas the dotted green line represents the STPV with a dynamic 
internal blind. The glare-controlled dynamic interior blind installation with STPV fur-
ther reduces the net annual electricity compared to the STPV window systems. With 

Fig. 6  Comparison of net annual electricity consumption of STPV with standard glazing

Table 8  Solar radiation in different orientations

Orientation North East South West

Annual average incident solar radiation (W/m2) 60 107 129 105
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the increase in WWR, the difference in net annual electricity between the STPV win-
dow system and STPV with dynamic blind increases. The STPV, with an active internal 
blind window system, achieved the lowest annual electricity in the North orientation. 
The glare-controlled dynamic internal blind can save up to 4% compared to the STPV 
window system and up to 14% net annual electricity consumption compared to a simple 
window system.

Figure  8 shows the comparative energy performance analysis of EC and standard 
glazing. The solid red line represents the standard glazing system W1, whereas the EC 

Table 9  Optimal WWR at minimum net annual electricity consumption for W1 window

Window West South East North

With PV Without PV With PV Without PV With PV Without PV With PV Without PV

 WWR​ 70 40 55 40 90 40 90 70

 Elec-
tricity 
(kWh/
m2)

85.04 91.62 87.92 93.46 87.62 95.99 81.58 89.98

Fig. 7  Net annual electricity consumption of STPV with dynamic blind
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glazing is denoted by the black dashed line. The EC glazing consumes less electricity 
compared to conventional glazing. The installation of EC glazing results in more than 
3% annual electricity savings compared to a simple window system. In this graph, 
the W1 system represents the standard glazing without any electrical properties for 
energy generation.

Conclusions
A web-based tool has been developed for parametric simulations for different glazing 
systems to find the optimal window-to-wall ratio, orientation, and glazing type for a 
particular climate zone. The tool allows users to compare two glazing systems with or 
without an STPV on the window. Some of the benefits of the SGLSim tool are:

•	 The optimal window-to-wall ratio and orientation can be calculated easily for differ-
ent glazing systems for a selected city.

•	 It reduces the time to perform parametric simulations of various glazing systems as 
the program automates the entire simulation process.

•	 It reduces the error in various calculations, such as the window-to-wall ratio.
•	 It provides the user with graphical results.
•	 Accessibility.

Fig. 8  Comparison of net annual electricity consumption of EC glazing with standard glazing
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The application of the tool is shown through case studies in India’s warm and humid 
climatic zone. The study suggests that the North orientation has the lowest net annual 
electricity consumption for Kolkata compared to other directions. In the North orien-
tation, the window with WWR up to 90% can be installed. Moreover, West is the next 
optimal orientation for installing PV facades, with the lowest annual electricity achieved 
at WWR between 40 and 70%.

The study further suggests that installing glare-controlled dynamic blinds in an STPV 
system avoids the glare problem and reduces the net annual electricity consumption 
compared to STPV and simple window systems. An adequately modeled dynamic blind 
system can result in an additional 15% more annual electricity reduction than conven-
tional glazing while maintaining the glare throughout the room. Finally, installing the EC 
glazing saves up to 5% net annual electricity consumption compared to the traditional 
window.

Abbreviations
AC	� Alternating current
API	� Application Programming Interface
ASHRAE	� The American Society of Heating, Refrigeration and Air-Conditioning Engineers
BIPV	� Building Integrated Photovoltaic
BPS	� Building Performance Simulation
CdTe	� Cadmium telluride
CSS	� Cascading style sheets
DC	� Direct current
EC	� Electrochromic
EMS	� Energy Management System
ERL	� EnergyPlus Runtime Language
FIFO	� First in first out
HTML	� Hypertext Markup Language
HVAC	� Heating, ventilation and air conditioning
IDF	� Input data file
ORM	� Object Relational Manager
PV	� Photovoltaic
SGLSim	� Smart Glazing Simulator
SHGC	� Solar heat gain coefficient
STPV	� Semi-transparent photovoltaic
U-Value	� Thermal transmittance
VLT	� Visible light transmittance
WSGI	� Web server gateway interface
WWR​	� Window to wall ratio

Acknowledgements
The authors would like to acknowledge the contributions of Md Aamir Raihan, who provided writing reviews during the 
paper preparation.

About this supplement
This article has been published as part of Energy Informatics Volume 5 Supplement 4, 2022: Proceedings of the Energy Infor-
matics Academy Conference 2022 (EI.A 2022). The full contents of the supplement are available online at https://​energ​yinfo​
rmati​cs.​sprin​gerop​en.​com/​artic​les/​suppl​ements/​volume-​5-​suppl​ement-4.

Author contributions
MAR: developed SGLSim, investigation, writing—original draft, visualization, formal analysis, methodology. KC: investiga-
tion, formal analysis, validation. AB: writing—review and editing, methodology, validation, supervision. VG: conceptual-
ization, supervision, project administration. AMH: supervision. All authors read and approved the final manuscript.

Funding
This research was partly funded by the Ministry of Electronics and Information Technology (MEITY) under Grant No. 
3070665 (2020) as part of the Smart City Living Lab project and Department of Science and Technology (DST), Govern-
ment of India (GOI) under the project “Development and Performance analysis of double pane semi-transparent solar 
photovoltaic window/facade system (DPSTSP).”

Availability of data and materials
The datasets generated and analyzed during the current study are not publicly available due to currently more research 
going on the datasets but are available from the corresponding author on reasonable request. The basic version of the 
tool can be accessed from the GitHub link—https://​github.​com/​iamar7/​SGLSim.

https://energyinformatics.springeropen.com/articles/supplements/volume-5-supplement-4
https://energyinformatics.springeropen.com/articles/supplements/volume-5-supplement-4
https://github.com/iamar7/SGLSim


Page 17 of 17Raihan et al. Energy Informatics  2022, 5(Suppl 4):40	

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Accepted: 11 October 2022
Published: 21 December 2022

References
Bülow-hübe H (2001) Energy-efficient window systems: effects on energy use and daylight in buildings. Lund University, 

Lund, p 248
Cheng Y, Gao M, Dong J, Jia J, Zhao X, Li G (2018) Investigation on the daylight and overall energy performance of semi-

transparent photovoltaic facades in cold climatic regions of China. Appl Energy 232:517–526
Corsi M, Zmeureanu R, Fazio P (2000) Modeling of electrochromic glazing switching control strategies in Micro-DOE2.1E, 

Centre for Building Studies, Concordia University
Crawley DB, Ellis PG, Torcellini PA (2007) Simulation of energy management systems in EnergyPlus. Build Simul
Dutta R (2018) Modeling an electrochromic window using a multi-criteria control strategy. In: Proceedings of the build-

ing performance analysis conference and simbuild co-organized by ASHRAE and IBPSA-USA. Chicago, IL, USA, pp 
149–156

Email PyPI (2022) https://​pypi.​org/​proje​ct/​email/. Accessed 7 June 2022
EnergyPlus (2021a) https://​energ​yplus.​net/. Accessed 14 Oct 2021
EnergyPlus (2021b) EnergyPlusTM input output reference. https://​energ​yplus.​net/​docum​entat​ion. Accessed 12 Oct 2021
Eppy PyPI (2022) https://​pypi.​org/​proje​ct/​eppy/. Accessed 7 June 2022
Miyazaki T, Akisawa A, Kashiwagi T (2005) Energy savings of office buildings by the use of semi-transparent solar cells for 

windows. Renew Energy 30:281–304
NumPy (2022) https://​numpy.​org/. Accessed 7 June 2022
Olivieri L, Caamaño-Martin E, Olivieri F, Neila J (2014) Integral energy performance characterization of semi-transparent 

photovoltaic elements for building integration under real operation conditions. Energy Build. 68:280–291
Pandas—Python Data Analysis Library. https://​pandas.​pydata.​org/. Accessed 7 June 2022
Peng J, Lu L, Yang H, Ma T (2015) Validation of the Sandia model with indoor and outdoor measurements for semi-trans-

parent amorphous silicon PV modules. Renew Energy 80:316–323
Plotly: the front end for ML and data science models. https://​plotly.​com/. Accessed 7 June 2022
Raihan MA, Chattopadhyay K, Bhatia A, Garg V, Hussain AM (2022) Energy analysis of semi-transparent building inte-

grated photovoltaic window in Hyderabad, India using automated parametric simulations. IOP Conf Ser Earth 
Environ Sci 1050:012022

Redis (2021) https://​redis.​io/. Accessed 14 Oct 2021
SAGEGLASS®.  https://​www.​sageg​lass.​com. Accessed 10 May 2022
Sullivan R, Lee ES, Papamichael K, Rubin M, Selkowitz SE (1994) Effect of switching control strategies on the energy per-

formance of electrochromic windows. In: Wittwer V, Granqvist CG, Lampert CM (eds) Optical materials technology 
for energy efficiency and solar energy conversion XIII. SPIE, Bellingham, pp 443–455

Welcome to Flask—Flask documentation (2.1.x). https://​flask.​palle​tspro​jects.​com/​en/2.​1.x/. Accessed 7 June 2022
Welcome to Python.org. https://​www.​python.​org/. Accessed 7 June 2022
WTForms—WTForms documentation (3.0.x). https://​wtfor​ms.​readt​hedocs.​io/​en/3.​0.x/. Accessed 7 June 2022
Zhang W, Lu L (2019) Overall energy assessment of semi-transparent photovoltaic insulated glass units for building 

integration under different climate conditions. Renew Energy. 134:818–827

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://pypi.org/project/email/
https://energyplus.net/
https://energyplus.net/documentation
https://pypi.org/project/eppy/
https://numpy.org/
https://pandas.pydata.org/
https://plotly.com/
https://redis.io/
https://www.sageglass.com
https://flask.palletsprojects.com/en/2.1.x/
https://www.python.org/
https://wtforms.readthedocs.io/en/3.0.x/

	SGLSim: tool for smart glazing energy performance analysis
	Abstract 
	Introduction
	Objectives
	Methodology

	Development of the tool
	Tool description
	Software stack
	Tool architecture
	Web client
	Flask app
	Simulation server
	Features

	Simulation model
	Window geometry and construction
	Modeling STPV glazing
	Modeling STPV glazing with dynamic blind
	Modeling electrochromic glazing

	Case study
	Climate of Kolkata
	Results

	Conclusions
	Acknowledgements
	References


