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a b s t r a c t 

Residential and commercial buildings are undergoing a dramatic change, and the Internet of Things (IoT) tech- 
nologies are shaping the future of these buildings. Researchers have recently utilized IoT in a variety of applica- 
tions and settings to transfer conventional buildings into smart, efficient, and secure buildings. While functional 
IoT approaches have been developed, there is still a need for improvement in IoT applications and operations to 
understand the full potential of this technology. This improvement can properly be done by bridging the gaps 
of the current literature to provide a building block for future studies. The objective of this paper is to present 
a comprehensive review of research work on the existing technologies and applications of IoT in residential and 
commercial buildings. For residential buildings, studies are divided to three major categories of home automa- 
tion, intelligent energy management systems, and healthcare facilities. For commercial buildings, the current 
literature is divided to four categories of office buildings, healthcare facilities, educational buildings, and restau- 
rants and retail facilities. Based on the review of each category, the trends, current benefits and risks, and future 
challenges of the IoT implementation in the built environments are identified and discussed. In particular, in- 
tegration of various IoT technologies with different capabilities, data storage and processing, and privacy and 
security risks are identified as the main challenges for IoT implementation. In addition, our results show that the 
commercial building sector has received more attention compared to the residential building sector. By providing 
the directions for future research opportunities, this paper benefits IoT developers and researchers to properly 
identify their work boundaries and define their contributions. 

1. Introduction 

A long time ago, homes and commercial buildings such as offices, 
hospitals, educational institutions, and healthcare centers were built in 
a way to provide basic necessities such as water, electricity, and gas 
for their occupants. Buildings, both residential and commercial, have 
played important roles for the survival of humans and providing con- 
venient, safe, and satisfactory spaces for their emotional, physical, and 
social needs. In particular, occupants should always feel secure and safe 
in buildings and this can impact their overall wellbeing and productiv- 
ity. Accordingly, real-time monitoring, controlling, and managing of a 
building and its occupants, components, appliances, systems, environ- 
ment, and health are extremely necessary [1–9] . This highlights the need 
of automation in residential and commercial settings. 

Smart buildings are novel buildings that use intelligent automation 
for their operations to provide efficient, comfortable, and secure envi- 
ronments for their users. Automation in buildings using the Internet of 
Things (IoT) as a prominent advanced technology, is able to provide 

∗ Corresponding author. 
E-mail address: h.r@uga.edu (H.N. Rafsanjani). 

cutting-edge solutions for improving security and safety, providing re- 
mote control of appliances/systems, monitoring occupants, enhancing 
efficiency, and improving visual and thermal comfort [10–17] . IoT has 
advantages such as ability to connect heterogenous devices, manage and 
exchange information, accurately track locations, optimize energy us- 
age, and preserve privacy and security especially via wireless communi- 
cation technologies [18–21] . Accordingly, researchers have utilized IoT 

in a wide variety of applications and settings to transfer conventional 
buildings into smart, efficient, and secure buildings in both residential 
[22–26] and commercial [27–33] built environments. While functional 
IoT approaches have been developed for buildings, there is still a need 
for improvement in IoT applications and operations to understand the 
full potential of this technology. This improvement can properly be done 
by bridging the gap between current literature to provide a building 
block for future studies. 

This paper thereby presents a detailed, up-to-date review of IoT stud- 
ies with focus on (1) summarizing the current vision and application of 
IoT in both residential and commercial buildings, (2) providing the ad- 
vantages and disadvantages of this technology, and (3) identifying the 
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Fig. 1. Evolution of Internet from Pre-Internet to IoT [40] . 

challenges for future researchers. This provides clear understanding and 
sets a great foundation for future studies in this area. The rest of the pa- 
per is organized as follows: Section 2 provides the definitions, architec- 
tural configuration, and terminologies of IoT. Section 3 and 4 present the 
state of the art of IoT application in residential and commercial buildings 
respectively; Section 5 discusses the trends, current benefits and risks, 
and future challenges of IoT implementations in the built environments. 

2. IoT concept and terminology 

2.1. IoT definition 

In 2009, for the first time, Ashton utilized the IoT phrase to describe 
radio-frequency identifications with internet connectivity to enhance 
supply chain logistics [34] . Yet, IoT is considered as a network of phys- 
ical things which are connected through Internet and able to generate, 
extract, and record data for real-time monitoring and decision-making 
in a variety of applications [35–39] . Fig. 1 shows the Internet revolution 
over time and how this process resulted in IoT. 

Despite such comprehensive explanations, researchers have pro- 
vided different definitions of IoT. Atzori et al. [41] defined IoT as a 
network of connected devices that are uniquely addressable based on 
standard communication protocols. Gubbi et al. [42] explained IoT as 
the interconnection of both sensing and actuating devices that provide 
the ability to share information via a unified network, thus developing 
a common operating picture to enable innovative applications. Sund- 
maeker et al. [43] defined IoT as a technology that allows people and 
things to be connected at anytime, anyplace, with anyone, ideally us- 
ing any path/network and any service. Louis et al. [44] explained IoT 

as a network of objects with sensing and communication capabilities 
that enable data synthesis and processing through seamless access to 
domain-specific software and services. Miorandi et al. [45] defined IoT 

as the resulting global network interconnecting smart objects through 
extended internet technologies. Xia et al. [46] explained that IoT is made 
up of objects that communicate with each other through the internet to 
acquire, process, store, and transmit information. IoT is defined by Aryal 
et al. [47] as an intelligent system that is capable of collecting, monitor- 
ing, and controlling data over internet. Morrii et al. [48] explained IoT 

as a network of devices connected with sensors, electronics, software, 
and connectivity. Given these IoT definitions, in this paper, we define 
IoT as a system made up of internet-enabled objects (such as sensors and 
devices) that are connected over internet and able to transfer data over 
wired and wireless networks to remotely communicate with each other. 

In addition, IoT literature has introduced several IoT system archi- 
tecture (e.g. [49–59] ). In the light of literature, Fig. 2 displays a general 
architecture of an IoT system where the system is made up of four major 
layers: (1) physical, (2) cloud, (3) communication, and (4) service layer. 
These four layers cover hardware, software, network, and integration as- 
pects required for any IoT approach [35–37] . The brief description of 
each layer is as follows: 

2.1.1. Physical layer 

The physical layer consists of the different sensors, actuators, proces- 
sors, and other physical devices intelligently connected to each other to 
communicate with the building environment. The sensors monitor and 
respond to events in the buildings. The IoT sensors typically have nomi- 
nal cost and low power consumption. There are different types of sensors 

for executing varying tasks such as energy sensors to track building en- 
ergy usage, medical sensors to monitor patient’s health, pressure sensors 
to detect occupancy, and environmental and chemical sensors to moni- 
tor environmental conditions in the buildings. Actuators control changes 
in the building by converting electrical signal to motion. Some func- 
tion of actuators in buildings include regulating temperature, switching 
off/on electrical appliances, and activating alarm systems [20] . 

2.1.2. Cloud layer 

The cloud layer consists of technologies such as computing, database, 
and big data processing. In this layer, data collected by the sensor is 
stored, analyzed with devised algorithms to make decisions, and fi- 
nally sent to the service layer for visualization [42] . Servers used in the 
cloud layer generally include: (1) Message Queuing Telemetry Transport 
(MQTT) Broker for communication between edge devices and to prevent 
unauthorized access, (2) Analytics Engine Server for analyzing data and 
making intelligent decisions from the received data, (3) Web Server to 
send and receive data from the database, and (4) Storage Server for 
storing data [22] . Within the cloud layer, data is also cleaned to remove 
unwanted information for improving accuracy and ensuring reliability. 
This step is very critical since the collected data could have been af- 
fected by conditions such as unstable power supply, network disconnec- 
tion, and electromagnetic disturbances in the communication network 
[42] . It is noteworthy that cloud storage is used because of its scalabil- 
ity, flexibility, and capability to handle big data and minimize data loss 
[20] . It is worth mentioning that cloud layer definition in the IoT do- 
main is different from Cloud computing or/and Mobile computing, and 
they are not necessary present a similar concept/process. Fig. 3 displays 
the IoT computing, Cloud computing, and Mobile computing and their 
intersections. 

2.1.3. Communication layer 

The communication layer, also known as the network layer, is re- 
sponsible for the connectivity of the IoT system via network technolo- 
gies to ensure accurate and secure data transfer to the other layers. This 
layer connects all the computing devices in the buildings to the inter- 
net and allows them to communicate via Internet Protocol (IP) [20] . 
Some of these communication technologies that can be used for building 
monitoring and control include Ethernet, Wi-Fi, WiMAX, Zigbee, mobile 
communications, Long Range Wide Area Network (LoRaWAN), Radio 
Frequency Identification (RFID), and Bluetooth Low Energy (BLE). 

- Ethernet: Ethernet is a common wired local area network (LAN) 
technology based on IEEE 802.3 standard. The Ethernet uses wired 
cables to connect devices for data transfer, and the data speed de- 
pends on the types of the cable. Co-axial, twisted pairs, and fiber 
optic are examples of the cables in Ethernet networking. Ethernet 
technology has data transmission rate between 100 Mb/s and 1000 
Mb/s and is relatively cheap (compared to the other methods). How- 
ever, it is only suitable for short distances data transfer [61] . 

- Wi-Fi: Wi-Fi is a wireless local area network (LAN) based on the 
IEEE 802.11(a, b, c, d, g, n). The Wi-Fi uses radio waves to provide 
network access for transmitting data between computing devices and 
is capable of transferring data at rates of between 1 Mb/s and 6.75 
Gb/s [62] . Wi-Fi has a frequency band from 5 GHz to 60 GHz and 
has communication range of 20m to 100m [63] . Some advantages 
of Wi-Fi are its bandwidth, data rate, and transmission range. 

252 



K. Lawal and H.N. Rafsanjani Energy and Built Environment 3 (2022) 251–266 

Fig. 2. IoT system architecture. 

Fig. 3. Mobile, IoT, and Cloud computing paradigms [60] . 

- WiMAX: WiMAX is based on the IEEE 802.16 standard and can ac- 
commodate either frequency division multiplexing (FDD) or time 
division multiplexing (TDM). WiMAX uses microwave radio tech- 
nology to connect computing devices to the internet [62] . The data 
transmission rate of WiMAX range between 1.5Mb/s to 1 Gb/s with 
a high frequency bandwidth of 2GHz to 66GHz; however, most ap- 
plications use the band 3.5 and 5.8 GHz. Data can be transmitted at 
long distances of up to 50 Km; thus, WiMAX has a better transmission 
range than Wi-Fi and thereby reduces interference [63] . 

- ZigBee: ZigBee is a low-cost Wireless Personal Area Network 
(WPAN) based on IEEE 802.15.4 standard and it is a high-level com- 
munication protocol designed for applications involving low data 
rates and energy consumption. ZigBee has a lower bandwidth of 
about 868 MHz to 2.4 GHz and can transmit data at a at a high- 
speed of 40kb/s to 250Kb/s over a short distance of 10 – 20 m [63] . 
Currently, ZigBee is the most popular mesh networking technology 
used in building automation and control [64] . Some advantages of 
ZigBee are its low-cost, low duty cycle, data transfer reliability, sim- 
plicity in its analog circuitry, easy implementation, and low power 
consumption [62] . 

- Mobile Communication: Mobile communication standards are of 
different generations and can communicate over cellular networks. 
These generations have different data transmission rates: the first 
generation (1G) has 2.4kb/s, the second generation (2G) has 50 –
100kb/s, third generation (3G) has 200 kb/s, and fourth generation 
(4G) has 0.1 – 1 Gb/s [63] . Bandwidth of mobile communications 
are mostly in the range 865 MHz to 2.4GHz. 

- LoRaWAN: LoRaWAN is a new communication protocol that is open 
standard and designed for wider networks. It allows low-powered 
computing devices to communicate over long range distances of 
more than 30km, with data transmission rates from 0.3kb/s to 
50kb/s [63] , and is particularly used in large scale commercial build- 
ings [65] . In LoRaWAN, data is transmitted between the devices and 
a main network server via the gateways, which are connected to the 
network server [66] . 

- RFID: RFID is a communication technology that uses radio waves 
to identify and track an object. This technology is used in the auto- 
matic identification of objects which are attached to, and it assigns 
a unique digital identification to them to allow them to be incorpo- 
rated into a network. RFID is made up of a tag attached to an object 
to read its state, a reader to read data from the tags to generate the 
proper signal, and a database to store the data. RFID technology is 
generally used in hospitals, manufacturing, and transportation com- 
panies [67] . 

- BLE: BLE is considered as a low-power communication protocol for 
IoT and is mainly designed for battery-powered devices [68] . This 
technology advantages include low cost, availability in smartphones 
(with different operating systems), and ease of deployment [69] . 
Compared to the classic Bluetooth, BLE uses 2.4 GHz radio frequen- 
cies but a simpler modulation system. BLE is mainly utilized for posi- 
tioning service purposes in smart residential and commercial build- 
ings as well as healthcare applications [70] . 

2.1.4. Service layer 

The service layer serves as an interface between the users and the 
IoT system [71] . This layer consists of web and/or mobile terminal that 
allows users to view the processed data in form of graphs, charts, or 
spreadsheets, and remotely controls various devices connected in the 
IoT system. In the web terminal, the user interface is developed by us- 
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ing HyperText Markup Language (HTML) and/or JavaScript (JS) codes. 
HTML is the front-end code that allows the users access their account 
and device information via a login screen, while the JS is the back-end 
code that allows creating usernames and passwords and checking the 
authentication code, the status of devices, commands supported by the 
devices, lists of locations, and devices in those locations [72] . In the 
mobile terminal, the analyzed data is sent in an Extensible Markup Lan- 
guage (XML) format over the web to the developed mobile application 
in a readable form for the user [73] . The mobile application could either 
be based on an android or iOS depending on the smartphone. 

Since the service layer share the information with the users and al- 
lows them to reach the IoT system, there is a high potential of vulner- 
ability which affect the authentication and security of the system. In 
response to this issue, protocols are generally utilized. The security and 
authentication protocols should be robust and flexible to ensure that 
the interface tasks are carried out efficiently in various scenarios [74] . 
The protocols specifically proposed for IoT systems include MQTT, Con- 
strained Application Protocol (COAP), Extensible Messaging and Pres- 
ence Protocol (XMPP), JavaScript Object Notation (JSON), Transport 
Layer Security (TLS), Datagram Transport Layer Security (DTLS), and 
Routing Protocol for Low-Power and Lossy Networks (RPL) [74–76] . 
These protocols are modifiable that allow the users to define their de- 
sired functionality for their system without affecting the protocol per- 
formance. The area of the action (i.e., network range), openness, inter- 
operability, and network architecture are the major factors to select the 
most appropriate protocol for an IoT system [77] . 

2.2. IoT terminology 

Add to the four layers defined in Section 2.1 . and presented in Fig. 3 , 
considering real time data collection and information exchange, the 
components of IoT systems can also divided into three major compo- 
nents with the following technical terms [ 42 , 78 ]: 

(1) Hardware: This component represents the hardware layer of the IoT 

that is made up of intelligent sensors, embedded communication 
hardware, and actuators installed in the buildings for remote moni- 
tor and control. The hardware is responsible for connecting the phys- 
ical things with the digital aspect of IoT to acquire information about 
the environment and exchanging this data with connected devices 
[ 42 , 78 ]. 

(2) Middleware: The middleware consists of the software such as 
databases, servers, protocols, and queries for sending and retrieving 
information. This aspect of IoT is made up of the cloud and wire- 
less communication layer that collects the data from the sensor, an- 
alyzes, and stores the data. Furthermore, the middleware filters out 
unwanted information and communicates with the cloud to send the 
necessary data. Other tasks carried out by this part is to connect and 
manage heterogenous smart devices, monitor their power consump- 
tion, as well as securing the privacy and trust of all exchanged data 
[41] . 

(3) Presentation: This part of IoT represents the service layer which 
is consisted of computer-supported visualizing and interpretation 
tools, and allows users monitor and control their IoT system. To help 
users make sense of the processed data and communicate with their 
building environment, different applications have been designed for 
both mobile and web platforms [42] . 

In addition, IoT wide implementations in several research areas can 
be grouped into three main domains [79] : 

(1) Industry: IoT is being used in industries like supply chain manage- 
ment, transportation and logistics, automotive, and aviation to en- 
hance their innovation, optimize productivity, and save time. Ap- 
plications are developed in logistics and supply chain industry for 
real-time tracking and automatic re-stocking of products using tech- 
nologies such as RFID tags, mobile phones, and barcodes [ 80 , 81 ]. In 

the transportation industry, IoT is used in applications such as real 
time traffic monitoring and alert system, license plate identification, 
and smart parking [ 82 , 83 ]. 

(2) Environment: Agricultural, recycling, environmental monitoring, 
and disaster alerting are some environmental applications of IoT. 
IoT agricultural applications include soil condition tracking, au- 
tonomous weeding and harvesting, and monitoring animals for dis- 
eases and accidents [ 84 , 85 ]. In environmental monitoring, IoT tech- 
nologies are employed to reduce wastage of resources such as water 
and energy and to reduce effect of natural disasters by providing 
alerts [86] . 

(3) Society: Healthcare, smart homes, entertainments, offices, and edu- 
cational buildings are some societal applications of IoT. For example, 
in smart homes, appliances and devices can be monitored and con- 
trolled to save energy and to enhance comfort and security for occu- 
pants [87] . In addition, IoT solutions are implemented in healthcare 
facilities to improve human health by monitoring and controlling vi- 
tal information of patients and alerting authorized caretakers [88] . 

Overall, IoT generally provides high flexibility in fusing different 
data streams which allows to build information and knowledge which 
is resulted in wisdom required to advance smart residential and com- 
mercial buildings. Fig. 4 demonstrates the IoT position in the intelligent 
automation process. 

3. IoT application in residential buildings 

This section divides the IoT application of the residential buildings to 
four general categories and a detailed IoT-related description of research 
work of each category is provided. 

3.1. Home automation 

Wang et al. [89] proposed a smart control system based on IoT to 
effectively monitor, control, and manage the appliances in a home to 
ensure a safe and comfortable environment for the home occupants. A 

wireless sensor and actuator network were developed and used as the 
control layer which contains several control modules. This smart cen- 
tral controller allows remote devices to communicate with each other 
through a wireless router. The authors particularly developed a smart 
home web application through which an authorized user can login to 
monitor and control appliances. The system includes several functions 
including appliance management and control, user login authority, secu- 
rity system, and data processing and visualization. The system security 
level can particularly be conFig.d by a user based on her preferences. 

Soliman et al. [90] proposed an intelligent system for homes by in- 
corporating IoT and cloud computing so that the users can monitor and 
control their home devices. The system sensors were programmed using 
Arduino. The acquired information of the sensors is sent to the cen- 
tral server for data storage and analysis using the ZigBee communica- 
tion network. In the proposed system, home occupants can visualize the 
home conditions and remotely control the home devices through a web 
application at any time. 

Govindraj et al. [91] proposed an IoT based control system that con- 
nect the home appliances to each other through internet and let users 
control over appliances at any location and time through a smart phone. 
In particular, the authors developed an android application with both 
manual and automatic mode for smartphones. By establishing a highly 
secure connection between the system and the mobile application, the 
home appliances can be remotely accessed only through authorized Wi- 
Fi enabled devices. This control system has a base station which receives 
commands from the Android application and sends those through a ra- 
dio frequency module to a satellite station. The major issue with this 
system is the lack of a backup wireless communication module that 
prevents users to monitor and control appliances in a situation of no 
internet coverage. 
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Fig. 4. IoT position in intelligent automation 
[60] . 

Malche and Maheshwary [92] developed an intelligent system using 
a frugal lab IoT platform, which is an open-source IoT platform, to re- 
motely monitor and control appliances in a smart home. With the use 
of installed sensors and cameras, data about the home’s environment 
like temperature, light intensity, and occupant’s activities are collected. 
If the data crosses the set thresholds, the home’s occupants are then 
alerted through text-messages/emails to help them regulate the envi- 
ronment by controlling the devices. An artificial intelligence technique 
was integrated into the system to identify abnormal conditions. 

Xiaobo et al. [87] developed an IoT intelligent system to remotely 
monitor and control a home. In designing this system, a cloud com- 
puting technology, an embedded web gateway, and an Android mobile 
application were developed and employed. Within the system, a ZigBee 
wireless sensor network collects the environmental data from home ap- 
pliances in real time and transmits them to a Tencent Linux cloud server 
for analysis. The server can be accessed by users’ phones or computers 
that allows the users to communicate with the cloud server to perform 

remote monitoring and control. 
Trinchero et al. [93] presented an IoT-based web platform to mon- 

itor and control a variety of smart devices in residential settings. The 
platform not only helps homeowners remotely monitor and control ap- 
pliances but also allows authorized administrators to manage the system 

on behalf of the homeowners. The authors’ proposed network for the 
platform includes a HyperLAN bandwidth to evade high costs incurred 
by using licensed frequencies. In addition, within the platform, a user is 
given a static public IP address to remotely access the smart devices in 
her home. 

Kumar et al. [94] demonstrated how IoT can be used to build a smart 
home with a mobile app and open-platform server. Given that, they de- 
veloped a system which was made up of relays integrated with a low- 
cost microcontroller Arduino board for controlling the appliances. The 
system also includes an Android mobile application for the user to com- 
municate with the smart system. In addition, the authors designed two 
prototypes for the system: one prototype to regulate indoor environment 
of the home using Bluetooth, and the other one to regulate the outdoor 
environment of the home using Ethernet. The major identified issue of 
the Bluetooth prototype is its functionality limitation because it can only 
be used for short distances. 

Yassine et al. [95] presented a big data analytics platform with cloud 
and fog computing for enhancing the overall performance of smart 
homes. Within their study, they gave detailed explanation about the 
analytics in the fog node and how it offers great opportunities to en- 
hance performance of homes. To filter the collected data, the platform 

uses Python with regular expressions. In addition, the filtered data is 
analyzed using a hybrid method based on the clustering and frequent 
pattern mining methods. 

3.2. Intelligent energy management systems 

Marinakis and Doukas [30] used the integrations between buildings 
and IoT solutions to propose an intelligent energy management in res- 
idential settings. The system acquires and analyzes the energy data of 
buildings and displays the analyzed data in real-time to the occupants 
of the buildings. The system then sends notifications and recommen- 
dations to the occupants to help them properly manage their energy 

and save costs. The system uses Sematic Web technologies to combine 
the data (including occupants’ behavior, energy prices, building data, 
and weather information) collected from multiple sources to monitor 
and learn the energy behavior of the building to accurately recommend 
energy-saving solutions to occupants. In designing this system, the au- 
thors focused on system flexibility and scalability, thereby the system is 
able to be modified to fit the occupants’ demands and building’s char- 
acteristics. 

Balikhina et al [96] utilized the Amazon Web Service IoT platform to 
develop and implement a system architecture for smart electricity me- 
ters to monitor and control energy usage of residential buildings in a 
more effective way. The system’s architecture is made up of three major 
components: a base station which has the IoT gateway mainly for com- 
munication network, a user interface for allowing users to communicate 
with the system, and appliance controllers for remotely controlling the 
appliances. The system collects information from different appliances, 
sends them through the gateway to the base station for storage and com- 
puting. The major limitation of this work however is the lack of smart- 
phone and web applications to allow the users to effectively monitor 
and control their home appliances remotely. 

Fernando et al. [97] proposed an IoT-based intelligent energy plat- 
form to properly manage and analyze energy data collected from resi- 
dential buildings, especially large-sized buildings. The platform was de- 
signed to acquire both historic and real-time data to perform more ac- 
curate data analysis. The platform also supports different applications 
and functions such as time series storage, data volatility monitoring, 
and data filtering. Additionally, the platform includes a virtual area de- 
tection function to perform energy detection and prediction. A web ap- 
plication was developed for the platform to visualize and regulate the 
analyzed energy data. 

Stojkoska and Trivodaliev [98] developed an IoT-based three-tier 
system to integrate smart homes into microgrid to improve energy ef- 
ficiency of homes with renewable distributed energy sources generated 
by the microgrid. The three tiers are smart home, Nano-grid, and micro- 
grid. In the first tier, the sensor network collects data from the devices 
in the home and stores them in a smart meter. In the second tier, all 
smart meters of different residential buildings interact with each other 
to exchange information. In the third tier, the gateways from all the 
buildings communicate with the utility division of the homes. A fog 
computing approach based on prediction filters was employed to pro- 
cess and analyze data to decrease traffic problems resulted from wireless 
communications. 

3.3. Home healthcare facilities 

Tariq et al. [99] discussed the potential of IoT applications in as- 
sisted living healthcare systems for residential buildings. The authors 
proposed an intelligent system to detect the behavioral activities per- 
formed by the upper body of an elderly person at the dining table in a 
house. By using sensors and smartwatches, the proposed system focused 
on enhancing the detection of assistive actions regarding the sitting posi- 
tions of the elderly occupant at the dining table. Asides from the detect- 
ing the activities of the occupant in the house, the system also analyze 
the acquired data to promptly send alert notifications to caregivers and 
approved guardians in the case of any anomality. To ensure the security 

255 



K. Lawal and H.N. Rafsanjani Energy and Built Environment 3 (2022) 251–266 

of the user data, a two-level security scheme was implemented within 
the system. 

Koo et al. [100] discussed the importance of safety in bathroom es- 
pecially for older people and how the application of IoT technology can 
be employed to achieve a high level of safety. Their aim was to de- 
sign a feasible IoT and big data analysis system to monitor activities in 
the bathroom to enhance safety based on certain requirements such as 
proper communication network, operation and maintenance of installed 
sensors, and comfort and safety of the users. The big data analysis sys- 
tem is made up of a sensor component, a hub component, a base station, 
and a main server. By installing sensors in the bathroom walls, floor, and 
ceiling, the system is able to gather health related information about the 
users and their bathroom usage and sends the information to the hub 
unit. These collected data are then analyzed to quickly detect an abnor- 
mal situation and immediately sends alert notifications to health per- 
sonnel and care recipient’s guardians thereby reducing the dangerous 
impacts of bathroom injuries. 

Tsimpas et al. [101] presented an intelligent multi-layer platform, 
Ambient Basic Layer Evolution, which was developed based on IoT con- 
cept and monitors patients’ health and provide necessary medical assis- 
tance to them in residential buildings. This platform includes five major 
layers: sensing, administration and maintenance, front-end agent, con- 
text awareness, and network communication. Several factors such as the 
architecture and complexity of IoT systems, ability to make intelligent 
decisions, ability to process data in real time, and location of the sen- 
sors/devices were taken into consideration during platform design step. 
The architecture of the user interface and computational ability of the 
platform are still open issues of this research work. 

Eklund et al. [102] proposed a smart system for monitoring the 
health and activity of elderly patients in their homes to detect emer- 
gencies. The authors also introduced a heterogenous wireless network 
called SensorNet to providing security, modularity and connectivity of 
the system. SensorNet has central and mobile gateways to monitor the 
health and activities of the patients and to alert when the sensors sense 
abnormal situations. The gateways also transmit information to autho- 
rized caregivers via a secure communication channel. Security, quality 
of service, ease of installation, and privacy were the major factors in de- 
signing the system and SensorNet. Within this study, the user and web 
browser interfaces of the system require improvement to properly fit the 
system. 

Saha et al. [13] designed an IoT system for homes using Python pro- 
gramming language and a Raspberry Pi to control health monitoring 
system. The system measures the health data of occupants and remotely 
sends this information to a cloud layer (for storage and computing) as 
well as to the health centers and their respective guardians through 
email and message notifications. The stored health data can then be 
accessed by doctors through a web application. Security, patient’s com- 
fort, and privacy are the major criteria in designing this system. As a 
contribution, this paper demonstrates a standard architecture for shar- 
ing data between systems. 

Risso et al. [103] proposed a cloud-based mobile monitoring system 

to support and improve treatments for respiratory diseases in the home. 
In the design and development of the system, a user-centered approach 
was utilized to develop a user-friendly system. The architecture of the 
system was made up of three units: an embedded device unit which 
consists of sensors responsible for collecting the oxygen saturation data 
of the patient, a local monitoring mobile application unit which provides 
the communication network and displays the data values, and a cloud- 
base back-end unit for gathering data from the sensors and for real-time 
data storage and analysis. 

Stojkoska et al. [104] developed a home care system based on an 
IoT platform to provide security and wellbeing for elderly people. They 
introduced a three-level computational model consisting of dew comput- 
ing, fog computing, and cloud computing to process data and enhance 
information exchange between the IoT nodes. In their proposed system, 
dew computing processes the raw data (collected by sensors) and sends 

the processed data to fog computing providers for decision-making. In 
addition, cloud computing stores the data and further processes them to 
identify new knowledge for improving the decision-making process. To 
develop the system algorithm, a fuzzy logic approach was used due to 
its ability to make intelligent decisions and to support inaccurate data. 

3.4. Other work 

Coates et al. [32] described the challenges in the deployment of IoT 

systems for smart buildings. They explained how the architectural de- 
signs of buildings can be changed over time and how IoT has affected 
this transformation. Accordingly, they proposed a smart building mon- 
itoring system which could be used for monitoring occupancy in the 
rooms in real-time using light sensors, heat sensors, and relays. Within 
the study, the authors highlighted and discussed the need of both virtual 
and physical testing of IoT systems to ensure their successful operations. 

Jeon et al. [78] proposed an IoT-based occupancy-detection system 

for intelligent control of ventilation in houses. Occupancy information 
is detected by the dust concentrate collected by the different IoT-based 
sensors installed in a house. In fact, the authors used particulate mat- 
ter concentrations for the measurement of indoor air quality and dust 
concentration changes to identify when a person undertakes some ac- 
tivities in indoor environments. The functionality of the proposed IoT- 
based system is limited to the houses of elderly people and patients who 
live alone. 

Daniel et al. [105] combined IoT and fuzzy logic to develop an ap- 
proach to efficiently regulate the indoor temperature of a home based 
on the outdoor temperature and humidity. In particular, the fuzzy logic 
enabled the system to automatically regulate temperature to enhance 
a good thermal awareness. In particular, the authors used ThingSpeak 
and Midgar to collect data from external sources. Midgar was the IoT 

platform used to collect outdoor temperature data and ThingSpeak was 
the IoT platform for collecting outdoor humidity data. To collect indoor 
temperature data, the temperature sensor in RaspBerry Pi 2 microcon- 
troller was used in the system. 

Table 1 provides a summary of the literature of residential buildings 
and their programming languages; term “unknown ” indicates that (to 
the best of our knowledge) a study did not mention the utilized pro- 
gramming language in its work. In addition, this table shows whether 
a study developed a web or mobile application for its developed ap- 
proach/model. As the table shows, web applications are more devel- 
oped/utilized than mobile applications. In particular, none of the intel- 
ligent energy management system work developed a mobile application. 
It is worth mentioning that developing a web or mobile application de- 
pends to the ultimate goal of a work, and accordingly it does not neces- 
sarily indicate the strength or weakness of the work. 

4. IoT application in commercial buildings 

The commercial sector includes all businesses environment ex- 
pect transportation and manufacturing. Offices, educational institutions, 
healthcare buildings, supermarkets, retail facilities, warehouses, lodg- 
ings, and restaurants are the main subsectors of commercial buildings. 
Based on the identified literature of the commercial buildings, this sec- 
tion divides their IoT applications to four subsectors and presents the 
research work of each subsector. 

4.1. Office buildings 

Amaxilatis et al. [106] developed an IoT based solution to moni- 
tor energy usage in offices of educational buildings with the ultimate 
goal of enhancing energy efficiency and human productivity. They used 
open-source technologies to develop the system. In addition, the authors 
developed and utilized API mappers to facilitate information exchange 
between both software and hardware used in the system’s architecture. 
In the system, different IoT devices installed in building collect data 
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Table 1 

Summary of literature of residential buildings. 

Category Study Year Programming Language Web Application Mobile Application 

Home Automation Trinchero et al. [93] 

Soliman et al. [90] 

Wang et al. [89] 

Kumar et al. [94] 

Malche and Maheshwary 

[92] 

Govindraj et al. [91] 

Xiaobo et al. [87] 

Yassine [95] 

2011 

2013 

2013 

2015 

2017 

2017 

2017 

2019 

Unknown 

Arduino, HTML3, CSS 

Unknown 

Java, Arduino 

Python 

Java 

Java 

Python 

Yes 

Yes 

Yes 

NA 

Yes 

NA 

Yes 

NA 

NA 

Yes 

Yes 

Yes 

NA 

Yes 

Yes 

NA 

Intelligent Energy Management Systems Stojkoska & Trivodaliev 

[98] 

Fernanado et al. [97] 

Balikhina et al. [96] 

Marinakis and Doukas [30] 

2017 

2017 

2017 

2018 

Unknown 

Unknown 

Unknown 

Java / Python 

NA 

Yes 

NA 

Yes 

NA 

NA 

NA 

NA 

Home Healthcare Facilities Eklund et al. [102] 

Risso et al. [103] 

Koo et al. [100] 

Stojkoska et al. [104] 

Tsimpas et al. [101] 

Saha et al. [13] 

Tariq et al. [99] 

2005 

2016 

2016 

2017 

2017 

2018 

2019 

nesC 

Unknown 

Arduino 

Matlab 

Python 

Python 

nesC 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

NA 

NA 

NA 

NA 

Yes 

Other Work Meana-Llorian et al. [105] 

Coates et al. [32] 

Jeon et al. [78] 

2017 

2017 

2018 

Java 

Unknown 

SQL 

Yes 

NA 

Yes 

NA 

NA 

Yes 

Note: term “unknown ” shows the study did not provide the information of the utilized programming language. “Yes ” and “NA ” present that an application was and 
was not developed, respectively. 

about weather conditions, air quality, overall electric energy usage, and 
environmental comfort. A cloud layer is also employed to store and pro- 
cess these data on a large scale. The system was demonstrated to be 
able to support to a variety of buildings, several application domains, 
and IoT ecosystems, without increasing the total cost of cloud storage. 

Luo et al. [107] proposed that the combination of big data and IoT 

can be employed in energy management systems of office buildings. Ac- 
cordingly, they developed an IoT four-layered big data platform to pre- 
dict a day-ahead heating/cooling demands of buildings. The four layers 
are sensor layer to collect energy-related data, storage layer to store 
the collected data, analytics support layer for analysis and prediction, 
and the service layer to connect the prediction model to the building 
energy system. To collect data, sensors are installed in both the indoor 
and outdoor environment of a building to collect energy-related data. 
The prediction models of the platform were designed using the com- 
bination of two machine learning techniques: artificial neural network 
and k-means clustering. The K-means clustering identifies the behav- 
ior of daily outdoor weather profile while neural network works as the 
prediction model. 

Rafsanjani and Ghahramani [108] revealed a real-time dynamic rela- 
tionship between IoT infrastructure information and occupancy-related 
energy-use patterns in office buildings. They particularly demonstrated 
that the real-time data produced by IoT infrastructure in a building (re- 
garding the connection of different Wi-Fi enabled devices) is able to 
show how the building occupants are taking energy-use actions. Ac- 
cordingly, the author developed a methodology [109] to collect data 
from IoT devices in office buildings to monitor occupants’ energy-use 
behaviors in real-time. The devices include wireless access points and 
internet-enabled electricity meters of a building. The internet-enabled 
meter used in this research includes two parts and the authors claimed 
that it can accurately control the noise in data. In addition, the authors 
developed a normalized density-based methodology to interpret the data 
of IoT devices. 

Warmerdam et al. [110] developed an IoT-based indoor lighting sys- 
tem that consists of luminaires, sensors, and controllers; the luminaires 
include an IP address. The sensors collect data about occupants’ prefer- 
ences and ambient light in an environment and provide the controllers 
with these data to provide occupants’ lighting comfort. In order to con- 

nect sensors with luminaires inside a building, the authors used visible 
light communication to enable data access via the luminaires having the 
IP address. The authors particularly proposed a specific methodology for 
the system to estimate daylight and optimal channel gains. 

Bekiroglu et al. [111] proposed an IoT intelligent decentralized con- 
trol method to control and minimize the energy consumption of HVAC 

systems in office buildings. The authors particularly enhanced the recur- 
sive thermal model adaptation, thermal comfort of occupants, and soft 
constraints of the system. The system architecture consists of a sensor 
module to gather environmental data, a zone module to perform com- 
putation for the different thermal zones, a central scheduler to receive 
cooling requests and allocate those to each zone, a zone actuator to 
control temperature change, an IoT gateway to connect the IoT layer to 
building energy system, and a web interface for data visualization and 
monitoring. Data accuracy and packet-losses in communication chan- 
nels have been indicated as the major limitation of the system. 

Han et al. [112] presented a human activity detection approach 
which uses commercial Wi-Fi enabled IoT devices to automatically rec- 
ognize common human activities. The approach uses the high variation 
of Channel State Information, that happens due to signal propagation 
interference caused by human motion, to recognize human activity in 
a non-intrusive way. The authors developed a deep learning framework 
to denoise the raw data, select relevant features from the data, and se- 
cure temporal dependencies among the data to enhance the accuracy of 
human activity recognition. In addition, the authors particularly men- 
tioned that the overall performance of the approach is largely dependent 
on the number of antennas that the IoT devices (including senders and 
receivers) use. 

Gomes et al. [113] presented a smart multi-agent system using IoT 

devices to enhance energy monitoring and management in office build- 
ings. By integrating IoT devices with the proposed system, the system 

can control and manage energy consumption in a building. The system 

was designed for single-board electrical devices with low performance 
and low cost to allow the devices to operate offline. Within the system, 
the authors also developed an environmental awareness smart plug, load 
emulator, and market IoT smart plugs to collect data from buildings. The 
environmental awareness plug has several suitable external sensors to 
collect intelligent information about the electric load’s environment. De- 
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spites the system’s claimed advantages, the communication protocol of 
the systems requires improvement. 

Wang et al. [3] proposed a building management cloud platform for 
green buildings to resolve communication challenges of smart systems. 
In particular, they used both cloud technology and internet of things to 
store and analyze data. The platform architecture is made up of an intel- 
ligent device level, a networking level, and a modularized service level. 
Intelligent devices of the platform are able to communicate through the 
Wi-Fi module transferring data about the building’s environment to the 
cloud server for storage and computing. A low-power radio frequency 
Wi-Fi module was also used to provide communication between devices 
and to monitor and ensure the quality of this communication module. 
In this system, users are able to visualize analyzed data and to manage 
the building environment via developed web and mobile applications 
on their phones and computers. 

Rafsanjani et al. [37] developed an IoT-based feedback mechanism 

to improve energy-use behaviors in office buildings. The IoT architec- 
ture of the mechanism includes four layers: a physical layer including 
sensors and building wireless networks, a cloud layer including data 
analysis and storage, a service layer including mobile and web applica- 
tions, and a communication layer. The proposed communication layer is 
based on Zigbee, Wi-Fi, and WiMAX. The authors also used IP over Eth- 
ernet and wireless networks for the communication protocol. To conduct 
data analysis on the cloud layer, XML and Python were utilized as the 
programming languages. Within this system, the building management 
team uses the web application to control each occupant’s energy-use be- 
haviors, and the occupants can track their overall behaviors through the 
mobile application. 

Aryal et al. [47] design a smart desk for office buildings to moni- 
tor and personalize the indoor environment of users to provide visual 
and thermal comfort to improve work satisfaction and productivity. The 
designed system uses different algorithms to monitor and learn the en- 
vironmental predilections of its users (such as lighting condition, venti- 
lation, and sitting positions) to control the environment based on those 
preferences. They offered several versions for the proposed smart desk. 
The major differences between the desks are related to additional sen- 
sors, desk ventilation devices, motorized sit-stand feature, light, and 
desk height regulator. In particular, one of the versions uses power over 
Ethernet to provide power and data to the smart devices on the desk. In 
order to build a desk which can be used by several users, the authors also 
added a radio frequency identification to enable different user profiles. 

4.2. Healthcare facilities 

Fan et al. [114] used IoT and proposed an automating design 
methodology for a smart rehabilitation of patients. In fact, the authors 
combined ontology with IoT to solve the limitation of using IoT alone for 
the implementation of rehabilitation systems. The IoT technology was 
particularly used to provide a data network which connects to the med- 
ical resources for appropriately sharing the information among users. 
IoT also helped the system to acts as a self-learning system. The author 
demonstrated the effectiveness of the hybrid methodology in delivering 
effective rehabilitation to various patients. This provided insight on how 

to build a smart and real-time healthcare system. 
Al-Nabhan et al. [115] proposed a hybrid approach by integrat- 

ing IoT and cloud technology for medical centers to reduce number of 
causalities and increase survival rate in emergency evacuation situa- 
tions. The platform is trained via using several emergency factors such 
as the severity of the emergency and its location. The platform architec- 
ture consists of five major components: (1) wireless sensors nodes that 
collect data about hazard and evacuation conditions, (2) decision nodes 
that analyzes data received from the sensor nodes and communicates 
with the cloud to make decisions, (3) a cloud server that stores the data 
and performs more advanced data computation, (4) a service plane that 
hosts the web services, evacuation, and health authorities, and (5) gate- 

ways to connect the nodes, cloud server, and service plane. The proposed 
approach can benefit in providing a safety unit for buildings. 

Bhatia and Sood [116] explored the potential of IoT in physical fit- 
ness and proposed a real-time smart system to monitor the health of its 
users during workout sessions at gyms. The system is also able to predict 
the users’ health state vulnerabilities and provide healthcare support to 
them using IoT technology. By using wearable sensors as well as sen- 
sors attached to the gym equipment and placed in the gym environment, 
the health and environmental data are acquired and transmitted to the 
cloud storage for data analytics. Within the system, an artificial neural 
network approach was employed to track and learn the users’ behaviors 
to predict their vulnerabilities. The security of information and the user 
privacy were an important factor in designing the system. 

Yong et al. [117] developed an intelligent fitness system using IoT 

and machine learning technology to measure the health data of users to 
provide proper fitness guidance to them. In designing the system, the 
authors created a data acquisition technology using sensors connected 
to the fitness equipment and fitness band. In addition, they developed a 
mobile application for message services. The developed system is able 
to monitor several parameters such as the users’ heart rate, users’ fit- 
ness actions, and measure burnt to properly manage fitness systems and 
users. 

Yang et al. [118] proposed an IoT based healthcare system which can 
collect health information about patients, monitor their environments, 
and provide healthcare services to them to enhance their well-being and 
health. The system was made up of iMedPack, iMedBox and BioPatch. In 
particular, the system monitors users’ vital signals using BioPatch worn 
by users and sends the collected health data to iMedBox for storage and 
analysis. iMedPack receives commands from iMedBox to give necessary 
reminders to the patient. In addition, this system is connected to medical 
facilities to allow physicians having access to all patients’ medical data, 
monitor their progress, and remotely provide prescriptions to patients. 

Cubo et al. [119] developed a cloud-based IoT platform for smart 
health applications in medical centers. They particularly designed a 
service-focused communication layer to connect different devices and 
sensors through their interfaces and a gateway. This determines the or- 
der of the sequence of exchanged messages during the composition of de- 
vices. A cloud-based technology was also employed to store, process and 
monitor the sensors data. The proposed platform can be implemented 
in medical centers to assist monitoring the health of the patients in real- 
time. 

Yang et al. [120] proposed an IoT real-time pain monitoring system 

which remotely detects pain of inpatients and intensive care patients 
in hospitals. The system is composed of a wearable sensor node, smart 
gateway, cloud server, and web application. The system sensor node is 
responsible for collecting the biodata of the patients and transmits the 
data through the gateway to the cloud server and eventually to the web 
application for data visualization. Within this work, the authors also 
developed a smartphone application that supports both IOS and Android 
systems to analyze, interpret, and visualize data. The cloud server of the 
system let authorized and authenticated users get access to the data at 
any time and location. In designing this system, to address the issue of 
exposure of wearable devices to moisture, the authors used waterproof 
thin dressing materials to cover the wearable devices . 

4.3. Educational buildings 

Vinod et al. [121] explained the importance of IoT tools in meeting 
the basic needs of education where students, parents, and educational 
faculties can interact with each other through smart platforms. The au- 
thors accordingly developed a smart school tool to perform actions such 
as checking student attendance, sending emergency messages to parents 
and students, and uploading students’ results into school systems. The 
tool was designed based on a main controller which is a Raspberry Pi 
programmed using Python and acts as the core component of the tool 
to interface with various devices. These devices are an Android app for 
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smartphones, a GSM module for sending SMS and email messages, web 
cameras installed in classrooms for virtual classes, and a master plat- 
form for communication. The major limitation of this proposed tool is 
failing to support the students with virtual disabilities. 

Pocero et al. [122] proposed an open-source IoT system to educate 
people about their attitude towards energy consumption and thereby 
to enhance environmental sustainability. In designing the system, open 
protocols and hardware units were employed to meet multiple educa- 
tional needs and make the system flexible and adaptable. The authors 
demonstrated that the system is able to assist teachers in providing stu- 
dents with educational materials to learn design of hardware and soft- 
ware of smart devices. To collect the required data of the system, sensors 
were installed in each room of a school building to send data to a cloud 
storage through the gateway. In particular, the authors offer digital sen- 
sors to replace former analog sensors in order to sense more accurate 
data. 

Poongothai et al. [123] proposed an IoT based laboratory system 

which remotely monitors the use of equipment, energy usage, and envi- 
ronmental conditions of educational laboratories to enhance their well- 
being and energy efficiency. The proposed system gathers data about 
the equipment and environment in a lab, sends those to a MQTT server 
via MQTT communication protocol, and displays the processed data to 
users via a dashboard and/or mobile app. The system also allows users 
to turn on/off equipment using the mobile app. The hardware architec- 
ture of the system is consisted of several devices (such as sensors, relays, 
RaspBerry Pi3, and Arduino Uno) which were connected to all the elec- 
trical equipment in the lab to provide their real-time information. In 
addition, the developed system is connected to a Node-RED dashboard 
through the mobile app to allow users to monitor and control equipment 
consuming energy in the lab. It is noteworthy that big data analysis and 
system security are open issues of this work. 

4.4. Restaurants and retail facilities 

Kossonon and Wang [124] introduced a smart system for managing 
order delivery in restaurants. The system was introduced to solve typi- 
cal challenges such as delayed time for food delivery and serving wrong 
order to improve customer satisfaction. The system was made up of a 
smart table, RFID-tagged plates, an order monitor, and a delivery assign- 
ment machine, which are connected using WLAN for communication; 
the RFID technology allows the system to identify the various orders in 
a more accurate way. By using MQTT protocol instead of HTTP protocol, 
the system is able to speed up the information flow. 

Aytac and Korcak [125] utilized an IoT-based edge computing archi- 
tecture to develop a smart restaurant staff allocator system for allocating 
duties to the restaurant staff based on their capabilities and for moni- 
toring staff performances. They used genetic algorithm to address the 
challenges with assigning duties to limited staff in an intelligent, effi- 
cient, prompt, and organized manner. Within the system, data in form 

of orders are collected by the sensors and sent to a gateway for data 
analysis. The findings are displayed on the job-allocator screen so that 
the staff can view their duties for the day. The system also provides each 
staff with an RFID-tagged wristband which communicates with an RFID 

reader on the job allocator screen to notify the system after the tasks 
have been completed. In particular, the genetic algorithm methodology 
learns the performances of staff on their respective tasks to assign tasks 
to them based on their previous performances. 

Saeed et al. [126] presented a smart restaurant system using IoT tech- 
nology to enhance efficiency and improve customer satisfaction. They 
focused on resolving issues including finding available parking space, 
delayed time in getting seated, waiting long time in getting food deliv- 
ered, and serving wrong orders. The proposed system includes a mobile 
app, which allows the customer to communicate with the system, as 
well as a web application which allows the restaurant staff communi- 
cate with the system. Within the system, proximity and no-core fiber 
sensors identify vacant parking spots and available table for dining and 

send the information through the app to the customers. The web appli- 
cation at the restaurant allows the restaurant staff view customers’ order 
in real time and update the status of the order. The mobile application 
was programmed using a java script and XML while the web application 
was developed by JavaScript, HTML, and PHP. The major limitation of 
the system is that the mobile app only works on Android-based mobile 
devices. 

Qadir et al. [127] designed a smart parking approach using ZigBee 
technology to improve vehicle security, to identify available parking 
spaces, and to reduce the number of accidents. In developing the ap- 
proach, they focused on the system functionality to decrease power con- 
sumption and reduce time lags. Also, ZigBee communication technology 
was utilized for data security and affordability. To detect vacant spaces 
in parking areas, infrared sensors are used and send information to an 
Arduino Uno microcontroller board which further sends the information 
digitally to a ZigBee device. The ZigBee device sends the data collected 
to a modem in the parking base station which delivers the information 
to drivers’ cellphones to notify the available spaces. The system partic- 
ularly is a two-way communication system which let drivers communi- 
cate with the system sending messages. 

Table 2 summarizes the literature of commercial buildings, their pro- 
gramming languages, and whether each work developed a web or mo- 
bile application. Similar to Table 1 , term “unknown ” indicates that (to 
our information) a study did not mention the utilized programming lan- 
guage of its work. As Table 2 shows, most of the work developed both 
web and mobile applications. As mentioned, the ultimate goal of a study 
determined whether a web or mobile application is needed or not. 

5. Discussion 

5.1. Trends 

IoT is a prominent technology that transfers conventional buildings 
into novel smart buildings with secure, flexible, and real-time systems 
for achieving more efficiency and better performance in the built en- 
vironments. IoT is currently the most technological element in smart 
buildings since any part of such buildings should include and integrate 
connected objects. The transferring step from conventional to novel 
buildings has received an increasing attention from researchers all over 
the world to develop and implement different types of IoT applications 
for optimizing energy usage, improving building management, enhanc- 
ing occupant performance and comfort, increasing work productivity, 
improving the security, enhancing event management and work request 
in restaurant and retail facilities, increasing security and protection, en- 
hancing educational performance and productivity, optimizing health- 
care facilities, etc. The proposed smart systems for various buildings cre- 
ate relevant novel characteristics, and introduce and verify new control- 
ling policies to meet security obligations. In particular, handling meta- 
data produced via various sensors in novel buildings require to practice 
sensor ontologies, subsystems, and interrelations to ensure interopera- 
ble, remote, and portable applications. With regard to the building en- 
ergy usage and occupant comfort which are pronounced as the main 
concerns in current smart building practices, IoT more accurately esti- 
mates thermal models to minimize HVAC energy consumption. IoT also 
allows optimizing the energy-use of a fleet of buildings and benefits in 
developing of demand-response energy systems. This ultimately helps 
the advance of smart grid from a macroeconomic perspective. In addi- 
tion, IoT benefits into occupancy sensing and activity recognition. This 
directly enables IoT-based smart building lighting systems, and tracking 
occupant energy usage, especially in commercial buildings. It is note- 
worthy that IoT buildings require customization based on a series of spe- 
cific requirements defined by their environments and occupants, which 
highlights the significance of a certain level of contextual knowledge 
in developing of building IoT systems. Furthermore, activities such as 
pranking vehicles and remotely using household appliances can be per- 
formed through IoT. Concerning building operation and maintenance 
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Table 2 

Summary of literature of commercial buildings. 

Category Study Year Programming Language Web Application Mobile Application 

Office Buildings Warmerdam et al. [110] 

Wang et al. [3] 

Amaxilatis et al. [106] 

Gomes et al. [113] 

Han et al. [112] 

Aryal et al. [47] 

Bekiroglu et al. [111] 

Rafsanjani and 

Ghahramani [108] 

Luo et al. [107] 

Rafsanjani and 

Ghahramani [109] 

Rafsanjani et al. [37] 

2015 

2017 

2017 

2018 

2018 

2019 

2019 

2019 

2019 

2020 

2020 

Unknown 

HTML5, JavaScript, CSS 

Python 

Arduino 

Unknown 

Python 

Python 

R 

Unknown 

R 

HTML, Python 

NA 

Yes 

Yes 

NA 

NA 

Yes 

Yes 

NA 

NA 

Yes 

Yes 

NA 

Yes 

Yes 

Yes 

NA 

NA 

Yes 

NA 

NA 

NA 

Yes 

Healthcare Facilities Cubo et al. [119] 

Yang et al. [118] 

Yang et al. [120] 

Yong et al. [117] 

Bhatia and Sood [116] 

Al-Nabhan et al. [115] 

Fan et al. [114] 

2014 

2014 

2018 

2018 

2018 

2019 

2019 

Java 

Unknown 

HTML, JavaScrit, CSS 

Python, JavaScript 

Unknown 

Matlab 

Unknown 

Yes 

Yes 

Yes 

Yes 

NA 

Yes 

NA 

Yes 

NA 

Yes 

Yes 

NA 

NA 

NA 

Educational Buildings Pocero et al. [122] 

Vinod et al. [121] 

Poongothai et al. [123] 

2017 

2017 

2018 

Arduino 

Python 

Arduino 

NA 

NA 

NA 

NA 

Yes 

Yes 

Restaurants and Retail Facilities Saeed et al. [126] 

Qadir et al [127] 

Aytac and Korcak [125] 

Kossonon and Wang [124] 

2016 

2018 

2018 

2019 

Java, XML, HTML, PHP 

Arduino 

Unknown 

Java 

Yes 

NA 

NA 

Yes 

Yes 

Yes 

Yes 

NA 

Note: term “unknown ” shows the study did not provide the information of the utilized programming language. “Yes ” and “NA ” present that an application was 
and was not developed, respectively. 

Fig. 5. Distribution of studied papers classified by publication year. 

(especially for healthcare buildings), facilities management is the main 
objective of IoT buildings, which integrates all organizational activities 
to ensure the highest level of effective and efficient services is provided 
for clients, and a timely preventive maintenance for various equipment 
and devices is always available to facilitate the maintenance and repair 
process. 

Fig. 5 demonstrates the distribution of the studied papers (of 
Section 3 and 4 ) by publication year. It displays that since 2016, the 
rate of the publications of IoT implementation in the built environments 
has been increased. In particular, Fig. 5 shows that since 2016, the com- 
mercial building sector has received more attention compared to the 
residential buildings. This attention could be resulted from the total en- 

ergy consumption and increasing energy-use intensity (i.e., energy per 
unit floor area per year) of the commercial sector (compared to the resi- 
dential sector) [128] . In addition, as mentioned earlier, the commercial 
building sector includes a variety of different size and type of build- 
ings and is more diverse than residential buildings. This fact justifies 
the higher number of commercial building publications. In addition, it 
particularly highlights an ongoing need of the future research on IoT 

implementation in the commercial buildings. 
Fig. 6 summarizes the distribution of the studied papers by domain 

and subdomain presented in Section 3 and 4 . Similar to Fig. 5 , it indi- 
cates more attentions to commercial buildings. In addition, Fig. 6 shows 
that automating healthcare facilities in both residential and commercial 
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Fig. 6. Distribution of studied papers classified by domain and subdomain. 

Fig. 7. Google search trends for terms “IoT in Buildings ”, “Smart Buildings ”, and “Novel Buildings ” since 2010. 

settings is one of the main contributions of the current research. This 
Fig. also displays that within the commercial sector, research has mostly 
used case studies of office buildings. This is mainly because of the fact 
that office buildings are the largest subsector of the commercial sector 
[129–131] . In addition, office buildings located on university campuses 
are typically used as test beds since such offices provide opportunities 
for researchers working at universities to have more control over their 
cases and to have an easier process for data collection. 

Fig. 7 presents the web search popularity and trend, as measured 
by Google, for terms “IoT in Buildings ”, “Smart Buildings ”, and “Novel 

Buildings ” since 2010; the initial search on the IoT related term was 
made in 2011. While the concepts and definitions of these three terms 
might be different, they generally present a similar concept to the re- 
searchers who work on the building automation and/or efficiency do- 
mains. However, as Fig. 7 highlights, future studies are recommended 
to include the keyword “Smart ” into the title, abstract, and/or keywords 
of their publications to allow readers to track easier the publications of 
this domain. This will significantly help future researchers of this area to 
define the boundary and contribution of their work in a more accurate 
and proper way. 
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Fig. 8. Service level vs. IoT development level [76] . 

5.2. Benefits and risks 

An IoT system is made up of diverse and multiple smart devices and 
applications connected to exchange data via the Internet. IoT has simpli- 
fied how we manage our activities to improve the standard of living and 
productivity in residential and commercial buildings; Fig. 8 displays that 
the IoT technology development over time increase service (including 
welfare and comfort) expectations. The numerous amounts of connected 
devices have enlarged IoT systems and their potential for humans. How- 
ever, despite its numerous benefits, IoT also has its risks, particularly 
with its access to big personal and non-personal data. IoT has made 
data availability and access very convenient and data from multiple con- 
nected devices can be easily collated, analyzed, reported, and viewed via 
the network to improve efficiency of any systems within the built envi- 
ronments. However, IoT is subject to several security threats that could 
negatively affect the confidentiality of users’ data and endanger system 

operation [45] . Two examples of these threats include accessing user in- 
formation and transmitting inaccurate data into building networks and 
servers. Most connected devices communicate via wireless networks and 
as a result are vulnerable to malwares. Furthermore, a lot of IoT devices 
have low power and processing functionalities, and thereby, they cannot 
appropriately sustain complex security mechanisms especially in large- 
sized commercial buildings [132] . Therefore, it is important to consider 
some measures to protect IoT data from unauthorized access. 

Open IoT architectures are also designed to enhance data availability 
and transparency. The connection of multiple heterogenous devices and 
gateways, effective interaction, task monitoring, and delivery and man- 
agement of solutions are some advantages of IoT openness. In addition, 
the open technology allows development and integration of innovative 
solutions that have resulted in the rapid growth and durability of IoT. 
However, due to open accessibility to applications and data of these plat- 
forms and insufficient legal framework, there is the issue of inadequately 
coordinated regulations and policies to constantly monitor tasks, which 
could inhibit the development of IoT in the built environments [133] . 

In addition, the usage of IoT has reduced energy usage by automati- 
cally switching off connected electrical appliances of buildings. In addi- 
tion, smart sensors are helpful in acquiring accurate information about 
the environments in real time. However, while IoT device batteries have 
been helpful in curbing energy waste, these devices use a significant 
amount of energy and accordingly, the increasing rate of the deployment 
of IoT devices has resulted in more energy consumption [134] . Further- 
more, the devices operate on batteries (which are degradable materials) 
cause another problem of electronic wastes. These negative impacts of 
IoT as an environmental issue should also be considered for future re- 
search. While several energy-saving approaches [135–139] have been 

Fig. 9. Key elements of IoT building. 

proposed to reduce energy consumption and the number of degradable 
materials, this is still an open road for further investigations. 

As mentioned, the interconnection of multiple heterogenous IoT de- 
vices have been very beneficial in enhancing the quality of life and effi- 
ciency in the buildings. These days, numerous smart objects can connect 
at any time and from any location to get work done faster and easier. A 

lot of smart devices used in IoT vary in adaptability, mobility, compu- 
tational power, communication protocols, and energy capabilities. Ac- 
cordingly, these infrastructural diversities pose a threat to the develop- 
ment of IoT. Majority of IoT devices and applications from unknown 
vendors have varying configurations and packages resulting in risks of 
incompatibility within a building [140] . Therefore, an area of concern 
of IoT is developing a networking framework that augments efficient, 
reliable, and secure communication among heterogenous objects [141] . 

IoT has been advantageous in saving costs and time in exchanging 
data over the network. Fields such as transportation, healthcare, retail 
outlets, and manufacturing have seen increased investments in the im- 
plementation of IoT for their operations [142] . The review of papers 
on applications of IoT in commercial buildings (presented in Section 4 ) 
show that the usage of smart devices makes work faster and increases 
productivity, thus improving the overall efficiency. With advancements 
in IoT, human’s dependence on technology to carry out mundane tasks 
such as switching off lights and closing doors could be detrimental. Fur- 
thermore, since the personal information of users will be available on 
the internet, it would be possible for an outsider to gain unauthorized 
data access and keep track of the user’s activities. 

Big data generated by IoT can be used to learn customer’s behaviors 
and preferences for recommending innovative and creative ideas [143–
146] . The amount of data used in decision making and predictive anal- 
ysis determines the quality of the recommendations [147] . It is worth 
mentioning that big data applies a high risk. Data occupies space and 
needs proper management, and accordingly appropriate infrastructure 
is required to store and analyze a lot of data. Analyzing large amount of 
data has its complexities, especially due to the irregularities and uncer- 
tainties in datasets [148] . In addition, setting up and maintaining data 
centers for big data requires cost and effort which could be considered 
as a disadvantage of big data centers. 

5.3. Future challenges 

Fig. 9 displays the key elements of an IoT residential/commercial 
building that should be considered in order to transfer a building into 
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a smart building to create a more pleasant environment not only for 
its occupants but also for the management team. These elements are 
required different type of data and thereby, the main challenge could be 
big data analytics arise from the large, diverse, and time-evolving high- 
resolution data generated by IoT devices and sensors. In addition, based 
on our review of the literature, smart waste and water have rarely been 
studied and thereby, the future research is recommended to investigate 
these elements to let achieve a fully automated smart IoT building. 

The technological advancement has led to an drastic increase in the 
number of connected IoT devices, which has resulted in big data gener- 
ation and transfer [149] . Various and diverse technologies are required 
to enhance data transfer between devices, and this increases the com- 
plexity of IoT systems in any type and size of residential or commer- 
cial buildings. As mentioned in section 2 , IoT has significantly impacted 
three main areas of human life (industry, environment, and society). Ac- 
cordingly, to effectively address the issues and challenges of IoT, these 
areas have to be investigated. It has been shown that these issues arise 
from different reasons such as increased data storage, diverse technolo- 
gies, privacy and security threats, and in most cases, increasing numbers 
of connected devices [150] . Considering these issues, the appropriate 
architectures and technologies must be implemented for IoT systems to 
achieve the IoT full potential. The primary issues and challenges regard- 
ing IoT implementation in the built environments should be recognized 
and classified by future studies in order to pursue IoT continuous devel- 
opment. 

Using open and standardized architectures that have independent 
hardware technologies and logic mechanisms is a major challenge in IoT 

implementation in residential and commercial settings. Standardization 
in architecture augments the interoperability across multiple connected 
devices in a building. The IoT framework should integrate various tech- 
nologies that support different devices, data, and networks to ensure 
managing uninterrupted data exchange and services. An ideal IoT sys- 
tem supports simple and scalable managements functionalities, integra- 
tion of heterogenous systems and logical applications, cross-domain in- 
teractions, and user-friendly applications and data analytic tools. IoT 

architecture can be grouped into general, hardware/network, Software, 
and process architectures [ 63 , 151 ]. Some architectural solutions that 
have been proposed include EPCglobal (based on RFID and EPC tech- 
nologies), RESTful (based on cloud and fog computing), and web ap- 
plication framework (based on Google Toolkit) [152] . However, these 
architectures are yet to be enhanced to provide the required full inter- 
operability in any building. 

Another possible challenge for IoT systems is the availability of ser- 
vices and networks for IoT devices in a building since the shortage could 
decrease the operation of the systems. The service for mobile devices 
and their coverage areas should also be considered because of the fre- 
quent variations in the locations of these devices in different zones of a 
building. Issues of availability is important to make sure IoT applications 
and networks are available at any time and at any place to the autho- 
rized devices to prevent interruption of services. To address the issues of 
availability, there is need for the implementation of proper monitoring 
system, fault-tolerance and self-healing mechanisms, and standardized 
protocols to improve robustness of the overall IoT system in residen- 
tial and commercial buildings [153] . Reliability of services is another 
challenge that results due to routing issues in IoT systems. The main 
requirement for routing processes is the capability to ensure scalabil- 
ity, dynamic topology changes, and context awareness security mecha- 
nisms. Routing protocols such as Multi-Protocol Label Switching (MLS) 
and Resource Reservation Protocol (RSVP) have been deployed to re- 
solve routing issues [ 154 , 155 ]. 

Storing and processing data from multiple heterogenous connected 
devices is also a critical IoT-related issue. There is a need for efficiently 
appropriate storage and analytics approaches (as a result of the big data) 
to reduce traffic and improve operation of building servers. Currently, 
the Cloud technology has been found effective in resolving this prob- 
lem because of its diverse storage and processing capabilities. However, 

there are some issues related to the deployment of Cloud technology 
for edge devices, such as high cost of transferring data via the internet, 
security and privacy of data, and network related problems [150] . For 
reliability, it is important that the Cloud technology is augmented to sup- 
port continuous execution of several dynamic computing applications 
and task duplication algorithms for failure management, to prioritize 
requests for prompt real time implementation, and to satisfy the quality 
specifications of diverse users [42] . Additionally, the implementation of 
new algorithms for cleaning raw data and extracting useful information 
from these data is recommend to investigated by future studies. 

Data collected from the sensing and actuating devices are visualized 
by users (e.g., building occupants) in form of charts, maps, and ani- 
mations via the Graphic User Interface (GUI), which also enables dif- 
ferent remote-control actions. Data visualization has certain challenges 
associated with it including oversimplification of data during extrac- 
tion, security, and ease of navigation, which can be resolved with web 
technologies such as HTML5 and WebGL. There has been an increase 
in deployment of creative and highly efficient visualization tools (es- 
pecially using touch screens and 3D screens) to enhance user-friendly 
navigation; however, this area is still open to more research opportuni- 
ties. 

In addition, while one of the goals of IoT technology is energy saving, 
acquisition, transmission, and storage of data and remote software up- 
dates consume a lot of energy. In particular, integrating small low-power 
consuming embedded devices with a wide computation and networking 
capability in IoT systems is a current research challenge. Other chal- 
lenges affecting IoT system performance include reliable power supply 
for IoT sensors and devices, efficient power and energy storage tech- 
nologies, energy requirements for data routing, and availability of low- 
power communication stack [ 156 , 157 ]. In order to improve IoT sys- 
tem performance, there is a need to implement approaches that satisfy 
energy-efficient requirements. Although there have been improvements 
in developing low-power consumption technologies, this area is still an 
open research issue for researcher of this area. 

Integrating new devices and applications in an existing IoT system 

architecture without reducing the performance quality is a major chal- 
lenge for future development in building environments. Scalability in 
IoT is the ability to accommodate and adapt to necessary changes in the 
system’s architecture to fit the size and type of a building, and it is a 
significant design factor to support increasing number of connected de- 
vices with varying memory, bandwidth, and processing. The importance 
of scalability is that it improves the performance of a system for current 
and future use in building industry regardless of the size of the devices. 
Edge computing system that provide cloud services to edge devices to 
enhance storage, computing, and networking services, is a potential so- 
lution to scalability challenge; however, edge computing systems does 
not provide complex analysis and historical data storage. Another po- 
tential solution is using very scalable cloud-based technology with big 
data storage capability. Future research is recommended to investigate 
such possible solutions. 

6. Conclusion 

This paper presented a detailed, up-to-date review of the state of the 
art of IoT approaches in residential and commercial buildings. Litera- 
ture has provided various visions and approaches that offer an inter- 
esting springboard for future research of this domain. While, IoT has a 
huge potential, which if implemented successfully, can greatly benefit 
humans, there are several issues that should be taken into consideration 
to achieve the overall development of this technology. There is still no 
comprehensive IoT-based framework which integrates all components, 
technologies, and standards required for an IoT-building. In addition, 
new IoT-based technologies bring new issues and challenges that can be 
added to those of current technologies. In particular, the compatibility 
of a new technology with the existing technologies of a building should 
be checked before utilizing the new technology, otherwise it can disturb 
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the performance of the existing ones. In addition, commercial buildings 
have received more attention compared to the residential buildings. In 
particular, office spaces offer a reliable test bed for commercial build- 
ing research and are therefore the most common point of discussion for 
the commercial sector. Thus, the subsequent commercial sections are 
recommended to emphasize research into these particular commercial 
built environments. In the case of future studies, this paper introduced 
several research lines, especially one attractive future line is related to 
the integration of IoT with Nanotechnology to build a smart building 
with environmentally friendly capabilities and functionalities. In addi- 
tion, future research is needed to fully embrace Cloud services and new 

ways of connectivity in order to get the full benefits of the IoT technol- 
ogy. 
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a b s t r a c t 

The flow and thermal breakthrough phenomenon in a forced external circulation standing column well (FECSCW) 

directly affects heat transfer efficiency and load-carrying capacity. A numerical model for FECSCW is developed 

to analyze the migration of the temperature and velocity front under the flow and thermal breakthrough. The 

results indicated that thermal breakthrough began after simulation running 2.5 min and was completely formed 

after 12 min. The inlet water, which directly entered the production well without heat exchange with the aquifer, 

accounted for 12.8%. When the porosity of the backfill material decreased from 0.35 to 0, the coefficient of per- 

formance (COP) of the heat pump unit increased by 1.6% on average, and the thermal breakthrough strength 

decreased by an average of 45.3% within 25 min. Where seepage velocity near the well wall was greater than 

1 × 10 − 3 m 

•s − 1 , faster velocity front migration was observed, while the migration advantage of the temperature 

front was more prominent outside of this region. Through quantitative analysis of flow and thermal breakthrough, 

temperature and velocity front migration, and COP change of heat pump unit, theoretical suggestions were pro- 

vided for the thermal transfer mechanism near the thermal well wall. The extended research in this study can be 

applied to the design and optimization of forced external circulation standing column well system. 

1. Introduction 

The utilization and development of renewable energy have become 

integral parts of the energy sector because of global warming and the 

increased energy demand. Single-well cycling groundwater heat pump 

system, a type of ground source heat pump, has attracted considerable 

attention because of heat transfer efficiency and low operating costs. In 

addition, such systems are an important method of energy conservation 

and emission reductions. 

An FECSCW ( Fig. 1 ) is an advanced form of the standing column 

well (SCW) [1] . The characteristics of the FECSCW are that the gap be- 

tween the prefabricated well and the thermal well is backfilled by sorted 

gravel, and an interval in the well, which is referred to as seal zones, sep- 

arate the injection and production zones. A seal zone effectively blocks 

the direct flow of inlet water into the production zone, prevents the di- 

rect influence of inlet water on outlet water, and expands the scope of 

the heat exchanger. The porosity of the backfilled gravel zone in the 

thermal well is higher than that of the aquifer; hence, it is easier for 

inlet water to flow from the gravel zone to the production zone than to 

the aquifer. Therefore, flow breakthrough easily occurs in the thermal 

well. The temperature difference between the recharging water and the 

initial aquifer caused outlet water temperature reduce, that is thermal 

breakthrough. Flow/thermal breakthrough reduces the heat exchanger 

∗ Corresponding author. 

E-mail address: stillwater2013@163.com (W. Song). 

efficiency and load ability of the thermal well. At present, the SCW typ- 

ically adopts bleeding strategies to mitigate the effects of flow/thermal 

breakthrough [ 2 , 3 ]. However, long-term bleeding leads to the drop of 

groundwater level, land subsidence, and destruction of vegetation [4–

6] . 

Numerous scholars have studied the thermal response radius of the 

single-well cycling groundwater source heat pump system, which is 

defined as the radial distance of the aquifer with 0.1 °C temperature 

change. Ni et al. established a mathematical model of groundwater 

seepage-heat transfer to study the pumping and recharging well (PRW), 

and found the thermal response radius of the PRW was more than 40 

m [7] . Using Processing MODFLOW simulation, Somogyi et al. found 

the thermal response radius of different borehole cycles is 35 m, when 

the maximum groundwater production capacity of the production well 

was 3.4 m 

3 •h − 1 [8] . Li et al. obtained seepage stability time of a sin- 

gle well, which was determined by the characteristics of the aquifer 

and radial distance [9] . In addition, they reported that the radial head 

difference was higher than the axial energy consumption of the well. 

Deng Z. compared the design and energy consumption of a SCW with 

a single U and concluded that the SCW required less depth [10] . Lee 

et al. established a three-dimensional numerical model to study the tem- 

perature recovery of SCW and found that the temperature field quickly 

recovered when there exist groundwater seepage [11] . Different inlet 
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Nomenclature 

Symbols 

G inlet/outlet water flow was consistent and constant, 

0.54 m 

3 •h − 1 ; 

Q the heat absorption/rejection quantity of the thermal 

well, kJ; 

C w the volumetric heat capacity of water, kJ •m 

− 3 •°C 

− 1 ; 

V w the flow rate of outlet water, m 

3 •h − 1 ; 

T o the outlet water temperature, °C; 

T i the inlet water temperature, °C; 

t the duration of the entire experiment, s; 

v x the velocity component in the X-axis direction, m 

•s − 1 ; 

v y the velocity component in the Y-axis direction, m 

•s − 1 ; 

v z the velocity component in the Z-axis direction, m 

•s − 1 ; 

v the groundwater velocity, m 

•s − 1 ; 

𝑣 𝐿 2 
velocity of point on line L 2 ; 

𝑣 𝐿 3 
velocity of point on line L 3 ; 

𝑣 𝐿 4 
velocity of point on line L 4 ; 

T e the evaporation temperature, the value range of 2-20, 

°C; 

B the blending ratio; 

𝜓 thermal breakthrough strength, which is the transfixion 

flow as a percentage of the inlet water; 

x distance from thermal well axis, mm. 

Acronyms 

FECSCW forced external circulation standing column well; 

COP coefficient of performance; 

SCW standing column well; 

PRW pumping and recharging well; 

3D three-dimensional; 

2D two-dimensional. 

water temperatures should be selected according to different geological 

structures while designing the SCW, the permeability coefficient of the 

aquifer is another important design parameter [ 12 , 13 ]. Nguyen et al. 

established a two-dimensional (2D) numerical model of heat conduc- 

tion and groundwater flow to study the effect of different bleeding rates 

on the pumping temperature [ 14 , 15 ]. The temperature of the aquifer’s 

homogeneous and fracture areas has an important impact on SCW per- 

formance when the system operates at a typical bleeding rate. Through 

a thermal response test, Choi et al. reported that heat conductivity in- 

creased by 1.47 times when the bleeding rate was 10% [16] . Through 

simulation, Abu-Nada et al. obtained the optimal bleeding rate of SCW 

was 12–13% [ 17 , 18 ], and the pumping temperature was positively re- 

lated to bleeding rate and negatively related to porosity. 

Research on the thermal breakthrough of groundwater source heat 

pumps has mainly focused on doublet systems. Galgaro et al. analyzed 

the risk of thermal breakthrough in doublet systems and obtained the 

optimal well distance for different permeability coefficients, hydraulic 

gradients, and flow rates [19] . Ganguly et al. reported that the inter- 

val between wells should be thrice the thermal radius [20] , whereas 

Kim proposed that this interval should be more than the thermal ra- 

dius [21] . The thermal breakthrough in the SCW system is more severe 

than that in doublet systems. The sand box experiment found that the 

thermal breakthrough strength, the proportion of inlet water extracted 

from groundwater, will decrease when the distance between the pump- 

ing screen and the injection screen has increased [ 22 , 23 ]. 

Research related to the flow or thermal breakthrough mechanism 

in FECSCW is insufficient. Aquifer flow velocity and temperature fields 

must be quantitatively analyzed to identify the formation mechanism 

of the flow/thermal breakthrough in the FECSCW. Therefore, based on 

the verified 3D numerical calculation model [24] , this study quantita- 

tively analyzed the velocity field, temperature field, and COP change of 

the heat pump unit in the FECSCW. Through a quantitative analysis of 

the temperature/velocity front, the primary and secondary relationships 

between heat convection and heat conduction in the heat exchange pro- 

cess were obtained for the FECSCW. This study provides a theoretical 

basis for slowing down the thermal breakthrough and further advancing 

the heat exchanger efficiency of the FECSCW. 

Fig. 1. Schematic diagram of a forced external circulation standing column 

well (FECSCW). 
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Fig. 2. Geometric models of ( a ) the aquifer and ( b ) the thermal well and monitoring screen. 

Table 1 

Details of the experimental system. 

Contents Units Values 

Sand tank m 

3 1.5 × 1.5 × 1 ∗ 

Initial tank A m 

3 0.7 × 0.7 × 0.7 ∗ 

Load tank A m 

3 1 × 1 × 1 ∗ 

Isobaric tank m 

3 0.4 × 0.4 × 0.8 ∗ 

Electric heater A kW 1 

Electric heater B kW 0.5 

Air source heat pump unit kW 2.5 

Circulating pump kW 0.28 

Diameter of well mm 73 

Diameter of inserts mm 22 

Diameter of sand mm 1–2 

Diameter of gravel mm 2–4 

Length of well m 0.92 

Length of inserts m 1.5 

∗ Length × Width × Height 

2. Numerical model 

2.1. Geometric model 

A sand tank bench was conducted to investigate the heat transfer 

performance and temperature variation of the system. The experimen- 

tal setup has been described in detail in a previous publication [23] , 

and a summary of the parameter values of the experimental system is 

provided in Table 1 . Solidworks software was used for modeling the 

sandbox with a scale ratio of 1:1, according to the geometric parame- 

ters of the established sandbox. The structure meshing and local mesh 

optimization of the model were completed by ICEM-CFD software, and 

the calculation operation was performed by Fluent software. Specific 

parameters such as entrance to the initial gauge pressure, inlet veloc- 

ity, temperature, etc. are set according to the measured data, as shown 

in Table 2 . The position and partition of the geometric and monitoring 

units are shown in Fig. 2 . The aquifer was assumed to be homogeneous 

and isotropic. The inlet/outlet water flow was consistent and constant 

(G = 0.54 m 

3 •h − 1 ), and the initial temperature of the sand box was 20 

°C. The entire simulation was performed under a constant load condi- 

tion. On the XOY plane, monitoring point P 0 (62, 685, 0) and line L 1 
(Y = 235 mm) on section A, which crosses the thermal well axis, were 

selected to study the magnitude and direction of the velocity. Monitor- 

ing lines L 2 (Y = 320 mm), L 3 (Y = 460 mm), and L 4 (Y = 600 mm) 

were selected to study the groundwater velocity along both sides of the 

thermal well with the change in shaft distance. 

Monitoring lines L 5 (X = 62 mm) and L 6 (X = 300 mm) were selected 

to explore the aquifer temperature variation with time. Thermal break- 

through was more likely to occur in the thermal well; hence, monitor- 

ing section S 1 was used to determine the time of thermal breakthrough 

that occurs in the FECSCW. Monitoring points P 1 (20, 920, 0), P 2 (20, 

450, 0), and P 3 (255, 685, 0) were established at equal distances of 235 

mm from point P (20, 685, 0) to investigate the horizontal and vertical 

thermal response times of the FECSCW. In addition, line L 7 (Y = 685 

mm) was used to examine the characteristics of the groundwater ve- 

locity/temperature migration in the aquifer. Fig. 2 shows the spatial 

location of the monitoring points, lines, and sections. Assuming that the 

groundwater flows out of the thermal well were positive and the flows 

into the thermal well were negative, the upward flow was positive and 

the downward flow was negative. 

2.2. Model validation 

Through a physical simulation of the test results, the model was an- 

alyzed by determining the thermal well inner water temperature and 

cumulative heat. The initial conditions of the model solution were con- 

sistent with the initial conditions of the experiment [25] , where the ini- 

tial temperature of the aquifer was 20 °C and the inlet water flow was 

0.54 m 

3 •h − 1 . The cumulative heat of the thermal well was calculated 

by Eq. (1): 

𝑄 = 

𝐶 𝑤 𝑉 𝑤 ( 𝑇 𝑜 − 𝑇 𝑖 ) 𝑡 
3600 

(1) 

where Q is the heat absorption/rejection quantity of the thermal well; 

C w is the volumetric heat capacity of water; V w is the flow rate of outlet 

water; T o is the outlet water temperature; T i is the inlet water tempera- 

ture; and t is the duration of the entire experiment. 
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Table 2 

Summary of model parameter settings. 

Parameters Setting Parameters Setting 

Solver type Pressure solver Density of water (kg •m 

− 3 ) 998.2 

Speed type Absolute speed specific heat of water (J •(kg °C) − 1 ) 4182 

Time to type Transient Thermal conductivity of water (W 

•(m °C) − 1 ) 0.6 

Direction of Gravity Y Axis Viscosity of Water (kg •(m s) − 1 ) Section Type 

Time Step 0.5 Density of the sand (kg •m 

− 3 ) 1350 

Steps to solve 3000 Specific heat of sand (J •(kg °C) − 1 ) 700 

Algorithm SIMPLEC Coefficient of thermal conductivity of sand (W 

•(m °C) − 1 ) 2.1 

Pumping zone Liquid water Inlet velocity (m s − 1 ) 0.395 

Recharging zone Liquid water Export gage pressure (Pa) 115736 

Sand zone Porous media Entrance to the initial gauge pressure (Pa) 120344 

Well block Liquid water or sand Entry temperature (°C) Preparation of documents 

Porous medium heat transfer model Heat balance model Export total reflux temperature (°C) 13 

Inlet type Speed entrance C 1 1.2 

Export type Export pressure C 2 2.5 × 10 6 

Fig. 3. Experimental and simulated temperature outlet water of the FECSCW. 

Fig. 3 shows the variation of outlet water temperature of the FEC- 

SCW as time increases. In the first 5 minutes, the simulated value of the 

outlet water temperature deviated larger from the experimental value, 

which was caused by the partial cold water entering at the beginning of 

the experiment. And after that, the simulated value of the outlet water 

temperature became consistent with the change curve of the experimen- 

tal result, and the error was less than 2%. 

The heat absorption measured in the FECSCW after 25 min in exper- 

iment was 4925.4 kJ and the simulated value was 5086.9 kJ, resulting 

in a relative error of 3.28%. The main reason for this error is that the 

porosity of the backfill in the experimental process was greatly influ- 

enced by the filling density, while the backfill gravel area in the model 

was homogeneous in the simulation process, which resulted in a cer- 

tain deviation between the experimental value and the analog value. A 

multi-regional coupling model was established, which could be used to 

study the flow and temperature fields of the aquifer when filling and 

gravel were utilized. 

3. Results 

3.1. Velocity field 

3.1.1. Determination of dominant velocity 

Fig. 4 a shows the sub-velocity changed with time at monitoring point 

P 0 in three directions. As the simulation progressed, the velocity com- 

ponent at P 1 in the X-axis direction ( v x ) was approximately equal to 

velocity v , and the average value of v was 1.8 × 10 − 3 m 

•s − 1 . v y and 

v z had an order of magnitude difference from v; v y was − 3.96 × 10 − 6 

m 

•s − 1 , and v z was 5.98 × 10 − 5 m 

•s − 1 . v y and v z had a negligible effect 

on v . Therefore, velocity v at P 0 was approximately substituted by v x , 

and v x was the dominant velocity at this point. 

Fig. 4 b depicts the change in velocity at monitoring line L 1 with X 

(distance from the axial center of the thermal well). The dominant ve- 

locity in the direction of L 1 was in the negative direction of X, and the 

values of dominant velocity and velocity were similar at all positions. 

L 1 was located outside the pumping zone, where groundwater was col- 

lected. Therefore, the velocity was negative. The curve of the velocity 

at L 1 vs. X was a logarithmic function-type curve. 

In practical projects, the groundwater flow under the influence of 

the FECSCW is complicated, and multidirectional flow exists. Determin- 

ing the exact flow direction is difficult even if the velocity at a certain 

location is measured. By comparing and analyzing the sub-velocity and 

velocity in three directions at the monitoring points/lines, the velocity 

at one monitoring point/line was found equal to the sub-velocity in one 

direction. Therefore, dominant velocity was used instead of velocity, 

that is, the velocity direction was the dominant velocity direction, and 

the numerical value was the average velocity. 

3.1.2. Velocity variation on both sides of the well 

Fig. 5 shows the variation in the groundwater velocity with X on 

both sides of the thermal well. From the Fig., the dominant velocities 

on the monitoring lines L 2 , L 3 , and L 4 were in the negative X direction, 

negative Y (well depth) direction, and positive X direction, respectively. 

The flow velocity in the aquifer was axially symmetrical with respect to 

the axis of the thermal well (X = 0 mm). At the same Y coordinate, the 

velocities at two points at the same distance from the axis of the thermal 

well were equal, and the flow from these points into the thermal well 

simultaneously occurred. The velocity curves of L 2 and L 4 showed that 

the velocity close to the surface of the thermal well was less than that in 

the prefabricated well. The maximum velocity appeared in the fill gravel 

zone between the two well surfaces. At the same abscissa, the absolute 

values of the groundwater velocity at different depths were considerably 

different, and |𝑣 𝐿 4 | ≥ |𝑣 𝐿 2 | > |𝑣 𝐿 3 |. 

3.1.3. Velocity distribution in the aquifer 

To understand the spatial distribution of velocity is more detail, mon- 

itoring points were established, and the dominant velocity direction of 

each point was plotted, as shown in Fig. 6 a. The areas with dominant 

velocity of X and Y were basically half of the entire monitoring surface, 

and only Z 1 and Z 2 had a dominant velocity in the positive direction of 

Y. Z 1 close to the injection zone was affected by inlet water and caused 

parts of the inlet water to flow toward the top plate of the sand box. The 

Z 2 area near the pumping zone was affected by the pumping gravity, and 

the groundwater gradually converged to the pumping zone. Whether the 

dominant velocity was in the X or Y direction, they were all axially sym- 

metric with the well centerline (Y = 460 mm). Boundary lines L 8 and L 9 
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Fig. 4. Velocity of ( a ) monitoring points P 0 and ( b ) monitoring line L 1 . 

Fig. 5. Velocity distribution on both sides of the thermal well. 

were formed because of the change of the dominant velocity direction, 

and a transition zone was formed on both sides of the boundary lines. 

The velocity in the transition zone gradually changed from the domi- 

nant velocity in the “previous direction ” to the dominant velocity in the 

“next direction. ” In the transition process, the velocity was determined 

according to the sub-velocity in both directions, but was biased toward 

the dominant velocity direction. 

Fig. 6 b shows the velocity vector diagram of monitoring screen A. 

The porosity (0.35) in the gravel zone of the thermal well was greater 

than the porosity (0.2) in the aquifer; hence, the seepage rate in the ther- 

mal well was much higher. Velocity vector diagrams for the thermal well 

and aquifer were established separately to clearly show the groundwater 

flow in the aquifer. Fig. 6 b shows that the inlet water flowed through the 

gravel area upwards/downwards, with the injection zone as the center, 

and the velocity direction was at a certain angle with Y, such that the 

inlet water in the thermal well continuously flowed to the aquifer. The 

area below the centerline of the well was affected by the pumping grav- 

ity, and the groundwater was gradually collected into the production 

Fig. 6. Aquifer velocity distribution ( a ) Spatial location of the dominant velocity and ( b ) Velocity vector illustration of the monitoring screen.. 
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Fig. 7. Velocity vs. distance from the axis of the thermal well to the ( a ) upper zone of the aquifer, ( b ) middle zone of the aquifer and ( c ) lower zone of the aquifer. 

zone. In contrast, the area above the centerline of the well was affected 

by the inlet water, which diverged outward with the injection zone as 

the center. Inlet water flowed to the production zone under the differ- 

ential pressure of the pumping/recharging water and gravity. The flow 

field formed by the groundwater flow presented an “elliptical ” distribu- 

tion on the entire monitoring surface. 

3.1.4. Monitoring line velocity changes with respect to X 

As shown in Fig. 6 a, the difference of the dominant velocity direction 

on the monitoring surface was obvious. To better analyze the velocity 

distribution of groundwater in the aquifer with respect to X, monitoring 

lines L 10 and L 11 divided the aquifer into three areas: upper, middle, and 

lower areas. Fig. 7 a shows the relationship between the groundwater 

flow velocity and the X axis in the area above the aquifer. As shown, in 

the radial range of 300 mm, the flow rater gradually increases with the 

increase of the deep distance from the sand box top plate. At the same 

radical position, velocity of each monitoring in the longitudinal distance 

of 610–710 mm was almost equal. The velocity of the upper area was 

not only dominant in the positive direction of X, but also in the negative 

direction of Y beyond radical range of 300 mm. However, the velocity 

gradually decreased with increasing distance from the thermal well axis. 

Fig. 7 b displays the relationship of the groundwater flow velocity 

with radical distance X in the aquifer zone. Compared with Fig. 6 a, the 

other regions were in the negative Y direction in addition to the Z 3 and 

Z 4 areas being in the X direction. For the same X coordinate, the ground- 

water flow velocity on both sides of the well centerline was basically 

axisymmetric along the well centerline. The velocity on the centerline 

was the smallest and gradually increased from the center to the upper 

or lower sides. Furthermore, the velocity near the injection zone was 

slightly greater than that at the production zone when the same position 

was located at the symmetrical center because the geometry of the sand 

box was symmetrical along the centerline of the well, and the aquifer 

was homogeneous and isotropic; therefore, the waterhead at well cen- 

terline was approximately zero. The recharging pressure was greater 

than the pumping gravity, resulting in a greater head difference of the 

monitoring point near the injection zone rather than that of the moni- 

toring point near the production zone, and the velocity shows the same 

comparative trend. According to Fig. 6 a, the velocity at the monitoring 

points on monitoring line Y = 580 mm had both positive and negative 

points. The dominant velocity of this line was in the negative direction 

of Y, while that in the positive direction of X was mainly concentrated 

at X = 138.5 mm–300 mm (i.e., the Z 3 area in Fig. 6 a). In terms of the 

absolute velocity, the velocity value of the Z 3 area was equal to that of 

the corresponding Z 4 area, but in the opposite direction. A comparison 

of Fig. 7 a and Fig. 7 c showed that the groundwater flow velocity below 

the aquifer was consistent with the variation of the groundwater flow 

rate in the upper aquifer, but the different direction of the velocity is 

opposite. 

Overall, with the increasing distance from the axis of the thermal 

well, the groundwater seepage velocity in the aquifer gradually de- 
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Fig. 8. Transient temperature variation of monitoring lines ( a ) L 5 and ( b ) L 6 . 

creased, and a difference in magnitude was observed. This result was 

directly opposite to the aquifer within 100 mm from the thermal well 

wall in the pumping/recharging area, and the velocity magnitude was 

10 − 3 m 

•s − 1 . Within 300 mm from the axis of the thermal well, when 

the region with a magnitude of 10 − 3 m 

•s − 1 was removed, the remain- 

ing regional levels were at magnitudes of 10 − 4 and 10 − 5 m 

•s − 1 outside 

the area of 300 mm. It is considered that the area within 300 mm from 

the axis of the thermal well was the area where the groundwater was 

more active in the FECSCW. 

3.2. Temperature field of groundwater flow 

3.2.1. Temperature variation on the monitoring line 

Fig. 8 a shows the temperature variation of monitoring line L 5 with 

time. This variation was observed when the operation running 2 min; 

the heat at the injection zone was exchanged by low-temperature in- 

let water; and the temperature dropped to 13.5 °C, which was basically 

equal to the inlet water temperature. During the operation, the tempera- 

ture on the monitoring line gradually decreased upward and downward 

from the center of the injection zone. Due to the limitation of the sand- 

box size, the geometric boundary influence can be observed. The top 

plate of the sand box hindered the upward development of the temper- 

ature field and reduced the heat exchange area of the FECSCW. 

Fig. 8 b shows the temperature variation of monitoring line L 6 with 

time, indicating that when the simulated operation was performed for 

5 min, the temperature variation at the center of the injection zone 

(Y = 685 mm) was relatively large, but reduced by 1 °C. After 10 min, 

the point where the temperature dropped greatly on L 6 was also the 

center position of the injection zone, indicating that the temperature 

of this position was rapidly changed under the same conditions of the 

other parameters in the aquifer. The temperature variation on L 6 in the 

first 10 min was greater than that in the later 15 min because the low- 

temperature inlet water seepage into the aquifer slowly. The area of heat 

exchange between the inlet water and the aquifer was small and the tem- 

perature difference was large in the first 10 min, resulting in a drastic 

temperature variation in this area. Moreover, the temperature change 

in the aquifer became slower with the expansion of the heat exchange 

area and the reduction of temperature difference after 10 min. 

Fig. 8 shows that within the 25 min simulation, the area at the bot- 

tom of the sand box was not affected by the low-temperature inlet water; 

instead, only the area about 200 mm from the sand box bottom was af- 

fected. In addition, the heat exchange area of the FECSCW was mainly 

concentrated above the pumping area. In the actual project, the spacing 

between the production/injection zones should be increased to increase 

Fig. 9. Migration of the temperature equivalent line (19.6 °C). 

the heat exchange area and improve the load-bearing capacity of the 

FECSCW. 

3.2.2. Temperature contour migration 

Fig. 9 presents the position of the temperature contour (19.6 °C) as a 

function of time. The temperature contour gradually expanded outward 

from the inlet water zone with the operation time, and the expansion 

rate gradually decreased because the heat exchange area between the 

low-temperature inlet water and the aquifer increased, resulting in a 

gradual decrease in the rate of outward migration of the temperature 

contour under constant load operation conditions. 

The temperature contour was approximately semielliptical in the 

first 3 min during the simulation process. Furthermore, the top plate 

of the sand box hindered the upward expansion of the temperature con- 

tour during the 4 min operation, resulting in incomplete development 

of the subsequent temperature contour. The top plate of the sand box 

also hindered the upward flow of the inlet water, causing the temper- 

ature contours above the injection zone to tend to be vertical after 15 

min. Therefore, the distance of the injection zone from the ground in 

the practical project should be considered and appropriately increased 

under permissible conditions to increase the heat exchange area of the 

thermal well. 
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Fig. 10. Relation of thermal breakthrough and outlet water temperature. 

4. Discussion 

4.1. The influence of flow breakthrough on thermal breakthrough strength 

and unit COP 

4.1.1. Flow breakthrough strength 

An aquitard may exist between the aquifer of the production zone 

and injection zone. When the aquitard is damaged, the inlet water en- 

tering the production zone through the aquitard was called flow break- 

through. The breakthrough flow as a percentage of the inlet water was 

called flow breakthrough strength. When there was no aquitard, the 

breakthrough flow was the total inlet water, that means the flow break- 

through strength became 1. In this model, it was assumed that there 

was no aquitard between the aquifer of the production zone and injec- 

tion zone Thus, the breakthrough flow of the FECSCW model was the 

flow of inlet water. As shown in Fig. 6 b, the flow breakthrough fluid 

can be divided into two parts. A part of the fluid directly entered the 

pumping area without heat exchange with the aquifer, as shown in Z 5 
in Fig. 6 b. The monitoring section S 1 showed that the flow rate was 

0.06912 m 

3 •h − 1 , accounting for 12.8% of the overall flow. The other 

part of the fluid entered the pumping area after exchanging heat with 

the aquifer, as shown in Z 6 in Fig. 6 b, which accounted for 87.2% of the 

flow. 

As shown in Fig. 10 , the temperature of the monitoring section S 1 
and the outlet water temperature changes with time. Within 2.5 min of 

the initial operation of the simulation, the temperature of the monitor- 

ing section S 1 and the outlet water temperature were maintained at the 

initial temperature of the sandbox. After 2.5 min, the temperature of the 

monitoring section S 1 dropped sharply and decreased from 20 °C to 14 

°C within 5 min, which was accompanied by a drop in the outlet water 

temperature. The extent of the temperature decrease was reduced when 

simulation was performed for more than 7.5 min. After 12 min, the tem- 

perature at the monitoring section S 1 became equal to the inlet water 

temperature, and the outlet water temperature continued to decrease 

slowly. For FECSCW, when the hot fluid in the Z 5 zone was displaced 

by the cold inlet water, the heat exchange with the aquifer was very in- 

significant. The major heat exchange process occurred with the backfill 

material, whose thermal capacity is limited, so its temperature will drop 

rapidly to the inlet water temperature. The colder fluid that entered the 

pumping area caused huge fluctuations in the outlet water temperature, 

which would also greatly affect the thermal breakthrough strength of 

the FECSCW and the COP of the unit. 

4.1.2. Thermal breakthrough and the COP of unit 

In FECSCW, thermal breakthrough was caused by flow break- 

through, which caused the outlet water temperature of the pumping 

Fig. 11. Variation of the coefficient of performance (COP) of unit and thermal 

breakthrough strength ( a ) effect of Z 5 backfill porosity on COP of unit and ther- 

mal breakthrough strength and ( b ) effect of blending ratio and thermal break- 

through strength on COP of unit. 

area to decrease and induced the COP of the groundwater heat pump 

unit to decrease, further increasing the unit energy consumption. There- 

fore, by referring to the variation of COP with evaporation temperature 

of a ground source heat pump unit and fitting the curve based on its dis- 

crete data [26] , the curve’s fitting formula is shown in Eq. (2 ), in which 

the goodness of fit R 

2 = 0.9967 and T e is evaporation temperature with 

a value range of 2 °C-20 °C. 

𝐶𝑂𝑃 = 3 . 62723 + 0 . 305778 𝑇 𝑒 + 0 . 00226 𝑇 2 
𝑒 

(2) 

For this FECSCW, the fluid temperature in zone Z 5 was the inlet 

water temperature which exchange heat with the aquifer inadequately. 

Because the temperature of the inlet water was lower, the outlet water 

temperature would fluctuate greatly when the inlet water entered the 

pumping zone quickly. The variation of unit COP and thermal break- 

through strength with time under a gravel material porosity of 0 and 

0.35 is shown in Fig. 11 a. The temperature of the aquifer continued to 
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decrease because of the successive extraction of heat from the aquifer 

with limited thermal capacity, which would decrease the outlet water 

temperature. Both the unit COP and thermal breakthrough strength un- 

der different condition were unchanged at first, and then, the COP of the 

unit showed a downward trend with time. The thermal breakthrough 

strength started to increase, and the COP value of both units was 5.68 

within 2.5 min. After 2.5 min, the COP value of the unit with backfill 

material porosity of 0 in Z 5 area was greater than that with a poros- 

ity of 0.35, and the thermal breakthrough strength was reversed, the 

difference between the two conditions increased sharply within 2.5-7.5 

min. When the porosity of the backfill material in the Z 5 zone decreased 

from 0.35 to 0, the COP reduction trend was significantly halted at this 

stage. The maximum value of the COP difference and the thermal break- 

through strength difference were reached at 9 min and 10 min, respec- 

tively, and both were 0.11. After that, they both decreased slightly. The 

average COP of the unit with a backfill material porosity of 0 and 0.35 in 

zone Z 5 within 25 min are 5.59 and 5.50, respectively, and the difference 

was 0.09 with a decrease of 1.6%. The average thermal breakthrough 

strengths with backfill material porosity of 0 and 0.35 in zone Z 5 within 

25 min are 10.4% and 19.0%, respectively, with an increase of 45.3%. 

The COPs of the unit under the two conditions were same before 

2.5 min because the cold fluid had not been displaced to the pumping 

area even though flow breakthrough had occurred, and the outlet water 

temperature of the pumping area had not been effected. After 2.5 min, 

the outlet water temperature of the pumping area begun to decrease 

because the cold fluid reached the pumping area, which induced the 

formation of thermal breakthrough, and the unit COP decreased. The 

COP difference and the thermal breakthrough strength difference of the 

unit gradually decreased after 10 min because the thermal capacity of 

the aquifer near the pumping area was limited, and the extraction capac- 

ity decreased. That is, the temperature of the pumping zone was slightly 

reduced by the fluid which had not been fully exchanged, which in turn 

reduced the COP difference and thermal breakthrough strength differ- 

ence of the two units. It can be seen that the COP of the unit and thermal 

breakthrough strength were greatly influenced by the fluid with insuf- 

ficient heat exchange in FECSCW flow breakthrough, especially in the 

early stages of thermal breakthrough. The temperature of outlet water 

from the pumping area varied more intensely when the proportion of 

fluid with insufficient heat exchange during flow breakthrough became 

large. Thus, it was assumed that only the proportion of fluid without 

sufficient heat exchange was changed during the 2.5 min and 9 min 

operation. According to the principle of conservation of energy, the re- 

lationship between the outlet water temperature and the blending ratio 

is separately shown in Eqs. (3 ) and (4) . 

𝑇 𝑜 = 20 − 6 . 2652 𝐵 (3) 

𝑇 𝑜 = 19 . 63956 − 5 . 90476 𝐵 (4) 

where 𝑇 𝑜 is the outlet water temperature, and B is the blending ratio. The 

impact of the blending ratio on the COP of the unit was explored, and the 

details are shown in Fig. 11 b. Fig. 11 b shows that the blending ratio at 

2.5 min and 9 min, and the thermal breakthrough strength were linearly 

related to the COP of the unit, and the slopes were -0.86184, -0.80625, 

and -0.95981, respectively. It can be seen that the blending ratio had a 

greater impact at the 2.5 min. When the blending ratio increased from 

0 to 50%, the outlet water temperature at 2.5 min dropped by 3.13 °C 

with a decrease of 15.66%, COP dropped by 0.44 with a decrease of 

7.77%. The outlet water temperature at 9 min dropped by 2.95 °C with 

a decrease of 15.03%, while the COP fell by 0.41 with a decrease of 

7.33%. Thus, reducing the fluid flow of insufficient heat exchange in 

flow breakthrough is particularly important to increase the outlet water 

temperature of the groundwater heat pump system and the efficiency of 

the unit. 

Fig. 12. Thermal response time (horizontal and vertical). 

4.1.3. Thermal response time of the monitoring point 

Fig. 12 shows the horizontal and vertical thermal response times at 

the same distance in the FECSCW. The thermal response times of both 

P 1 and P 2 were 1 min. The temperature of P 2 rapidly dropped to 13.9 

°C at the simulation time of 2.5 min, while the temperature of P 1 was 

19.8 °C. After 4 min of simulation, the temperature of P 2 reduced to 

the inlet water temperature, and the temperature of P 1 became equal 

to the inlet water temperature until 12.5 min. In the thermal well, the 

thermal response times of P 1 and P 2 , considering point P outside the 

center of the injection zone as the symmetric center, were the same. 

However, the temperature of P 1 decreased at a slower rate compared 

to the temperature of P 2 because the inlet water flow toward P 1 must 

overcome the impact of gravity; thus, the inlet water velocity and the 

flow rate of P 1 were less than those of P 2 . The thermal response time of 

P 3 was 1.5 min, and the temperature of P 3 was approximately equal to 

the inlet water temperature after running the simulation for 9 min. 

Horizontal monitoring point P 3 was located in the aquifer, while lon- 

gitudinal monitoring points P 1 and P 2 were located in the backfilling 

gravel zone within the thermal well. The porosity (0.35) of the backfill- 

ing gravel zone was larger than the porosity (0.25) of the porous medium 

in the aquifer. A high porosity is more favorable for the inlet water flow; 

therefore, the thermal response time of P 3 was slower than those of lon- 

gitudinal monitoring points P 1 and P 2 . The flow rate at P 3 (1.75 × 10 − 4 

m 

•s − 1 ) was greater than that at P 1 (1.41 × 10 − 5 m 

•s − 1 ) and lesser than 

that at P 2 (4.86 × 10 − 4 m 

•s − 1 ). In addition, the time taken for the tem- 

perature at P 3 to reach the inlet water temperature was also between 

the time values of P 1 and P 2 . Thus, the porosity of the backfill gravel 

area and aquifer is an important factor affecting the thermal response 

time, and the velocity of the monitoring point influences the degree of 

temperature decrease. 

4.2. Comparative analysis of velocity and temperature migration 

By simulating the velocity and temperature fields, it is found that the 

temperature and velocity of the part of the aquifer facing the centerline 

of the injection zone changed faster than those at other locations. Mon- 

itoring line L 7 was selected to investigate the velocity and temperature 

migration in the FECSCW. 

4.2.1. Velocity migration 

The monitoring line L 7 on surface A was selected, and the velocity 

was measured by establishing the monitoring point; thus, the variation 

law of the groundwater with the X-axis can be determined. The curve 
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Fig. 13. Velocity and temperature front migration ( a ) fitted curves and ( b ) time 

dependence plots. 

of the relationship between the velocity and the coordinate was given 

by Eq. (5 ), which fitted with a correlation coefficient of R 

2 = 0.9996 

( Fig. 13 a). 

𝑣 = 18 . 72 𝑒 
− 𝑥 

14 . 37 + 3 . 582 𝑒 
− 𝑥 

76 . 62 + 0 . 0448 (5) 

4.2.2. Temperature migration 

The temperature was considered to be affected when the temperature 

of the monitoring point was reduced from 20 °C to 19.99 °C. Taking this 

as the standard, the time of temperature variations at different locations 

was summarized, and a curve of the relationship between temperature 

and time is shown in Fig. 12 . The time taken for the temperature to 

change was identical for each monitoring point (within 150 mm from 

the shaft axis). The change of temperature was completed within a very 

short period of time after the start of the simulation. Beyond 150 mm, 

the temperature variation time of each control point delayed as the X 

coordinate increased. The temperature beyond 615 mm was not affected 

at the end of the simulation. The fitted curve was given by the Eq. (6 ) 

with a correlation coefficient of R 

2 = 0.9996 ( Fig. 13 a): 

𝑡 = 6 . 198 𝑒 
𝑥 

300 . 2 − 0 . 03024 𝑥 − 5 . 169 (6) 

4.2.3. Comparison of temperature and velocity migration 

The temperature and velocity migrations are summarized in Fig. 13 b 

based on the above-mentioned analyses to compare and analyze the ef- 

fects of heat conduction and heat convection on the heat exchange pro- 

cess. Within 100 mm of the axis of the thermal well, the movement 

speed of the velocity front was faster than that of the temperature front. 

Outside the 100 mm range, the movement speed of the velocity front 

was lower than that of the temperature front because of the decrease 

in the groundwater seepage velocity. Thus, the seepage velocity of the 

groundwater decreased as the distance from the axis of the thermal well 

was considered further and the time spent on the velocity particles was 

increased. 

Some laws can be determined from Fig. 13 . Within 100 mm of the 

axis of the thermal well, the seepage velocity of groundwater was greater 

than 1 × 10 − 3 m 

•s − 1 . The effect of heat convection on the FECSCW 

was major than that of heat conduction. Beyond the 100 mm range, 

the seepage velocity was less than 1 × 10 − 3 m 

•s − 1 , and the speed of 

heat conduction was greater than that of heat convection. The influence 

of the groundwater seepage on the FECSCW should be considered in 

practical engineering. 

5. Conclusions 

This study applied a verified 3D numerical model to quantitatively 

study the distribution of velocity and temperature when the FECSCW 

was running. A quantitative analysis of the penetration of flow and ther- 

mal breakthrough was also simultaneously performed. The conclusions 

from this study are as follows: 

(1) The velocities of monitoring points, lines, and surfaces in the FEC- 

SCW can be replaced by the dominant velocity. The groundwater 

flow velocities on both sides of the thermal well are symmetrical 

with respect to the axis of the thermal well. The streamlines formed 

by the groundwater flow in the aquifer are elliptical and distributed 

around the thermal well. The groundwater seepage velocity grad- 

ually decreases as the distance from the axis of the thermal well 

increases. 

(2) The heat exchange area of the FECSCW is mainly above the produc- 

tion zone, and the temperature contour gradually expands outwards 

from the injection zone. In practical projects, the space between the 

production/injection zones should be increased as much as possible. 

The distance between the injection zone and the roof of the aquifer 

should also be increased such that the heat exchange area can be 

increased, and the load-bearing ability can be improved. 

(3) The flow breakthrough strength of this model is 1, and 12.8% inlet 

water directly enters in pumping zone without heat exchange with 

aquifer, which has a considerable influence on the temperature of 

the outlet water. The thermal breakthrough begins at 2.5 min and 

is completed at 12 min. The time taken by the temperature of the 

pumping water to change significantly is basically the same as the 

time from the start of thermal breakthrough to the complete forma- 

tion. 

(4) The blending ratio and the thermal breakthrough strength are both 

linearly and negatively correlated with the COP of the unit. When 

the porosity of gravel zone decreases from 0.35 to 0, the trend of 

COP reduction can be greatly slowed down within 2.5-7 min, and 

the average value of the COP of the unit is increased from 5.50 to 

5.59, which is an increase of 1.6% within 25 min. The average value 

of thermal breakthrough strength is reduced from 19.0% to 10.4%, 

which implies a decrease of 45.3% within 25 min. Therefore, FEC- 

SCW can reduce the thermal breakthrough strength and improve the 
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COP of the unit by changing the porosity of the backfill material be- 

tween the thermal well and prefabricated well. 

(5) Within 100 mm from the axis of the thermal well, the seepage ve- 

locity of the groundwater is greater than 1 × 10 − 3 m 

•s − 1 , the effect 

of heat convection on heat exchange is greater than that of heat 

conduction. Beyond 100 mm from the axis of the thermal well, the 

seepage velocity is less than 1 × 10 − 3 m 

•s − 1 . The temperature front 

moves faster than the groundwater seepage velocity, indicating that 

the velocity of heat conduction is greater than that of heat convec- 

tion. 
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a b s t r a c t 

Photovoltaic (PV) system’s performance is significantly affected by its orientation and tilt angle. Experimental 

investigation (indoor and outdoor) has been carried out to trace the variation in PV performance and electrical 

parameters at varying tilt angles in Malaysian conditions. There were two experimental modus: 1) varying module 

tilt under constant irradiation level, 2) varying irradiation intensity at the optimum tilt set up. For the former 

scheme, the irradiation level was maintained at 750 W/m 

2 , and for the later arrangement, the module tilt angle 

was varied from 0 o to 80 o by means of a single-axis tracker. Results show that under constant irradiation of 

750 W/m 

2 , every 5 o increase in tilt angle causes a power drop of 2.09 W at indoor and 3.45 W at outdoor. In 

contrast, for the same condition, efficiency decreases by 0.54% for indoor case and by 0.76% at outdoor. On 

the other hand, for every 100 W/m 

2 increase in irradiation, solar cell temperature rises by 7.52°C at indoor and 

by 5.67°C at outdoor. As of module electrical parameters, open-circuit voltage, short-circuit current, maximum 

power point voltage and maximum power point current drops substantially with increasing tilt angle, whereas 

fill factor drops rather gradually. Outdoor experimental investigation confirms that the optimum tilt angle at 

Malaysian conditions is 15 o and orienting a PV module this angle will maximize the sun’s energy captured and 

thereby enhance its performance. 

1. Introduction 

Fossil fuels, such as coal, oil, and natural gas, constitute a major 

source to meet the global energy demand [1] . However, the burning of 

these fuels is the leading cause behind global warming [ 2 , 3 ]. On the 

other hand, fossil fuel reserves are likely to deplete within the next 50 

to 120 years [4] . Both of the above issues accentuate the necessity to 

explore renewable sources of energy, which are clean, affordable, and 

sustainable [5-7] . Renewable options include solar, wind, geothermal, 

hydropower, bioenergy, and ocean energy, and currently, they provide 

about 20% of global energy demand [8] . Among the renewables, solar 

energy-based PV electricity is one of the most potential options, which 

is less capital intensive, easy to install and economically viable [ 9 , 10 ]. 

Electricity generation through PV modules has increased 22% (which 

is 131 TWh more than the previous year) in 2019 and embodied the 

second highest generation growth of all renewable technologies [11] . 

However, it suffers from several shortcomings, including low energy 

conversion efficiency, only daytime availability, and uncertainty due to 

weather fluctuations [12] . While the maximum theoretical limit (known 

as the Shockley-Queisser limit) for silicon p-n junction cells is 33.7%, 

most current commercial PV cells manage between 15 and 22% [13] . 

∗ Corresponding author. 

E-mail addresses: hasan@um.edu.my , hasan.buet99@gmail.com (M. Hasanuzzaman). 

The higher its efficiency, the more electricity a solar cell will produce 

per square meter [14] . However, despite the use of high-efficiency cells’ 

wrong orientation, the module might result in lower power output. 

As sun’s ray is the only fuel for PV systems, it is important that the 

PV modules are installed properly to receive the maximum sunlight and 

avoid partial shade. In order to capture the maximum irradiation inten- 

sity module must be faced normal to the incident sun rays [15] . One 

of the best solutions to intercept the maximum sun’s energy is to ap- 

ply solar tracking system to follow sun path continuously across the sky 

[16] . However, the module’s trackers are complex systems; these are 

expensive and require repair and maintenance; hence, not always ap- 

propriate for application [17] . Therefore, fixed PV installations with a 

well-engineered tilt angle are still prevalent in PV industry [18] . 

The optimum performance of a PV panel depends on the amount of 

incident solar radiation on it. So, a panel needs to be inclined in such 

an angle that maximum sunrays intercept its top surface vertically. De- 

termination of an optimum tilt depends on mounting techniques, land 

topography, and climatic conditions [19] . Conventionally, PV modules 

are aligned with the latitude of the region [20] . However, exact ori- 

entation is of prime importance to allow a PV system to receive max- 

imum irradiation [21] . Two main angles are used to define array ori- 

entation: tilt angle and azimuth angle, wherein tilt angle is the vertical 
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Nomenclature 

Abbreviations 

ARC anti-reflective coating 

EVA ethylene-vinyl acetate 

FF fill Factor 

GHGs greenhouse gas emissions 

mc-Si mono-crystalline silicon 

MPPT maximum Power Point Tracker 

PTFE polytetrafluoroethylene 

PV photovoltaic 

Symbols 

A sc area of the PV cell, (m 

2 ) 

E in overall energy absorbed by the module top surface, (W) 

E e theoretical electrical power generated by the module 

(W) 

E pv actual electrical power generated by the module (W) 

E l rate of energy loss to the ambient through top glass 

cover (W) 

E t rate at which useful energy transmitted to the module 

backside (W) 

G irradiation intensity, (W/m 

2 ) 

�̄� 𝑏 monthly average daily beam irradiation 

�̄� 𝑑 monthly average daily diffuse irradiation 

I mpp maximum power point current, (A) 

I sc short-circuit current, (A) 

𝜌sc packing factor of the module 

T amb ambient temperature (°C) 

T bs back surface temperature of the module, (°C) 

T r reference temperature for module testing (°C) 

T sc solar cell temperature (°C) 

T td tedlar back surface temperature, (°C) 

U ga total heat transfer co-efficient glass shelter from top to 

ambient of the system, (W/m 

2 K) 

U t total heat transfer co-efficient from top to back of the 

system, (W/m 

2 K) 

V mpp maximum power point voltage, (V) 

V oc open-circuit voltage, (V) 

Greek letters 

𝛼sc absorptivity of the module 

𝛽 tilt angle of the module ( o ) 

𝜀 g emissivity of glass 

𝜂sc reference electrical efficiency of the module 

𝜇sc PV temperature coefficient (%/°C) 

𝜏g glass transmissivity 

angle between the horizontal and the array surface [22] . Capturing the 

maximum irradiation intensity at a given surrounding condition can be 

accomplished by fixing an optimum tilt angle for a particular installa- 

tion [23] . Hussein et al. [24] reported that the maximum efficiency, 

power, and short-circuit current of the PV modules increases with the 

amount of irradiation intercepted by the module, which mostly depends 

on its orientation (tilt and azimuth). If the angle of incidence of solar ra- 

diation differ substantially from normal incidence reflection, losses can 

become significant that in turn diminish electricity generation. The con- 

sequence of slightly off beam orientation of the modules in a large PV 

farm [25] could result in a loss in a substantial amount of generation 

[26] . 

Several researchers tried to explore an optimum tilt angle relation, 

out of which some found that the installation location is one of the crit- 

ical factors to be considered in this exercise [27-29] . Several theoretical 

models for optimum tilt have been proposed, too. Most of the proposed 

models were devised for a particular location on the ground that maxi- 

Table 1 

Specification of PV module [37] . 

Material Mono-crystalline Silicon (m-Si) 

Model Number SY-90M 

Brand Name Shaiyang 

Manufacturing Country Hebei, China 

Number of Cells 36 (4 × 9) 

Maximum Power 90 W 

V mp (V) 18.36 

I mp (A) 4.9 

V oc , (V) 22.03 

I sc , (A) 5.3 

Size of cell (mm) 125 × 125 

Size of the module (mm) 1200 × 545 × 35 

Weight (kg) 7.0 

mizing PV output is strictly an engineering problem determined for each 

location and PV system. Among others, Hussein et al. [24] , Benghanem 

[30] , Chang [31] , and Arbi and Pillay [32] have studied output maxi- 

mizing angles of PV panels in different locations. The essence of their 

findings can be summarized as: choice of tilt angles should be between 

the latitude of the location ( 𝜑 ) and ( 𝜑 - 15°). This approximation of the 

maximizing angle combination in the range of ± 15° incurs a minor loss 

in total output (below 5%). 

In addition to its technical perspective, a study has also focused on 

the economic perspective of the optimum tilt angle orientation of the PV 

system [33] . Liu et al. [34] studied the techno-economic optimization 

of a grid-connected PV system, wherein electricity tariffs were found to 

allay as a result of maintaining optimum tilts. Rowlands et al. [35] deter- 

mined optimal orientations for four pricing regimes in Ontario, Canada. 

Authors found that tilts of 7 to 12° less than latitude produce the opti- 

mum revenue in all regime 

Above literature review shows that several research have been car- 

ried out that have addressed the effect of tilt angle on the PV perfor- 

mance; however, these studies did not considered the consequence ex- 

tensively on PV electrical parameters such as short-circuit current ( I sc ), 

open-circuit voltage ( V oc ), fill factor ( FF ), and so forth and most im- 

portantly on solar cell temperature. Moreover, a comparative experi- 

mental investigation between controlled indoor conditions and real-time 

outdoor in Malaysian conditions is yet to performance. Therefore, the 

present article aims to investigate the effect of varying module tilt angle 

on the PV cell temperature and its electrical parameters at the labo- 

ratory environment and compare the results with those monitored at 

Malaysian outdoor conditions with a view to set an optimum tilt an- 

gle for best performance. The findings of this research will be useful in 

harvesting optimum energy from solar installations as well as provide 

guidelines for further research. 

2. Experimental 

2.1. Test module and instrumentation 

The PV module, under performance test at varying tilt angles, is a 

36-cell, 90-W mono-crystalline silicon (mc-Si) module. The module has 

six different layers: top surface glass, mc-Si, an anti-reflective coating 

(ARC), ethylene-vinyl acetate (EVA), tedlar back PVF, and metal back 

sheet [36] . The 36 cells are arranged in four columns with every two 

columns (18 cells) connected to a bypass diode, thus forming two in- 

dependent strings of cells. This configuration facilitates the continued 

operation of any of the 18-cell string in case the other one is damaged 

or impaired. Detail specification of the PV module is given in Table 1 . 

In the present research, data have been recorded uninterruptedly 

through digital data acquisition devices. Solar irradiance and tempera- 

tures at different points are the two major parameters to measure. Poly- 

tetrafluoroethylene (PTFE) revealed bonds tip K-type thermocouples 

(measuring range: ̠ 75°C to 250°C) are used to determine the module’s 
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Fig. 1. Indoor Experimental setup for investigation the tilt angle effects [37] . 

bottom and top surface temperature. A calibrated silicon pyranometer 

(Model: LI-COR PY82186) works in the temperature range between -40 

and 95°C, while its irradiance intensity determining range is between 0 

and 1500 W/m 

2 , and the spectral range is between 300 and 1100 nm, 

has been chosen to measure the irradiance intensity. As mentioned ear- 

lier, all data have been acquired in digital data acquisition devices: a 

data logger (Model: DataTaker DT80) to store temperature values and a 

maximum power point tracker (MPPT; P max : 2000 W) cum I-V tracer to 

record irradiation intensity and I sc , V oc , I m 

, V m 

, and P max values. 

2.2. Indoor experimentation 

An experimental setup for indoor investigation of the tilt angle ef- 

fect on the PV performance is installed in Solar Thermal Research Lab, 

Wisma R & D, University of Malay (UM), as presented in Fig. 1 . Ambi- 

ent temperature during the experiment in the indoor conditions is kept 

constant at 25°C. The investigation was carried out observing the effect 

of tilt angle (from 0 o to 85 o ) at constant irradiation intensity 750 W/m 

2 

and the effect of variable irradiation intensities (200 – 1000 W/m 

2 ) on 

the PV performance and module electrical parameters. 

The experimental setup contains a solar emulator comprising 90 

halogen bulbs in series and parallel combinations to provide different 

irradiances intensity to the module. For power supply to use three differ- 

ent AC power supply transformers that help create different irradiance 

intensities to the simulator, each transformer capacity is 3 KVA. 

2.3. Outdoor investigation 

The outdoor experiments have been conducted at Solar Garden, UM 

Power Energy Dedicated Advanced Center (UMPEDAC), University of 

Malaya, Kuala Lumpur, Malaysia, which is located at latitude 3.1169°

N and longitude 101.6669° E. Data are collected on sunny days from 

January to March 2017, with module tilted conditions. Thus, the data 

are collected for different irradiation intensities varying from 200 to 

1000 W/m 

2 . The ambient temperature variation was observed 29 o to 

35°C. 

Fig. 2 (a) shows the data acquisition facility of the outdoor exper- 

imental setup. Single-axis manual tracker ( Fig. 2 (b)) on which the PV 

module rests is constructed such that its structure is hinged on each side 

supports and can be rotated up to 90 o with the help of a protractor at- 

tached to it. As Malaysia is in the northern hemisphere; therefore, the 

PV module must be faced south for maximum energy harvest by the 

PV module. Hence, the experiment has been carried out by facing the 

tracker due to south and it has been tilted to the horizontal from 0 to 

80 o by changing the angle at a step of 5 o . 

2.4. Mathematical formulation 

The amount of total received energy by the module is calculated as 

[37-40] 

𝐸 𝑖𝑛 = 𝜏𝑔 𝛼𝑠𝑐 𝜌𝑠𝑐 𝐺 𝐴 𝑠𝑐 (1) 

where E in is the overall energy absorbed by the module top surface, 𝜏g 

represents the glass transmissivity, 𝛼sc is the PV module absorptivity, 𝜌sc 

represented packing factor of solar panel, G is the irradiation intensity, 

and A sc is the area of solar cell. By the convection process, some part of 

this energy goes to the ambient air through the system’s glass surface. 

This can be written as follows [37-40] : 

𝐸 𝑙 = 𝑈 𝑠𝑐𝑎 
(
𝑇 𝑠𝑐 − 𝑇 𝑎𝑚𝑏 

)
𝐴 𝑠𝑐 (2) 

Some portion of the rest of the energy is converted into electrical 

energy ( E e ), which is initially [37-40] 

𝐸 𝑒 = 𝜂𝑠𝑐 𝜌𝑐 𝐺 𝐴 𝑠𝑐 (3) 

The rest of the energy transfers by heat conduction procedure as 

thermal energy from the solar cell to the module back surface. Thus 

the overall useful thermal energy of back surface in the system ( E t ) is 

[37-40] : 

𝐸 𝑡 = 𝑈 𝑡 
(
𝑇 𝑠𝑐 − 𝑇 𝑏𝑠 

)
(4) 

So, the equation of energy balance for the module ( E in ) can be dis- 

played as: 

𝐸 𝑖𝑛 = 𝐸 𝑙 + 𝐸 𝑒 + 𝐸 𝑡 (5) 

The solar cell temperature [37] is obtained from the following equa- 

tion: 

𝑇 𝑠𝑐 = 

𝜌𝑠𝑐 𝐺 

(
𝜏𝑔 𝛼𝑠𝑐 − 𝜂𝑠𝑐 

)
+ 

(
𝑈 𝑠𝑐𝑎 𝑇 𝑎𝑚𝑏 + 𝑈 𝑡 𝑇 𝑏𝑠 

)
(
𝑈 𝑠𝑐𝑎 + 𝑈 𝑡 

) (6) 
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Fig. 2. Outdoor experimental setup for the investigation on the effect of tilt angle. 

Table 2 

Heat transfer factors of the module [37] . 

Parameters Value 

PV module absorptivity, 𝛼sc 0.9 

PV glass transmittance, 𝜏g 0.96 

Module packing factor, p sc 0.8 

Total heat transfer co-efficient from top to back of the system, U t (W/m 

2 K) 150 

Total heat transfer co-efficient glass shelter from top to ambient of the system, U sca (W/m 

2 K) 7.14 

PV module’s reference electrical efficiency, 𝜂sc (%) 0.12 

Thermal coefficient of PV cell efficiency, 𝜇sc (%/°C) 0.0045 

The reference temperature, T r (°C) 25 

where T sc is the solar cell temperature, T bs is the back surface temper- 

ature of the module, U t represents the total heat transfer co-efficient 

from top to back of the system, U sca is the total heat transfer co-efficient 

glass shelter from top to ambient of the system, 𝜂sc is the PV module’s 

reference electrical efficiency. 

Once the solar cell temperature ( T sc ) is determined, the actual elec- 

trical power attainable from a PV module with reference efficiency of 

𝜂sc and temperature coefficient of 𝜇sc is calculated as follows [41] : 

𝐸 𝑝𝑣 = 𝐺 𝜏𝑔 𝜂𝑠𝑐 
[
1 − 𝜇𝑠𝑐 

(
𝑇 𝑠𝑐 − 𝑇 𝑟 

)]
(7) 

where 𝜏g is the transmittance of the PV top cover glass, T r is the reference 

temperature at which the module is tested (25°C). All the constant and 

reference values used in the above equations have been listed in Table 2 

[37] . 

2.4.1. Optimum tilt angle relationship 

The maximum irradiation intensity for a fixed orientation module 

can be found as follows [ 42 , 43 ]. 

𝑑 

𝑑𝛽

(
�̄� 𝑇 

)
= 0 (8) 

�̄� 𝑇 = �̄� 𝑏 �̄� 𝑏 + �̄� 𝑑 

( 

1 + 𝑐𝑜𝑠𝛽

2 

) 

+ �̄� 𝜌

( 

1 + 𝑐𝑜𝑠𝛽

2 

) 

(9) 

where irradiation intensity on the tilted surface ( H T ), �̄� 𝑏 monthly av- 

erage daily beam irradiation, �̄� 𝑑 monthly average daily diffuse irradi- 

ation, and meanwhile, ground and diffusely reflected potions are negli- 

gible as from the above equation [ 43 , 44 ] . 

𝑑 

𝑑𝛽

(
�̄� 𝑏 

)
= 0 (10) 

�̄� 𝑏 = 

sin ( 𝜑 − 𝛽) 𝑐 𝑜𝑠𝛿 𝑠𝑖𝑛 𝜔 𝑠 − 

(
𝜋

180 

)
𝜔 𝑠 𝑐 𝑜𝑠 ( 𝜑 − 𝛽) 𝑠𝑖𝑛𝛿

𝑐 𝑜𝑠𝜑 𝑐 𝑜𝑠𝛿 𝑠𝑖𝑛 𝜔 𝑠 + 

(
𝜋

180 

)
𝜔 𝑠 𝑠𝑖𝑛𝜑 𝑠𝑖𝑛𝛿

(11) 

𝛽 = 𝜑 − 𝑡𝑎 𝑛 −1 

⎛ ⎜ ⎜ ⎜ ⎝ 
(
𝜋

180 

)
𝜔 𝑠 𝑠𝑖𝑛𝛿

𝑐 𝑜𝑠𝛿 𝑐 𝑜𝑠 𝜔 𝑠 

⎞ ⎟ ⎟ ⎟ ⎠ 
(12) 

where 𝜑 , 𝜔 s , and 𝛿 stand for a specific latitude, time and inclination, 

R b is the ratio of average daily beam irradiation on the tilted surface to 

the horizontal surface for a month, and 𝛽 is the surface slope from the 

horizontal [45] . 

2.5. Limitation of the outdoor experimental approach and comparison 

method 

The two major limitations of present outdoor experimental investiga- 

tion and the method of comparative study between outdoor and indoor 

results have been stipulated as follows: 

1 Outdoor experiments were conducted on different sunny days at dif- 

ferent tilt angle conditions with the same mono-crystalline silicon 

(m-Si) PV module. Solar irradiance, module electrical parameters 

and different temperatures data were collected uninterruptedly from 
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Fig. 3. Ambient temperature versus time of the day’s curve. 

8:00 am to 4:00 pm. Then, data collected on each day was screened 

carefully for irregular and asymmetrical irradiance intensities and 

only the plausible values were considered over every 30 minutes 

interval. Hence, the corresponding recorded parameters (ambient 

and module temperatures and module electrical parameters) were 

curated based on a specific irradiance value, such as for 200, 300, 

400 … up to 1000 W/m 

2 . That is, upon screening and curation, the 

measured parameters at a particular tilt angle were arranged and 

stationed against nine specific irradiance levels (200 to 1000 W/m 

2 

at an interval of 100 W/m 

2 ). For all tilt angles, data were collected 

and structured in the same manner provided that ambient temper- 

ature trend curve of that day of experiment virtually corresponds 

with the representative day (first day of experiment). In this way, 

equitability of solar irradiance levels and ambient temperatures on 

different days of experiment were sustained. However, wind speed 

and humidity on different days were essentially not the same and the 

errors generated from this variation were neglected in performance 

evaluation. 

2 The comparison between the PV performance and module electrical 

parameters at outdoor and indoor conditions reported in this study 

is predominantly qualitative rather than quantitative. 

3. Results and discussion 

The effect of variation of module tilt on the PV electrical parame- 

ters and solar cell temperature has been explored in this experimental 

investigation. Both indoor and outdoor experimental studies have been 

carried out for making a comparison between the upshots. Another pur- 

pose of outdoor study is to experimentally determine an optimum tilt 

angle for Malaysian conditions. 

3.1. Ambient temperature and irradiation distribution of the outdoor site 

A PV module’s electrical performance is substantially influenced by 

the surrounding weather conditions where it is installed, especially irra- 

diation intensity and ambient temperature. Although both parameters 

can be controlled at indoor, they fluctuate continuously at outdoor op- 

erating conditions. Fig. 3 shows the average trend of daily variation in 

ambient temperature and solar radiation intensity as a function of the 

daytime. The outdoor data were collected under comparable irradiation 

intensities in the month of February 2017 and, then the average ambient 

temperature and irradiation intensity was estimated and plotted against 

the daytime. It may be observed that the maximum average ambient 

temperature is 34.5°C, which occurs around midday (around 12:00 pm). 

However, maximum radiation (about 1000 W/m 

2 ) does not accord with 

the peak ambient temperature point; instead, it occurs around 12:45 pm. 

This observation agrees well with that obtained by Rahman et al. [46] . 

Electricity generation through PV modules is significantly affected by 

cell temperature, which in turn is a function of ambient temperature 

[47] . Irradiation intensity also directly influences PV performance; the 

high the irradiation intensity the better the PV performance. Hence, to 

ensure the interception of the maximum incident irradiation intensity, 

PV modules are required to be inclined in such a way that sun’s rays fall 

vertically on the panel [19] . 

3.2. Temperature distribution over PV module at different tilt angles 

Temperature distribution of the module under variable tilt angles at 

outdoor conditions has been demonstrated in Fig. 4 (a – f). In all Figs. 4 , 

one same trend as noticed is that temperatures (top and bottom surface, 

and cell) fall rather gradually after 12:00 pm though the rise is quite 

steep from morning to noon. As the tilt angle increases, solar cell (and 

other two surfaces) temperatures get relatively lower, and this becomes 

more apparent at 60 to 75 o angles. At a 15 o tilt angle, the cell tem- 

perature, bottom surface temperature, and top surface temperature of 

the system were 60.82, 56.84, and 54.77°C, respectively. At optimum 

tilt, module faces due normal to the sun rays and the system can inter- 

cept maximum irradiation from the sun. That is why the temperature 

of the module surfaces and PV cell becomes the highest at this position. 

Ahmad and Tiwari [48] found 1% reduction in electricity due to cell 

temperature rise as a result of fixed tilt. 

3.3. Effect of tilt angle variation under constant irradiation 

In this section, the impact of varying module tilt angle under a spe- 

cific irradiation condition has been analyzed at both indoor and outdoor 

conditions. Since peak radiation intensity of 1000 W/m 

2 subsists for a 

very little time span, while means irradiance level over the maximum 
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Fig. 4. Temperature distribution over PV module at different tilt angles. 
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Fig. 5. (a) Power output and (b) efficiency versus tilt angle at 750 W/m 

2 irradiation intensity. 

period of a sunny day is 750 W/m 

2 analysis has been carried out at this 

irradiation. 

3.3.1. Effect on power output and efficiency 

The effect of module tilt change on power output and efficiency at 

750 W/m 

2 irradiation intensity has been presented in Fig. 5 . Both power 

output and efficiency are found to drop with increasing tilt. However, 

indoor results are noticeably inferior to outdoor results. This is because 

the module in the laboratory experiment had to be placed quite adjacent 

to the solar simulator (made of halogen bulbs) to reach the stipulated 

irradiation level, and this, in turn, raised up cell temperature very high. 

As a result, power output and efficiency dropped drastically, signifying 

that indoor setup cannot emulate the real outdoor conditions quantita- 

tively though it can produce the trend. The highest power output of 57 

W and the maximum efficiency of 15% occur near a 15 o tilt angle in 

outdoor conditions. 

It may be revealed from Fig. 5 (a) that for every 5 o increase in the 

tilt, power output decreases by 2.09 W at indoor and by 3.45 W at out- 

door. George and Anto [49] observed that slight changes (5 o ) in tilt 

angle cause a power loss of approximately 2% or more. Adiyasuren E. 

[50] shows that in Mongolia, yearly rough power output generations 

at the module-angle 45 o are 10% larger than that achieved with a tilt 

angle of 60 o . In another experimental study, it was found that if the 

module-angle was decreased from 50 o to 10 o , the module power output 

was increased by 26.15% [51] . Hence, the present results are concurrent 

with the previous research outcomes. 

On the other hand, with every 5 o increase in tilt angle, efficiency 

decreases by 0.54% for indoor case and by 0.76% for outdoor. Asl- 

Soleimani et al. [52] and Mamun et al. [53] commented that effect of tilt 

angle on PV performance is generally investigated on a theoretical ba- 

sis, while the experimental studies are essential to realize the real-time 

consequences. It has been reported that the temperature coefficient of 

the power output is influenced by the module tilt; if temperature co- 

efficient increases, the corresponding value of the optimum tilt angle at 

the maximum value point decreases [54] . On the other hand, dust depo- 

sition rate decreases with increasing tilt angle promotes due to gravity, 

which in turn improve electrical performance [55] . 

3.3.2. Effect on module electrical parameters 

Effect of changing tilt angle on PV electrical parameters ( I sc , V oc , I mpp , 

V mpp, and FF) at 750 W/m 

2 irradiation intensity has been illustrated 

in Fig. 6 . All the parameters I sc , V oc , I mpp , V mpp, and FF decline with 

an increase in the module’s angle. All electrical parameters measured 

indoor are lower than those obtained outdoor which is due to the cause 

as pointed out in the preceding section. The highest values of all the 

parameters ( V oc(max) = 20.74 V, V mpp(max) = 16.8 V, I sc(max) = 3.3 A, 

I mpp(max) = 3.24 A and FF = 0.83) are attained near 15 o tilt angle. Every 

5 o increase in tilt result in 0.2025 A drop in short-circuit current and 

0.1131 V dwindle in open-circuit voltage as well. On the other hand, 

dwindles in maximum power point current and maximum power point 

voltages for the same tilt change are 0.1775 A and 0.117 V. As of fill 

factor, the decline is not that significant. 

It has been reported that module’s short-circuit current influences 

several factors, such as the number of photons, solar cell area, the spec- 

trum of the incident light and optical properties, etc. [ 56 , 57 ]. Further- 

more, V oc influences by dark situation current, temperature, and light 

produced current, etc. The temperature is linearly affected on the V oc 

[58] . Likewise, after 15 o angle, the module-temperature decreases with 

an increase in tilt angle, thus the V oc and V mpp also decrease. Neverthe- 

less, the module’s temperature decrement rate is lower than the irra- 

diation owing to the tilt angle. As a result, the V oc and V mpp decrease 

gradually, while the I sc and I mpp decline significantly. Sabry and Ghitas 

[59] mentioned that FF increases as a result of a decrease in I mpp and 

V mpp that are generally lower than I sc and V oc . So, increasing of both 

V mpp and V oc does not offset the reduction of I mpp and I sc . Therefore, the 

maximum power output decreases and FF increases respectively. Chan- 

der et al. [60] observed that a significant influence on the electrical 

parameter of PV performance. 

3.3.3. Effect on cell temperature 

Fig. 7 presents the solar cell temperature as a function of varying tilt 

angles. Cell temperature decreases with increasing tilt angle for both in- 

door and indoor cases. This is because PV top surface cannot intercept 

solar irradiance perpendicularly as the module is tilted; consequently, 

the module’s top surface temperature also decreases. Besides, as the tilt 

angle is increased more heat is removed from the module back surface 

by convection, thereby reducing the cell temperature. Cell temperature 

at indoor conditions is found lower than the corresponding outdoor re- 

sults. This is because of the controlled indoor environment, which was 

designed to maintain a surrounding temperature of 25°C. In contrast, the 

outdoor ambient temperature was uncontrolled that in turn prompted 

cell temperature rise. For every 5° increase in tilt angle, solar cell tem- 

perature decreases by 3.62°C at indoor and by 2.70°C at outdoor. 
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Fig. 6. PV electrical parameters as a function of tilt angle at 750 W/m 

2 (a) Open-circuit voltage ( V oc ), (b) Short-circuit current ( I sc ), (c) Maximum power point 

current ( I mpp ), (d) Maximum power point voltage ( V mpp ), (e) Fill factor (FF). 
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Fig. 7. Solar cell temperature as a function of module tilt at 750 W/m 

2 . 

3.3.4. Determination of optimum tilt for Malaysian conditions 

Three-dimensional (3-D) surface plots of the PV performance param- 

eters (power output, efficiency) and solar cell temperature obtained at 

outdoor conditions have been presented in Fig. 8 as functions of both 

variation in irradiation and tilt angle. Fig. 8 (a) shows that in order to 

attain a commendable power output of 35 – 40 W under 750 W/m 

2 

the tilt angle should be maintained between 15 o – 20 o . On the other 

hand, a practicable efficiency of 12 – 14% at 750 W/m 

2 is also achieved 

below 20 o ( Fig. 8 (b)). Lastly, commendably low cell temperature in 

the range below 45°C under 750 W/m 

2 is obtained near 15 o tilt angle 

as noticed from Fig. 8 (c). From the above considerations, it may be 

concluded that the module tilt’s optimum value to maintain a trade- 

off among power output, efficiency, and solar cell temperature under 

Malaysian conditions would be 15 o . Hence, the module’s orientation 

at 15° can be confirmed as the optimum tilt for Malaysian conditions. 

Khan et al. [61] mathematically examined the optimum tilt angle for 

Malaysian condition on a monthly and found in the range from -17.16 o 

to 29.74 o . Elhassan et al. [62] analytically shown that the optimum 

tilt angle should approximately equal to the latitude of Kuala Lumpur, 

Malaysia, which is 15 o South. 

3.4. Effect of variation in radiation intensity at the optimum tilt 

This section describes the effect of radiation intensity on PV perfor- 

mance and electrical parameters at both indoor and outdoor conditions 

while the module is oriented at its optimum tilt (15 o ) under Malaysian 

conditions. 

3.4.1. Effect on power output and efficiency 

Fig. 9 illustrates the impact of increasing irradiation intensity on the 

power output and efficiency of the PV module. For both indoor and 

outdoor cases that power output increases while efficiency decreases 

with increasing irradiation intensity. The reason behind this increasing 

trend of power output consists in the increasing tendency of both current 

and voltage increase with irradiation wherein current follows linear and 

voltage follows logarithmic increasing rate [63] . On the contrary, effi- 

ciency shows a trend opposite to power output; that is, it decreases with 

increasing irradiance level. This is because of the limitation of cell power 

conversion capability. Solar cells cannot convert more than 33.7% of 

the sunlight into electrical energy (known as Shockley-Queisser limit), 

which is further diminished by cell temperature rise and other factors. 

Fig. 8. 3-D surface plots of (a) power output, (b) efficiency, (c) solar cell tem- 

perature as functions of both irradiation and tilt angle. 
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Fig. 9. (a) Power output and (b) efficiency of the module versus irradiation intensity at indoor and outdoor conditions. 

Both module power output and efficiency at outdoor conditions are rel- 

atively higher than indoor. The module’s power output is 5.47 W at 

indoor and 16.88 W at outdoor under 200 W/m 

2 and this subsequently 

rises to 53.00 W at indoor and 59.20 W at outdoor when the irradiation 

reaches 1000 W/m 

2 . Danu et al. [64] observed that at outdoor condi- 

tions, the peak power of the module showed when the module tilted to 

the optimum angle condition. For every 100 W/m 

2 increase in radiation 

intensity, efficiency drops by 1.01% at indoor and 1.44% at outdoor. 

3.4.2. Effect on module electrical parameters 

The impact of increasing irradiation intensity on module electrical 

parameters at the optimum tilt position has been presented in Fig. 10 . 

Open-circuit voltage ( V oc ) the irradiation intensity of the module in- 

creases gradually ( Fig. 10 (a)) while short-circuit current ( I sc ) increases 

steeply ( Fig. 10 (b)) with irradiance level. For every 100 W/m 

2 incre- 

ments in irradiance level, V oc increases by 0.0031 V at indoor and 0.0032 

V at outdoor. Therefore, despite a discrepancy between the absolute 

value, the altering trend is almost identical for indoor and outdoor cases. 

However, the same is not true in case of short-circuit current as I sc in- 

creases by 0.23 A at indoor and 0.30 A at outdoor for every 100 W/m 

2 

increase in irradiation intensity. On the other hand, maximum power 

point current ( I mpp ) increases by 0.23 A and 0.32 A ( Fig. 10 (c)) as ir- 

radiation intensity increases by 100 W/m 

2 indoor and outdoor cases, 

respectively. 

As of maximum power point voltage ( V mpp ), it is increased by 3.30 V 

for indoor and 3.00 V for outdoor cases ( Fig. 10 (d)) when the irradia- 

tion intensity increased from 200 – 800 W/m 

2 . Fill factor (FF) increases 

steadily with irradiation intensity. As irradiation is increased from 200 

to 1000 W/m 

2 , fill factor value increases from 0.55 to 0.67 at indoor 

and from 0.59 to 0.82 at outdoor ( Fig. 10 (e)). 

3.4.3. Effect on cell temperature 

Solar cell temperature of the module as a function of irradiation in- 

tensity is presented in Fig. 11 at outdoor and indoor operating condi- 

tions. It can be seen from Fig. 11 (a) that solar cell temperature increases 

with increasing irradiation intensity for both indoor and indoor cases. 

For every 100 W/m 

2 increasing irradiation intensity, the module’s solar 

cell temperature rises by 7.52°C for indoor and by 5.67°C for outdoor 

cases. The module’s indoor temperature is higher than outdoor because, 

at outdoor conditions, the amount of diffuse irradiation is higher than 

indoor. Chander et al. [59] reported that cell temperature increases from 

25 to 60°C as irradiation intensity is increased from 215 to 515 W/m 

2 

and heat is accumulated in the PV panel if there is a lack of cooling facil- 

ity, which eventually augments the cell temperature more diminishing 

the electrical efficiency [19] . 

4. Conclusion 

Solar electricity generation depends on many factors, among which 

module tilt is a crucial one. Operative interception of solar irradiance 

plays a vital role in the performance of the PV systems, wherein the 

tilt angle works as one of the control parameters. In the present article, 

the effect of varying tilt angles of a PV module on its performance and 

electrical parameters has been investigated through indoor and outdoor 

experimentations. The inferences of the outdoor and indoor study are 

summarized in the following way: 

■ For every 5 o increment of module tilt, power output decreases by 

2.09 W at indoor and by 3.45 W at outdoor. 

■ Efficiency decreases by 0.54% at indoor and by 0.76% at outdoor 

when tilt angle is increased from 0 o to 15 o . 

■ Every 5° increase in tilt angle creates a reduction in solar cell tem- 

perature by 3.62°C at indoor and 2.70°C at outdoor conditions. 

■ For every 100 W/m 

2 rise in irradiation intensity, power output in- 

creases by 4.06 W at indoor and 5.56 W at outdoor, while efficiency 

drops by 1.01% at indoor and 1.44% at outdoor. 

■ For every 100 W/m 

2 increase in the irradiance level, V oc , I sc , V mpp , 

I mpp and FF of the module increases by 0.23 A, 2.47 V, 0.23 A, 2.01 

V, and 0.7 for indoor case and 2.57 V, 0.30 A, 2.09 V, 0.32 A, and 

0.08 for outdoor case. 

■ Every 100 W/m 

2 increase in irradiance level gives rise to cell tem- 

perature by 7.52°C at indoor and by 5.67°C at outdoor. 

The angular position of PV modules is found to have an immense 

impact on its electrical performance. By performing a few adjustments in 

module’s tilt angle a substantial cost of employing manpower or tracker 

motors can be reduced. Further research can be conducted to analyze the 

impact of latitude and different climates on determining the optimum 

tilt angle. 
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Fig. 10. PV electrical parameters as a function irradiation intensity at 15 o tilt angle (a) open-circuit voltage ( V oc ), (b) short-circuit current ( I sc ), (c) maximum power 

point ( I mpp ), (d) maximum power point voltage ( V mpp ) (e) fill factor (FF). 
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Fig. 11. Solar cell temperature as a function of radiation intensity at 15 o tilt 

angle. 
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a b s t r a c t 

The building sector accounts for nearly 40% of global energy consumption. In Nigeria, more than two-thirds of 
the consumption comes from residential buildings. Energy efficiency measures through the adoption of insulation 
materials are tools that could crash the peak demand of energy in buildings while improving its thermal comfort 
and aerogel is considered as the most effective material for insulation, owing to its unique thermal properties. In 
this paper, we present the performance of aerogel as a thermal insulation material towards a sustainable design 
of residential buildings for tropical climates in Nigeria. First, a typical residential building in the tropical region 
was modeled with conventional materials utilized in the region and was later modified through the application of 
aerogel material on various surfaces of the model. A whole building energy simulation was then carried out in each 
variation and the outcome was compared to effectively conclude on the significance of aerogel in terms of thermal 
comfort improvement and energy consumption reduction. Results show that aerogel had the highest influence 
when inserted in the attic and floor slabs of the designed model. A reduction of more than 6% was attained in 
the recorded indoor mean air and operative temperatures while still maintaining an acceptable humidity range. 
Concerning energy consumption, a reduction of more than 15% was achieved. However, the high price of aerogel 
may hinder its application on the studied building but could be a good investment where climate change and 
sustainability are of high importance and less concern is given to expenditure. Aerogel demonstrated significant 
potential with respect to both thermal comfort improvement and energy consumption reduction on the designed 
model. The outcome of the study is hoped to serve as a base reference for the insulation of residential buildings 
with similar climate and characteristics to the adopted case building. 

1. Introduction 

Global energy consumption has elevated nearly twice its average 
growth since 2010, with an estimate of about 8.92 Gtoe/year and a pre- 
diction of up to 60% increase by the end of 2020. This increase can be 
linked to the global economic growth coupled with the unusual heating 
and cooling demand recorded in recent years since electricity demand 
alone represents more than 50% of this growth. On the other hand, 
energy-related CO 2 emission also hiked to about 33.1 Gt as of 2018, 
with the power sector responsible for nearly two-thirds of the emission 
increase [1–3] . A projection of energy demand/consumption over the 
next century may be inherently uncertain, but reports from the National 
Energy Technology Laboratory (NETL) and other studies give some idea 
of the likely explosion of global energy consumption, where demands 
are predicted to overtake the population growth in some decades to 
come [ 1 , 2 , 4 ]. 

∗ Corresponding author. 
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In Africa, especially in the sub-Saharan region (SSA), rapid popula- 
tion growth, urbanization, industrialization among other factors have 
also provoked an explosion of the energy demand in the region. Also, 
despite its vast energy resources alongside the huge potentials of renew- 
ables, most of its nations are up till today battling with access to clean 
and affordable power. The unbalanced and unrealized energy resources 
in the region make it difficult to cover the energy need of the populace, 
as more than half a billion (about two-thirds of the population) experi- 
ence difficulty in accessing modern electricity [5–7] . Nigeria alongside 
other SSA countries like the Central African Republic and Angola suffers 
the most inadequate electricity supply. Considering Nigeria in particu- 
lar, Energy failure and blackouts are common features in most parts of 
the country because as of 2014, more than 90 million (about 50%) of 
the population is without access to modern electricity, although it is one 
of the most significant countries in the region, having the largest popu- 
lation, largest economy, and a substantial producer and net exporter of 
crude oil in the SSA region [5–9] . 
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Energy consumption through different sectors varies across coun- 
tries. While transportation consumes the most energy in the US, the 
building sector is seen to consume the most in the EU countries and 
Africa, as for China, its industrial sector had the highest consumption. 
However, based on a global survey, the building sector was recorded to 
cover a sizable part of the global energy consumption (about 40%), and 
these values are predicted to be in an increasing lane as well. The main 
drivers are projected to be population increase, economic growth among 
others [ 2 , 10 ]. This consumption can also be attributed to different influ- 
ences in buildings, like building element’s specific heat capacity, their 
thermal conductivity, standards of the Heat, Ventilation, and Air Con- 
ditioning (HVAC) system and coupled with regions’ weather variation 
and occupants’ pattern in energy utilization [ 11 , 12 ]. 

Depending on the region, weather variation, and building type, space 
heating, and cooling consume majorly the energy in most buildings to- 
gether with other uses like lighting, water heating, electrical appliances, 
etc. [ 13 , 14 ]. In Nigeria for example, IEA’s 2018 statistics showed that 
residential buildings alone accounted for more than two-thirds of the 
total energy consumption of the country that is mainly for space cool- 
ing, cooking, and coupled with other domestic usages [15–17] . Further- 
more, the country’s population is expected to almost double its size in 
two decades to come, which implies that more energy demand is ex- 
pected, especially in the building sector. This signifies that there is an 
urgent need to explore various strategies that could reduce the energy 
demand of buildings alongside the consideration of alternative sources 
to boost energy supply if demands are to be fully met [ 5 , 15 , 17 ]. 

As one sector that consumes a vast amount of energy that is ma- 
jorly to provide thermal comfort, the building sector could contribute 
to lower its energy consumption through proper and effective energy 
efficiency measures. This is often regarded as the most effective means 
of reducing energy demand particularly in buildings and with respect 
to harmful emissions [ 3 , 18 , 19 ]. Energy efficiency in buildings through 
the adoption of various insulation strategies is among the best practices 
for thermal comfort improvement and energy saving. Effective insula- 
tion conserves energy and requires less energy for space cooling in sum- 
mer and less heat to keep the building warm in winter, thus, energy- 
efficient buildings with low negative environmental impact could sig- 
nificantly aid energy savings while improving occupants’ comfort [11] . 
An acceptable thermal resistance of the building envelope is an effec- 
tive way to lower the energy needs in buildings, but thicker layers of 
conventional insulation materials are generally required to obtain high 
thermal resistance values, which ends up in heavier constructions or 
smaller spaces. Hence, innovative and highly insulating materials with 
remarkable thermal properties are increasingly considered globally, for 
instance, foam glass, rock/glass wool, polystyrene foam, polyurethane 
foam, silica/aerogels, and many other materials [ 11 , 20 ]. However, aero- 
gels, as studied by [21–28] can be concluded as the optimal insulation 
solution and maybe the most assured option when compared to other 
insulation materials. A very rare distinction with aerogel is that it can 
be produced in various forms, thus enabling a wide range of possible 
applications. 

Aerogel, also known as “frozen smoke ” is a synthetic porous ultra- 
light material derived from gels, where the liquid component of the 
gel is replaced with a gas constrained in nanoscale cavities. First dis- 
covered in the 1930s by Dr. Kistler, aerogel, although made from gel, 
are rigid and dry materials and do not appear like a gel in their phys- 
ical form. They can be prepared using several based materials such as 
alumina, chromium, tin oxide, carbon, and silica and are used to im- 
prove the thermal resistance of buildings and other industrial applica- 
tions [ 24 , 26 , 29–37 ]. They can be classified based on the synthesis pro- 
cedure into the end product as monolithic aerogels, divided materials 
(granules or powdered), or composite materials [38] . The monolithic 
aerogel products are rarely available as their synthesis process is time- 
consuming and cost-intensive [ 28 , 38 ], commercially available ones are 
silica aerogel, aerogel granules, aerogel enhanced renders and boards, 

Table 1 

Some outstanding properties of silica aerogels [37] . 

Property Value 

Density 3-350 kg/m 

3 (most common~100) 

Primary particle diameter 2-4 nm 

Pore diameter 1-100 nm (~20 nm on average) 

Surface area 600-1000 m 

2 /g 

Porosity 85-99.9% (typical ~95%) 

Tensile strength 16 kPa 

Thermal conductivity 0.01-0.02 W/m 

•K 

Thermal tolerance temperature 500 ̊C (m.p1 > 1200) 

Longitudinal sound speed 100 – 300 m/s 

Coefficient of linear expansion 2.0-4.0 × 10 − 6 1/ ̊C 

etc. However, the most widely used product is the silica aerogel, for its 
preparation is easier and more reliable. 

A simplified production reaction of the most common silica aerogel 
for insulation purposes is shown in Eq. (1 ) [ 31 , 37 ]: 

𝑆𝑖 ( 𝑂𝐶𝐻3 ) 4 + 2 𝐻2 𝑂 ↔ 𝑆𝑖𝑂2 + 4 𝐶𝐻3 𝑂𝐻 (1) 

The rare interconnected internal formation of SiO 2 chains with dis- 
tributed air-filled pores gives rise to the unique properties of silica aero- 
gels, plus very low thermal conductivity, low density, low refractive 
index, and low dielectric constant [ 26 , 37 ]. Some physical properties of 
the most common silica aerogel are summarized in Table 1 . 

Aerogel-enhanced materials with thermal conductivity of less than 
0.02 W/m 

•K are considered as super-insulation materials because the 
thermal conductivity is less than free air (0.026 W/m 

•K at ambient 
temperature) while other insulating materials like mineral wool or 
polyurethane and polymer foams are between 0.03 W/m 

•K and 0.05 
W/m 

•K [37] . Although not within the scope of this study, it is important 
to state that the high cost of aerogel material limits its wide application 
especially in the construction sector, however, various studies are being 
carried out by researchers and energy organizations on how this can be 
reduced but maintaining/improving its unique thermal properties [39] . 
Aerogels synthesized with other insulating or non-insulating materials 
are being studied based on the end application required, some of these 
studies are [ 23 , 24 , 40–42 ] among others. 

Although there are various articles on the application of aerogels 
in buildings in many parts of the world, extensive literature showed 
that it is yet to reach countries in the African region. Additionally, most 
recent studies carried out are concentrated on either existing building 
retrofits, glazing system improvement, or concrete and renders enhance- 
ment [27] . However, with the significant advancement in technology 
and building energy performance tools over the past years, energy or- 
ganizations, policymakers, and other stakeholders across different coun- 
tries are enforcing the adherence and application of building codes & 

standards via building performance designs & simulations throughout 
the life cycle of construction projects. This enables the complete evalua- 
tion of the performance of buildings and simplifies the decision making 
between professionals involved right from the inception of projects. This 
highlights the importance of expanding the methodology of exploring 
the performance of aerogels through pre-construction designs and sim- 
ulations, especially in regions where its potentials are yet to be explored. 

Considering the well-documented power issue in Nigeria and the ex- 
cessive energy consumption in the building sector, scientific and tech- 
nical exploration of alternative energy sources to meet up with the fast 
increasing population in the country and minimize building’s energy 
consumption has grown over the past few years. The most recent studies 
include [ 9 , 15 , 17 , 43 , 44 ] among others. In particular, [17] and [43] in- 
corporated design and building energy simulation methodology with a 
specific interest in residential buildings. However, these studies need a 
more detailed and comprehensive approach, while addressing some im- 
portant limitations like the utilization of more advanced energy simula- 
tion tools, the consideration of natural ventilation as a thermal comfort 
improvement strategy, among others. In this paper, we present a study 
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on the performance of aerogel as a thermal insulation material towards a 
sustainable design of residential buildings for tropical climates in Nige- 
ria. The aim is to examine its performance in terms of thermal comfort 
improvement and energy consumption reduction against the conven- 
tional materials utilized in constructing residential buildings, consider- 
ing the tropical climate experienced in the southern part of the country. 

First, to represent the tropical climate region, Lagos, which lies on 
the southwestern coast of the country was considered, then a typical 
residential building considered for an average middle-class citizen of 
the region was selected and modeled with ‘SketchUp’ and ‘Open Studio’ 
modeling tools. The model was rendered with the conventional con- 
struction materials utilized in the region as a base reference and was 
later modified through the inclusion of aerogel material (aerogel blan- 
ket) to different surfaces of the model. Second, a whole building en- 
ergy simulation was carried out with ‘EnergyPlus’ simulation program 

in each variation, and the influence of including the insulation material 
to the different surfaces of the model in terms of thermal comfort im- 
provement was analyzed with reference to the base variant (model with 
conventional materials). Finally, an ideal air loads HVAC system was 
introduced into the model to further examine the energy consumption 
reduction that could be attained from the utilization of the insulation 
material. Conclusions were then drawn on the best surface for the appli- 
cation of aerogel, the rate of comfort improvements, and the energy use 
intensity reduction achieved. The findings from this study could serve 
as a base reference for designing sustainable and energy-efficient resi- 
dential buildings in the selected region. 

2. Simulations procedures 

2.1. Weather data selection 

Nigeria’s weather is characterized by a hot and dry climate in the far 
north with high temperatures (about 38 – 40°C) in some cities, especially 
during the summer season (from March-May). The south and the coastal 
region is majorly a tropical climate with high rainfall and humidity and 
with a temperature range almost constant throughout the year (about 
22 – 33°C) [45] . 

For this study, Lagos climate was considered; the city has a tropical 
climate (Aw, in consonance with the köppen climate classification) and 
lies on the southwestern coast of the country (longitude: 3.38° E, lati- 
tude: 6.52° N), with most of its land at ~6m above sea level. The temper- 
ature variation is almost constant throughout the year, with maximum 

values between 30 – 34°C [46–48] . Lagos also has about 1, 885 h of 
sunshine per year with the sun mostly overhead, yielding annual solar 
radiation of ~1, 750 kWh/m 

2 [49] . The radiations are relatively high 
for most hours during the day and evenly distributed almost through- 
out the year. The city records a monthly average solar radiation of more 
than 145 kWh/m 

2 ( Fig. 1 ). 
For the simulations, Lagos’s weather data was not available on the 

EnergyPlus database. In such situations, the consideration of nearby 
available weather or meteorological data to represent unavailable lo- 
cations is recommended [ 50 , 51 ]. 

Therefore, the nearest station with available weather data was se- 
lected: Accra, Ghana; however, part of the weather file was incomplete 
and could not be used for the simulation. Thus, the next nearest station 
with complete weather data and a similar geographic location to the 
case study city was adopted for the simulation: Dakar weather station, 
Dakar-Senegal (see Fig. 2 ). 

The city is characterized by a hot semi-arid climate (köppen climate 
classification: BSh) and lies on the westernmost coast of Senegal (lon- 
gitude: 17.47° W, latitude: 14.72° N), with most of its land at ~11m 

above sea level. The maximum temperatures fall within 27 – 36°C [46] , 
although Dakar’s weather is warm and dry, it has an ocean-influenced 
climate, where the city is cooled almost throughout the year by the sea 
breezes. This makes it have a somewhat similar mean temperature with 
Lagos (see Fig. 3 ), hence its consideration for this study. However, to 

Fig. 1. Annual solar radiation in Lagos [46] . 

Table 2 

Description of selected residential building. 

Description Value 

Total Building Area (Volume) ~ 455 m 

2 (1135 m 

3 ) 

Number of floors 2 story: Ground Floor (GF) & First Floor (FF) 

Floor-to-floor height 3m 

Gross Wall Area ~ 293 m 

2 

Window Opening Area ~ 49 m 

2 

Net Conditioned Building Area 257.31 m 

2 

Unconditioned Building Area 197.74 m 

2 

ensure that Lagos’s climate condition was better captured, the obtained 
weather data (Dakar’s weather file) was further modified to suit the 
selected city’s average Fig.s reported by the Nigerian Meteorological 
Agency (NIMET) and Climaplus weather database [46–48] and [52] . 

2.2. Design and modeling 

For the design, a typical residential building found in the selected 
city (with descriptions presented in Table 2 ) was considered. This cate- 
gory of buildings is rather considered typical for an average middle-class 
citizen both in the selected city and in Nigeria as a whole. Middle-class 
for a developing country like Nigeria denotes an income consumption 
per capita of $20 per day (or having an annual income of more than 
$7, 500) as reported by the African development bank in 2014. A re- 
port presented by [53] estimated about 20% of Nigerian households to 
fall within the middle-class size while [49] affirms that almost 20% of 
the Lagos population are identified as middle-class citizens by the state 
government. Joe Brock’s analysis on Nigeria’s property growth in 2013 
related middle-class citizens in Nigeria to represent almost one-quarter 
of the country’s population while a future scenario report by McKinsey 
still in 2013 predicts about 35 million Nigerian households to fall with 
the middle-class citizen by 2030 [ 53 , 54 ]. 

The selected building for the study was designed by UMD Design 
Plus, Nigeria, and has approved its utilization for this study, and to pub- 
lish all images extracted from it. SketchUp and Open Studio modeling 
tools were used to model the design as shown in Fig. 4 . The design 
was first modeled with common conventional materials (with proper- 
ties presented in Table 3 ) as a base reference ( Fig. 5 ), then it was later 
modified by including aerogel blanket (properties presented in Table 3 ) 
to the external surfaces of its façade (variant 1), Internal surfaces of its 
façade (variant 2), and the Attic and Floor slabs (variant 3) of the model 
(see Figs. 6 & 7 ). Thermal zones where comfort is most likely required 
(Bedrooms & Living Rooms) were considered for the application of the 
insulation material. 
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Fig. 2. Weather data selection: (a) Lagos, Nigeria (b) Accra, Ghana (c) Dakar, Senegal [50] . 

Fig. 3. Annual temperature variation: (a) Lagos, Nigeria (b) Dakar, Senegal [46] . 

Fig. 4. 3D view of selected residential building model: (a) approach-view (b) rear-view. 
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Table 3 

Properties of construction materials used in Nigeria [ 25 , 27 , 55–59 ]. 

Materials Roughness Thickness (m) Conductivity (W/mK) Density (kg/m 

3 ) Specific Heat (J/kg •K) 

Acrylic Texture Paint Medium Rough 0.005 0.4 1300 1000 

Wood (Doors) Medium Smooth 0.040 0.15 500 1340 

Ceramics (Floor & Wall) Very Smooth 0.005 1.5 2000 920 

Sandcrete Block 150 Rough 0.150 0.481 1900 920 

Sandcrete Block 230 Rough 0.230 0.481 1950 920 

Plain Plaster Smooth 0.025 1.2 1200 840 

Mortar Smooth 0.015 1.6 2000 1000 

Screed Coating Smooth 0.005 0.35 950 837 

Concrete Slab Rough 0.150 1.75 2300 1000 

Aluminum Roof Tile Medium Rough 0.005 45 7800 480 

Gypsum Lining Smooth 0.020 0.35 950 837 

Aerogel Blanket Medium Smooth 0.020 0.013 - 0.023 100 - 130 1000 

Fig. 5. Construction materials distribution: base variant (a) ground floor (b) first floor. 

2.3. Construction Materials 

To ensure optimum thermal comfort and stability of buildings, the 
thermal and mechanical properties of the materials used in their con- 
struction and their response to the effect of climate are essential param- 
eters. 

Heat gain and loss between spaces are seen to be affected by the 
materials contained in the elements of each space envelop, which in turn 
determines the energy consumption of the entire building. Therefore, 
materials used for the construction of elements, especially those exposed 
to solar radiation and wind should have sufficient resistance to these 
climate factors [ 43 , 56 ]. For this study, popular construction materials 
used in Nigeria and some of their thermal and mechanical properties 
are highlighted in Table 3 . 

The distribution of the construction materials and the insulation ma- 
terial on the surfaces of the model is shown in Figs. 5–7 . 

NB: The arrangement of all constructions is from outside to inside. 

2.4. Thermal Zone Distribution 

The designed model was divided into nine (9) thermal zones, consist- 
ing of connected spaces with similar functions and or materials. Thus, 
each thermal zone consists of two (2) or more spaces joined together. 
Fig. 8 shows the thermal zone distribution considered for the simula- 
tions. In addition, the main internal loads (metabolic rates, loads for 
illumination & equipment) were filled based on ASHRAE standard 55 
rates and local manufactures’ rates. The inputs of schedules and occu- 
pation frequency were defined based on the most common occupation 
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Fig. 6. Insulation material distribution: variant 1 (external) & variant 2 (Internal) Façades. 

Fig. 7. Insulation material distribution: variant 3 (attic & floor 
slabs) 

pattern found in the selected region. Considering the size of the selected 
design, eight (8) residents were assumed in the building. 

2.5. Simulations 

The building energy simulations were run using a modified weather 
data from Dakar to represent the climate in Lagos. Considering the out- 
door climate is moderately high almost throughout the year (see Fig. 3 ), 
all simulations were run for a typical summer day. To evaluate the ther- 
mal behavior and the level of thermal comfort of the designed model, 
major parameters that influence the indoor space quality like air temper- 
ature, air relative humidity, and operative temperature were measured 
and the outcome was analyzed and compared to standard recommended 
values. Further analyses were carried out through the measurement of 
the surface temperature of the insulated layers and the average dew 

point temperature within the designed model. 
To effectively examine the influence of the proposed insulation mate- 

rial with regards to thermal comfort improvement, all simulations were 
initially run with natural ventilation and no mechanical cooling system 

in the building. Then an ideal air loads HVAC system was included to fur- 
ther evaluate the difference in the cooling load intensity (CLI) attained 
through the utilization of the insulation material. The simulations were 
run for the base variant, and then for variants 1, 2, and 3, and the re- 
sults from the latter was compared to the former (percentage differences 
presented in parenthesis). 

EnergyPlus program was utilized to run the building energy simula- 
tions and the following output variables were considered [ 51 , 60 , 61 ]; 

• Zone Outdoor Air Drybulb Temperature, T od (°C) was measured for a 
typical summer day. EnergyPlus uses each zone’s centroid at a height 
above ground to measure its corresponding outside air temperature. 

• Zone Mean Air Temperature, T m 

(°C) which is the average tempera- 
ture of the indoor air temperature in each zone. 

• Zone Air Relative Humidity, RH (%), estimated through other out- 
put variables like; the ‘Zone Air Temperature’, the ‘Zone Air Humid- 
ity Ratio’, and the ‘Outside Barometric Pressure’. Although a slight 
change in humidity has a limited impact on thermal comfort at mod- 
erate temperature and activity level, ASHRAE Standard recommends 
a maximum threshold of 65% RH for an ideal indoor space comfort. 
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Fig. 8. Thermal zones distribution. 

For this study, the range was set at 35-65% to represent a typical 
summer day comfort level and was compared to the actual measured 
values in each zone. 

• Zone Operative Temperature, T o (°C) in a zone or space determines 
the human thermal comfort under normal weather conditions. This 
is dependent on the zone air temperature, the mean radiant tempera- 
ture, and the air velocity. Indoor thermal comfort may be considered 
as a subjective component, thus, temperature recommendations may 
vary depending on various factors like location, climate condition, 
clothing level, activity level, etc. ASHRAE recommends a range be- 
tween 67 – 82°F (19 – 27°C). Considering the selected location and 
its limited climate variation, a range of 22 – 26°C was set for a typical 
summer day comfort level and was compared to the actual recorded 
operative temperature in each zone. 

• Surface Inside Face Temperature, T sf (°C) defines the temperature of 
the surface’s internal faces, in degrees Celsius. According to ASHRAE 
55, to contain local thermal discomfort, the radiant temperature 
asymmetry of a ceiling should be less than 5°C warmer than its cor- 
responding floor or the ceiling should be less than 14°C cooler than 
its corresponding floor. 

3. Results and discussions 

This section presents the results obtained from the simulations of the 
base variant, and variants 1, 2, and 3 considering the climate condition 
of a typical summer day in Lagos. The analysis of the selected output 
variables was carried out based on each floor and individual zones. How- 
ever, zone 3, which serves as a circulation area, was assumed to have 
no constant metabolic activities and other equipment usages; therefore, 
it was excluded from this analysis. Also, the insulation material was not 
included in zones 3 and 4, as thermal comfort is less likely required in 
those zones. 

3.1. Zone mean air temperatures, T m 

(°C) 

The recorded T m 

for the base variant and variants 1, 2, and 3 are 
presented in Figs. 9 & 10 . From the charts, the outdoor air temperature 
(T od ) was between 25 – 34°C. For zones on the ground floor (GF), the 
corresponding mean air temperature (T m 

) was nearly the same with the 
T od notably during the night, from 22h up until 08h in the morning for 
the base variant and variants 1, 2, and 3. However, differences were 
recorded starting from 9h where the values decreased below the T od 
( Fig. 9 ). For the base variant, the maximum value was 29.6°C and the 
minimum was 25.2°C. For variants 1, 2, and 3, the maximum values 
were 29.3°C (–1.0%), 29.5°C (–0.3%), and 28.8°C (–2.7%), respectively, 
while the minimum value was 25.1°C (–0.4%) all through variants 1, 
2, and 3. A major difference in the T m 

was observed in all the zones 
between 17h – 19h and from 09h – 11h across all the variants, and this 
can be linked to the internal loads related to the zones within this period. 

Looking further into the recorded T m 

in individual zones on the GF 
(see Figs. A1 –A4 in Appendix A ), the base variant recorded values as 
follows: Zone 1 recorded a maximum value of 28.6°C and the minimum 

was 25.2°C. For zone 2, the maximum value was 30.6°C with a min- 
imum of 25.2°C. For zone 4, the maximum value was 30.2°C and the 
minimum was 25.1°C. In zone 5, the maximum and minimum values 
were 30.5°C and 25.1°C, respectively. For variant 1, although the over- 
all influence was not significant when compared to the base variant, 
minor differences were recorded in the zones where the insulation ma- 
terial was inserted. For zone 1, the maximum value remained the same 
and the minimum value decreased to 25.1°C (–0.4%). In zones 2 & 5, 
the maximum values decreased to 30.2°C (–1.3%) and 30.1°C (–1.3%), 
respectively, while the minimum values remained the same. Although 
zone 4 had no insulation, a slight decrease of 0.3% was recorded in the 
maximum value, ~30.1°C, and the minimum value remained the same. 
For variant 2, the difference in the recorded values with that of the base 
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Fig. 9. Ground floor, mean air temperature. 

Fig. 10. First floor, mean air temperature. 

variant was barely noticeable in all the zones. For zone 1, the maximum 

value remained the same, while the minimum value decreased to 25.1°C 

(–0.4%). For zones 2 & 5, the maximum and minimum values remained 
the same. Also, the recorded values in zone 4 (with no insulation mate- 
rial) remained unaffected. For variant 3, the difference in the recorded 
values was notable in all the zones. For zone 1, the maximum and min- 
imum values decreased to 28.5°C (–0.3%) and 25.1°C (–0.4%), respec- 
tively. For zones 2 & 5, the maximum values respectively decreased to 
29.7°C (–2.9%) and 29.8°C (–2.3%), and the minimum values remained 
the same. In zone 4 (which had no insulation material), the maximum 

value decreased to 29.5°C (–2.3%) while the minimum value remained 
unchanged. 

Similarly, for zones on the first floor (FF), the T m 

was slightly higher 
than the T od specifically from 22h up until 08h in the morning for the 
base variant and variants 1, 2, and 3. Notable differences were recorded 
starting from 9h where the values decreased below the T od ( Fig. 10 ). For 
the base variant, the maximum value was 33.7°C and the minimum was 
25.3°C. For variants 1, the maximum and minimum values remained the 
same, for variant 2, the maximum value increased to 33.9°C ( + 0.6%) and 
the minimum value decreased to 25.2°C (–0.4%); for variant 3, the max- 

imum value decreased to 31.6°C (–6.2%) and the minimum remained 
unaffected. 

Observing the T m 

recorded in individual zones on the FF (see 
Figs. A5 –A8 in Appendix A ), the recorded values for the base variant 
were as follows: Zone 6 recorded a maximum value of 34°C, and the 
minimum was 25.3°C. For zone 7, the maximum value was 33.9°C, with 
a minimum of 25.3°C. For zone 8, the maximum value was 33.4°C and 
the minimum was 25.2°C. In zone 9, the maximum value was 33.7°C 

with a minimum of 25.2°C. For variant 1, the T m 

was virtually the same 
as that of the base variant almost throughout the day with minor differ- 
ences in some of the zones. For zone 6, the maximum value decreased to 
33.9°C (–0.3%) while the minimum value remained the same. For zones 
7, the maximum and minimum values remained the same. In zone 8, the 
maximum value decreased to 33.2°C (–0.6%) and the minimum value 
remained unaffected. In zone 9, the maximum and minimum values re- 
mained the same. For variant 2, the insulation material virtually had a 
negative influence in most of the zones. In zone 6, the maximum and 
minimum values remained the same. For zones 7, 8, and 9, the max- 
imum values respectively increased to 34°C ( + 0.3%), 33.6°C ( + 0.6%), 
and 34°C ( + 0.9%), while the minimum values remained the same. For 
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Fig. 11. Ground floor, air relative humidity. 

Fig. 12. First floor, air relative humidity. 

variant 3, a significant difference was recorded especially during the 
day (between 10 – 19h), however, a slight increase occurred during the 
early hours of the day when the lowest T m 

was recorded. In zone 6, the 
maximum value decreased to 31.5°C (–7.4%) while the minimum value 
increased to 25.4°C ( + 0.4%). Zones 7, 8, and 9 had similar results, the 
maximum values decreased to 33°C (–2.7%), 30.5°C (–8.7%), and 31.5°C 

(–6.5%), respectively, while the minimum values remained unchanged. 
Furthermore, variants 1 and 2 showed more influence on the Ground 

Floor (GF) zones than on the First Floor (FF) zones, while the effect 
of variant 3 was more evident on the FF zones than on the GF zones. 
Also, the T m 

recorded on the FF zones was higher than that of the GF 
zones, especially in the middle of the day which may be due to the solar 
radiation effect on the FF zones. 

3.2. Zone air relative humidity, RH (%) 

Figs. 11 & 12 presents the recorded RH for the base variant and vari- 
ants 1, 2, and 3. For the GF zones, it is observed that the recorded values 
were virtually the same in all the zones from 22h to around 08h in the 
base variant and variants 1, 2, and 3. Notable differences were recorded 

from 9 – 21h in all the variants, which corresponds to the change in 
the air temperature recorded within this period. Additionally, the val- 
ues were slightly above ASHRAE’s recommended maximum threshold 
of 65% RH during the early hours and in the middle of the day which, 
again is associated with the decrease in the air temperature recorded 
within these intervals ( Fig. 11 ). 

The base variant presented a RH maximum value of 69% and a min- 
imum of 56%. The hours of discomfort due to high relative humidity 
(i.e. RH > 65%) were 10 hours. For variants 1 & 2, the maximum and 
minimum values remained the same; for variant 3, the maximum and 
minimum values both increased to 70% ( + 1.4%) and 57% ( + 1.8%), re- 
spectively. The hours of discomfort due to high RH was 10 hours for 
variants 1 & 2 and 13 hours for variant 3. 

Comparing the RH recorded in individual zones of the GF (see 
Figs. A9 –A12 in Appendix A ), the values for the base variant were as 
follows: Zone 1 recorded a maximum value of 69% and the minimum 

was 57%. For zone 2, the maximum value was 69% with a minimum of 
53%. For zone 4, the maximum value was 73% and the minimum was 
55%. In zone 5, the maximum value was 69% with a minimum of 54%. 
For variant 1, the recorded values were nearly the same as the results 
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from the base variant. In zone 1, the maximum and minimum values 
remained the same. For zone 2, the maximum value remained the same, 
but the minimum value increased to 54% ( + 1.9%). In zone 5, the max- 
imum and minimum values both increased to 70% ( + 1.4%) and 55% 

( + 1.9%), respectively. There was no noticeable difference recorded in 
zone 4 (with no insulation material), where the minimum and maximum 

values remained the same. For variant 2, the recorded values were again 
almost the same as the base variant in most of the zones. For zones 1 
and 2, the maximum and minimum values were the same. In zone 5, 
the maximum value increased to 70% ( + 1.4%); the minimum value re- 
mained the same. The recorded values in zone 4 (with no insulation 
material) remained unchanged. For variant 3, a significant difference 
was recorded in all the zones. For zone 1, the maximum value increased 
to 70% ( + 1.4%) and the minimum value remained the same. For zones 
2, the maximum value remained the same while the minimum value in- 
creased to 57% ( + 7.5%). In zone 5, the maximum and minimum values 
both increased to 71% ( + 2.9%) and 57% ( + 5.6%), respectively. For zone 
4 (which had no insulation material), the maximum value also increased 
to 75% ( + 2.7%) and the minimum value remained the same. 

For the FF zones, the recorded RH values were lower than those for 
the GF zones. The values were virtually the same in all the variants from 

20h to about 09h in the morning. A significant difference was recorded 
in the middle of the day within all the variants but especially for vari- 
ant 3, basically due to the substantial decrease in the air temperature 
recorded within this period. Also, the values were slightly above the rec- 
ommended range during the early hours of the day (from 02 – 07h) in all 
the variants. However, they were seen to fall within the recommended 
range starting from 08h throughout the day ( Fig. 12 ). 

For the base variant, the maximum value was 69% and the mini- 
mum was 42%. The hours of discomfort due to high RH was 6 hours. 
For variant 1, the maximum value remained the same while the mini- 
mum increased to 43% ( + 2.4%), for variants 2, the maximum and min- 
imum values remained unaffected and for variant 3, the maximum val- 
ues remained the same, whereas the minimum value increased to 48% 

( + 14.3%). The hours of discomfort due to high RH remained at 6 hours 
all through the variants. 

Concerning the RH values recorded in individual zones for the FF 
(see Figs. A13 –A16 in Appendix A ), the base variant recorded the fol- 
lowing values: Zones 6 and 7 both recorded a maximum value of 69% 

and a minimum of 42%. Zones 8 and 9 had the same maximum value 
of 69% while the minimum value was 43% in zone 8 and 42% in zone 
9. For variant 1, the recorded values were virtually the same as the 
base variant in most of the zones. In zones 6 and 7, the maximum and 
minimum values remained the same. For zone 8, the maximum value re- 
mained the same and the minimum increased to 44% ( + 2.3%). In zone 
9, the maximum and minimum values remained unaffected throughout 
the day. For variant 2, the values remained unchanged in all the zone 
throughout the day. For variant 3, a significant difference was recorded 
in all the zones. For zone 6, the maximum value decreased to 68% (–
1.4%), while the minimum value increased to 48% ( + 14.3%). Zones 
7, 8 and 9 had similar effect, the minimum values increased to 48% 

( + 14.3%) for zone 7, 51% ( + 18.6%) for zone 8, and 48% ( + 14.3%) for 
zone 9; the maximum values remained the same. 

Furthermore, the recorded values for the GF zones were higher than 
those of the FF. Also, minimum values were recorded when temperatures 
in the zones were at the highest point which implies that RH decreased 
with an increase in the temperature and vice versa. 

3.3. Zone operative temperatures, T o (°C) 

The outcome of the T o for the base variant and variants 1, 2, and 3 are 
presented in Figs. 13 & 14 . For the GF zones, the base variant recorded a 
maximum value of 28.3°C and the minimum was 25.5°C ( Fig. 13 ). Con- 
sidering ASHRAE’s recommended temperature range (22 – 26°C), the 
recorded values in all the zones were above the range almost through- 
out the day, however, values within the range were recorded between 

02 – 08h. The period of discomfort due to high temperature (i.e. T o > 

26°C) was 19 hours. 
For variants 1, 2, and 3, the maximum values were 28°C (–1.1%), 

28.2°C (–0.4%), and 27.6°C (–2.5%), respectively, while the minimum 

value was 25.2°C (–1.2%) for variants 1 & 2, and 25.1°C (–1.6%) for 
variant 3. Furthermore, although the recorded values were still above 
the recommended range in most part of the day, they were seen to fall 
within the range from 01 – 08h through variants 1, 2, and 3. The period 
of discomfort was 17 hours in variants 1 and 2, and 16 hours in variant 
3. This indicates that the insertion of the insulation material resulted in 
an additional 2 hours of improved thermal comfort in variants 1 & 2 
and 3 hours in variant 3. 

Evaluating the T o in individual zones of the GF (see Figs. A17 –A20 
in Appendix A ), the base variant recorded the following values: Zone 1 
recorded a maximum value of 27.7°C and the minimum was 25.6°C. For 
zone 2, the maximum value was 29°C with a minimum of 25.4°C. For 
zone 4, the maximum value was 28.5°C and the minimum was 25.4°C. In 
zone 5, the maximum value was 28.7°C with a minimum of 25.3°C. For 
variant 1, minor changes were recorded in the zones where the insula- 
tion material was inserted. In zone 1, the maximum and minimum values 
both decreased to 27.4°C (–1.1%) and 25.3°C (–1.2%), respectively. For 
zone 2, the maximum and minimum values were 28.6°C (–1.4%) and 
25.1°C (–1.2%), respectively. In zone 5, the maximum and minimum 

values were 28.4°C (–1.0%) and 25°C (–1.2%), respectively. There was 
no noticeable difference recorded in zone 4 (with no insulation mate- 
rial), where the maximum value decreased to 28.4°C (–0.4%) while the 
minimum value remained the same. For variant 2, minor differences 
were also observed in the zones where the insulation material was in- 
serted. In zone 1, the maximum and minimum values both decreased to 
27.5°C (– 0.7%) and 25.3°C (– 1.2%), respectively. For zones 2 and 5, 
the minimum values respectively decreased to 25.1°C (–1.2%) and 25°C 

(–1.2%) but the maximum values remained unchanged. There was no 
effect recorded in zone 4 (with no insulation material), the maximum 

and minimum values remained the same throughout the day. For variant 
3, a notable difference was recorded in all the zones with the insulation 
material. For zone 1, the maximum and minimum values decreased to 
27.2°C (– 1.8%) and 25.1°C (– 2.0%), respectively. For zone 2, the max- 
imum and minimum values were 28.2°C (–2.8%) and 24.9°C (–2.0%), 
respectively. In zone 5, the maximum value was 28.1°C (–2.1%), with a 
minimum of 24.9°C (–1.6%). The Zone 4 (with no insulation material) 
recorded a maximum value of 27.9°C (–2.1%) and a minimum of 25.2°C 

(–0.8%). 
Fig. 14 represents the average recorded T o values in the FF zones. 

The base variant recorded a maximum value of 33.9°C, while the min- 
imum was 26.6°C, being all the values above the recommended range 
throughout the day. For variant 1, the maximum and minimum values 
both decreased to 33.8°C (–0.3%) and 26.5°C (–0.4%), respectively. For 
variant 2, the maximum value increased to 34.2°C ( + 0.9%) and the min- 
imum value decreased to 26.4°C (–0.8%). For variant 3, the maximum 

value decreased to 31.6°C (–6.8%) and the minimum value increased to 
26.8°C ( + 0.8%). Also, despite the decrease recorded, the values in all 
three variants were still above the recommended range throughout the 
day. 

Based on the T o recorded in individual zones of the FF (see Figs. A21 –
A24 in Appendix A ), the base variant recorded the following values: 
Zone 6 recorded a maximum value of 34.1°C with a minimum of 26.7°C. 
In zone 7, the maximum value was 34.5°C and the minimum was 26.6°C. 
In zone 8, the maximum value was 33.3°C with a minimum of 26.6°C, 
while in zone 9, the maximum value was 33.8°C and the minimum was 
26.7°C. For variant 1, minor differences were recorded in all the zones. 
In zone 6, the maximum and minimum values decreased to 34°C (–
0.3%) and 26.5°C (–0.7%), respectively. In zones 7, the maximum value 
was 34.4°C (–0.3%) and the minimum was 26.4°C (–0.8%). In zone 8, 
the maximum and minimum values were 33.2°C (–0.3%) and 26.5°C (–
0.4%), respectively, while in zone 9, the maximum value was 33.7°C 

(–0.3%) and the minimum was 26.5°C (–0.7%). For variant 2, the insu- 
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Fig. 13. Ground floor, operative temperature. 

Fig. 14. First floor, operative temperature. 

lation material had a negative effect on the T o in all the zones. In zone 
6, the maximum value increased to 34.3°C ( + 0.6%) and the minimum 

value decreased to 26.4°C (–1.1%). In zone 7, the maximum value in- 
creased to 35°C ( + 1.4%) and the minimum value decreased to 26.3°C 

(–1.1%). For zones 8 and 9, the maximum values increased to 33.7°C 

( + 1.2%) and 34.1°C ( + 0.9%), respectively and the minimum values de- 
creased to 26.4°C (–0.8%) in zone 8 and 26.4°C (–1.1%) in zone 9. For 
variant 3, a significant difference was observed in all the zones, es- 
pecially during the day. Zones 6 and 7 recorded maximum values of 
31.5°C (–7.6%) and 33°C (–4.3%) while the minimum values increased 
to 26.9°C ( + 0.7%) and 27°C ( + 1.5%), respectively. In zone 8, the max- 
imum value was 30.4°C (–8.7%) and the minimum value remained the 
same. In zone 9, the maximum value decreased to 31.4°C (–7.1%), but 
the minimum value increased to 26.9°C ( + 0.7%). 

Furthermore, variants 1 and 2 showed more influence on the GF than 
on the FF, while in variant 3, the effect was more evident on the FF zones 
than on the GF zones. Despite the effect of the insulation material, the 
values were still above the recommended range in most part of the day. 

Also, the T o for the FF zones was higher than that of the GF zones notably 
during the day due to the effect of solar radiation within this period. 

Based on the behavior of the insulation material in individual zones, 
it was observed that the highest effect in terms of both the mean air & 

operative temperatures and the corresponding air relative humidity oc- 
curred in the GF, in the zones 2 & 5, whose façades were facing north- 
east and south-east direction respectively, and in the FF, in the zones 
6 & 8, whose façades were facing north-west and south-west direction 
respectively. In addition, the variation in the behavior of the insula- 
tion material to individual zones implies that its performance depends 
mainly on the position and orientation of each zone in the building 
alongside other internal loads associated with the zones. Furthermore, 
based on the percentage difference recorded in the temperature and rel- 
ative humidity values, it was observed that the influence of aerogel in- 
creased as the outdoor temperature increases from the early hours to 
the middle of the day. This may indicate that the insulation material 
could intervene in thermal comfort which could affect the energy use 
during peak load hours of the day. Based on the outcome of the T m 

, RH, 
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Fig. 15. Zone 2, ceiling-Floor surface temper- 
ature difference. 

Fig. 16. Zone 8, ceiling-floor surface tempera- 
ture difference. 

and T o , for the base variant and variants 1, 2, & 3, the approximate val- 
ues and the corresponding percentage differences on each floor and in 
individual zones are summarized in Tables A. 1 and A. 2 in Appendix A . 

3.4. Surface inside face temperature, T sf (°C) 

The “Surface Inside Face Temperature ” is used to designate the tem- 
perature of the surface’s internal faces, in degrees Celsius as an output 
variable of the EnergyPlus program. For this study, the variant where 
aerogel had the highest significance in relation to the base variant was 
selected (variant 3, see Table A1 in Appendix A ) and the surface temper- 
ature of the opaque layers where the insulation material was inserted is 
measured. 

This further complements the significance of inserting aerogel ma- 
terial on the surfaces of the model and the thermal zones where the 
insulation material had the highest effect were selected for representa- 
tion and analysis purposes. For the GF, zone 2 was selected and for the 
FF floor, zone 8 was considered (see Table A2 in Appendix A ). Based on 
the measured surface temperature of the opaque layers of the selected 
zones, the values were cross-linked and compared to the counterpart lay- 
ers without insulation. Then, the possibility of local thermal discomfort 
intervention through aerogel insulation in the zones was determined 
considering the allowable radiant temperature asymmetry range pro- 
vided in ASHRAE standard 55 [51] . From Figs. 15 and 16 , it is evident 
that aerogel had a significant effect on the surface temperature of the 

insulated layers. In zone 2, the ceiling-floor surface temperature differ- 
ence was 6.8°C for the base variant while for variant 3 the difference 
decreased to 5.9°C. In zone 8, the base variant recorded a difference of 
11.13°C while for variant 3, the value significantly decreased to 3.8°C. 
This indicates that aerogel has the potential of stabilizing the tempera- 
ture differences within the zones of the model which in turn decreases 
the possibility of local thermal discomfort in the zones. 

With the simultaneous consideration of the recorded mean air tem- 
perature and the air relative humidity, the dew point temperature (T dew 

) 
was also calculated through a simple psychrometric chart [62] . Dew 

point is also an important variable that directly affects the quality of 
indoor environments. This indicates the condition when airborne hu- 
midity will condense or in other words the air temperature at which the 
water vapor in air at a given barometric pressure will condense into a 
liquid [51] . This condensation results in moisture and mole damage to 
components and other dead loads in buildings. This is in fact an essential 
parameter especially for climates in the tropical regions (characterized 
with high humidity almost throughout the year). 

From Table 4 , it is observed that aerogel also has the potential of 
decreasing the dew point temperature within the thermal zones of the 
designed model. Variant 3 with a percentage reduction of approximately 
2.3% for zones on the ground floor and up to 7.4% for zones on the first 
floor had the highest dew point temperature reduction in relation to the 
base variant. This further reduces the risk of condensation and other 
moisture damages to the designed model. However, a point of equilib- 
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Table 4 

Calculated dew-point temperature. 

Variable 
Base Variant Variant 1 Variant 2 Variant 3 

Max Max Max Max 

T dew 

(°C) 

GF 23.31 23.02 

( − 1.24%) 

23.21 

( − 0.43%) 

22.78 

( − 2.27%) 

FF 27.22 27.22 

(0.00%) 

27.41 

( + 0.69%) 

25.22 

(-7.35%) 

Fig. 17. Daily cooling load intensity & tariff. 

rium between the reduction in the surface temperature of the insulated 
layers and the corresponding decrease in the dew point temperature 
within the zones is an interesting line of study that should be explored 
to identify a stabilized range with the minimum risk of condensation. 

3.5. Simulation with HVAC System 

An ideal air loads HVAC system was introduced into the model and 
new sets of simulations were run for all the variants. The goal was 
to evaluate the reduction in the Cooling Load Intensity (CLI) achieved 
through the utilization of the insulation material in each of variants 1, 
2, and 3 with reference to the base variant. Natural ventilation was dis- 
abled throughout the day in the conditioned zones. The system was pro- 
grammed to maintain a maximum indoor temperature setpoint of 26°C 

throughout the day and the amount of energy needed to retain the set- 
point was calculated in each variant. Also, the cost in US $/kWh based 
on the tariff charges in the selected city ($0.076/kWh [63] ) was regis- 
tered to further determine the tariff savings gained in each of variants 
1, 2, and 3, as related to the base variant ( Fig. 17 ). 

From Fig. 17 , it is observed that variant 3, with CLI of 295.20 
kWh/day and a cost of US $22.44/kWh had the highest reduction with 
respect to the base variant. This represents a percentage reduction of 
about 15% for both the CLI and tariff. The number of hours per day reg- 
istered with temperatures above the recommended range explains the 
high daily CLI recorded in the model. This is common for locations like 
Lagos, where the temperature is moderately high almost throughout the 
day. Moreover, the mechanical cooling system of the model was set at a 
constant operation when the temperatures in the zones were above the 
considered recommended range through the day. 

Comparing Figs. 13 & 14 , it is evident that in terms of thermal com- 
fort improvement, the overall influence of aerogel for the GF zones was 
not significant compared to the reduction gained for the FF zones. How- 
ever, from an energy consumption point of view, the insulation material 
may play a significant role as the cooling load intensity reduction may 
get up to 28.5% for just the GF zones. This implies that for constantly 
conditioned spaces or zones, aerogel may be an asset for net cooling 
load reduction. Furthermore, since there is little or no variation in the 
weather throughout the year in Lagos (see Fig. 3 ), the calculated CLI and 

tariff charges for the summer day were assumed to apply for a whole 
year. The tariff was assumed to remain the same and an uninterrupted 
energy supply to the designed model for the whole year and the cor- 
responding annual Figs. were determined ( Fig. 18 ). The CLI and tariff
charges for a typical summer day and the corresponding annual Figs. 
for each variant are highlighted in Table 5 . 

Based on the calculated annual CLI and tariff, the period needed 
to recover the initial cost of installing aerogel blanket on the designed 
model was calculated. Since variant 3 had the highest percentage re- 
duction in relation to the base variant, the total area where aerogel was 
installed in the model (attic and floor slabs) was summed up and the 
corresponding cost of the total area per square meter was computed. 
The simple payback period was calculated using Eq. (2 ); 

𝑃 𝑃 = 

𝐴 𝑎 × 𝐶 𝑎 

𝐶 𝑟 

(2) 

Where PP = Payback period 

A a = Total area where aerogel was installed 
C a = Cost of aerogel per square meter 
C r = Annual cost of the CLI reduction achieved through the installa- 

tion of aerogel 

The cost of aerogel may vary depending on the production company, 
thermal and mechanical properties, end form of the product, etc. A re- 
view on aerogel materials carried by [38] in 2012 priced a cubic me- 
ter of a silica aerogel at US $4,000 and hoped that with a continuous 
increase in commercialization, the price could decrease to more than 
60% by 2020. Cuce et al. [64] , also carried out a thickness optimiza- 
tion analysis of aerogel blanket and considered €600 per cubic meter 
for their cost analysis. Contrary to these prices, a review on aerogel ap- 
plications in buildings carried out by [26] reported significantly lesser 
Figs., £20 - £35/m 

2 for an aerogel blanket of 10mm thickness. For the 
purpose of the study, the price per square meter of commercially avail- 
able fiber aerogel blanket reported in [65] was considered, US $45/m 

2 

for 10 mm thickness, but aerogel thickness installed on the model was 20 
mm, therefore, the cost per square meter will be assumed at US $90/m 

2 

(for 20 mm thickness). In variant 3 (which had the highest CLI and tariff
reduction in relation to the base variant) of the designed model, the to- 
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Fig. 18. Annual cooling load intensity & tariff. 

Table 5 

Summary of calculated cooling load intensity & tariff. 

Variants 
Daily Annual Percentage 

savings (%) 
CLI (kWh) Tariff ($/kWh) CLI (kWh) Tariff ($/kWh) 

Base Variant 347.91 26.44 126987 9651 0.00 

Variant 1 313.4 23.82 114391 8694 9.92 

Variant 2 318.5 24.21 116253 8837 8.45 

Variant 3 295.2 22.44 107748 8191 15.15 

tal area where aerogel was installed is ~ 275.20 m 

2 (156 m 

2 installed in 
the attic and 119 m 

2 installed in the floor slabs of the model). Therefore, 
from Eq. (2 ); 

𝑃 𝑃 = 

275 . 20 × 90 
1460 

= ∼ 17 𝑦𝑒𝑎𝑟𝑠 

From the above expression, it can be seen that the payback period for 
investing in aerogel insulation for the selected case building is approxi- 
mately 17 years. This period is relatively high and may not be affordable 
for an average middle-class citizen in the selected location considering 
the studied building model. However, in projects where cost is of less 
concern, aerogel may be a good investment when climate change effect 
is put into consideration. The application of aerogel proved to reduce 
the energy consumption of the designed model which in turn reduces the 
effect of climate change especially in locations like Nigeria where most 
of the available energy sources are non-renewable and contaminative. 

3.6. Limitations of the study and possible future research 

The current study adopted a 2-story typical residential building in 
the selected region with its approach view directed to the north, there- 
fore, the findings of the study may only apply to residential buildings 
with similar characteristics to the case study building. Thus, further re- 
search may be necessary to effectively conclude the performance of the 
proposed insulation material with respect to thermal comfort improve- 
ment and energy consumption reduction. Different building sizes ren- 
dered with aerogel material and with varying orientations need to be 
examined and compared; the authors intend to cover this in future stud- 
ies. Also, depending on occupants’ behavior with energy utilization, the 
results obtained in this study may differ, thus, to ensure optimum perfor- 
mance of buildings, drills on climate change effect and energy savings 
benefits should be carried out regularly across building occupants. Fur- 
thermore, although the obtained weather data was modified to suit the 
climate of the selected location, a more accurate energy prediction and 
representation may be obtained with the availability of the weather data 
of the selected location. 

4. Conclusions 

This study examined the performance of aerogels in a naturally ven- 
tilated building in terms of thermal comfort improvement and energy 
consumption reduction against conventional materials utilized in con- 
structing residential buildings in Nigeria, considering the tropical cli- 
mate experienced in the southern part of the country. Major parame- 
ters that influence indoor environmental quality were measured through 
modeling and building energy simulations and the results were com- 
pared to standard recommended values. Also, the corresponding energy 
consumption, tariff charges, and payback period are reported. 

The outcome of the simulations showed that the proposed insulation 
material had the highest influence when inserted in the attic and floor 
slabs of the designed model (variant 3). Concerning the mean air tem- 
perature, with reference to the base variant, a reduction of about 2.7 –
6.2% was attained. For the air relative humidity, although the recorded 
values were within the recommended range nearly throughout the day, 
the insulation material slightly increased the values. However, this in- 
crease was not significant and may be considered tolerable since a slight 
increase in relative humidity has a limited impact on thermal sensation. 
For the corresponding operative temperature, a decrease of about 2.5 –
6.8% was achieved. However, despite the decrease in the recorded val- 
ues, they were still above the recommended range nearly throughout 
the day especially for zones on the first floor. Although, aerogel’s signif- 
icance appeared to get better as the outdoor air temperature increases. 
This indicates that aerogel may have a significant impact on both ther- 
mal comfort and energy consumption during peak load hours. This is 
in fact confirmed through the reduction in the surface temperature and 
the dew point temperature attained, especially for the FF zones which 
are directly exposed to solar heat gain effect. Furthermore, with the in- 
troduction of the HVAC system and natural ventilation disabled in the 
conditioned zones, variant 3 still had the highest reduction in terms of 
the cooling load intensity and the cost per kilowatt-hour. A reduction 
of more than 15% in both parameters was attained with respect to the 
base variant. However, due to the current high price of aerogel, the cost 
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of its application on the case study building against the payback period 
is considered excessively high but maybe a good investment for projects 
where climate change and sustainability are of high importance and less 
concern is given to expenditure. 

Finally, aerogel demonstrated significant potential with respect to 
both thermal comfort improvement and energy consumption reduction 
on the designed model. Therefore, its application should highly be con- 
sidered, for that will reduce energy demand for cooling and in turn im- 
prove thermal comfort to building occupants. Also, owing to its excep- 
tional low thermal conductivity feature and the recent advancement in 
its synthesis process, its demand is expected to increase in the coming 
years particularly for building thermal insulations alongside other indus- 
trial applications while hoping to identify strategies that could reduce 
its cost to a comparable rate to its counterparts. This study is the first 
to analyze aerogel thermal insulation for building applications in the 
study region. The findings of the study provide an overall guide for the 
design and construction of efficient & sustainable buildings in Nigeria 
which will soon be a topic of research in the construction industry in the 
coming years. The outcome of the simulations conducted is also hoped 
to serve as a base reference for the insulation of residential buildings 
with similar climate and characteristics to the adopted case building. 
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Appendix A 

NB: All Figs. presented in this paper are intended for colored repro- 
duction on the Web and in print. 

Fig. A1. Zone 1, mean air temperature. 

Fig. A2. Zone 2, mean air temperature. 
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Fig. A3. Zone 4, mean air temperature. 

Fig. A4. Zone 5, mean air temperature. 

Fig. A5. Zone 6, mean air temperature. 

306 



A.W. Bashir and B.C.C. Leite Energy and Built Environment 3 (2022) 291–315 

Fig. A6. Zone 7, mean air temperature. 

Fig. A7. Zone 8, mean air temperature. 

Table A1 

Summary of recorded values on each floor. 

Output Variables 
Base Variant Variant 1 Variant 2 Variant 3 

Max Min Max Min Max Min Max Min 

GF T m (°C) 29.6 25.2 29.3 

( − 1.0%) 

25.1 

( − 0.4%) 

29.5 

( − 0.3%) 

25.1 

( − 0.4%) 

28.8 

( − 2.7%) 

25.1 

( − 0.4%) 

RH (%) 69 56 69 

(0.0%) 

56 

(0.0%) 

69 

(0.0%) 

56 

(0.0%) 

70 

( + 1.4%) 

57 

( + 1.8%) 

T o (°C) 28.3 25.5 28 

( − 1.1%) 

25.2 

( − 1.2%) 

28.2 

( − 0.4%) 

25.2 

( − 1.2%) 

27.6 

( − 2.5%) 

25.1 

( − 1.6%) 

FF T m (°C) 33.7 25.3 33.7 

(0.0%) 

25.3 

(0.0%) 

33.9 

( + 0.6%) 

25.2 

( − 0.4%) 

31.6 

( − 6.2%) 

25.3 

(0.0%) 

RH (%) 69 42 69 

(0.0%) 

43 

( + 2.4%) 

69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

48 

( + 14.3%) 

T o (°C) 33.9 26.6 33.8 

( − 0.3%) 

26.5 

( − 0.4%) 

34.2 

( + 0.9%) 

26.4 

( − 0.8%) 

31.6 

( − 6.8%) 

26.8 

( + 0.8%) 
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Table A2 

Summary of recorded values in individual zones. 

Output Variables 
Base Variant Variant 1 Variant 2 Variant 3 

Max Min Max Min Max Min Max Min 

ZN1 T m (°C) 28.6 25.2 28.6 

(0.0%) 

25.1 

( − 0.4%) 

28.6 

(0.0%) 

25.1 

( − 0.4%) 

28.5 

( − 0.3%) 

25.1 

( − 0.4%) 

RH (%) 69 57 69 

(0.0%) 

57 

(0.0%) 

69 

(0.0%) 

57 

(0.0%) 

70 

( + 1.4%) 

57 

(0.0%) 

T o (°C) 27.7 25.6 27.4 

( − 1.1%) 

25.3 

( − 1.2%) 

27.5 

( − 0.7%) 

25.3 

( − 1.2%) 

27.2 

( − 1.8%) 

25.1 

( − 2.0%) 

ZN2 T m (°C) 30.6 25.2 30.2 

( − 1.3%) 

25.2 

(0.0%) 

30.6 

(0.0%) 

25.2 

(0.0%) 

29.7 

( − 2.9%) 

25.2 

(0.0%) 

RH (%) 69 53 69 

(0.0%) 

54 

( + 1.9%) 

69 

(0.0%) 

53 

(0.0%) 

69 

(0.0%) 

57 

( + 7.5%) 

T o (°C) 29 25.4 28.6 

( − 1.4%) 

25.1 

( − 1.2%) 

29 

(0.0%) 

25.1 

( − 1.2%) 

28.2 

( − 2.8%) 

24.9 

( − 2.0%) 

ZN4 T m (°C) 30.2 25.1 30.1 

( − 0.3%) 

25.1 

(0.0%) 

30.2 

(0.0%) 

25.1 

(0.0%) 

29.5 

( − 2.3%) 

25.1 

(0.0%) 

RH (%) 73 55 73 

(0.0%) 

55 

(0.0%) 

73 

(0.0%) 

55 

(0.0%) 

75 

( + 2.7%) 

55 

(0.0%) 

T o (°C) 28.5 25.4 28.4 

( − 0.4%) 

25.4 

(0.0%) 

28.5 

(0.0%) 

25.4 

(0.0%) 

27.9 

( − 2.1%) 

25.2 

( − 0.8%) 

ZN5 T m (°C) 30.5 25.1 30.2 

( − 1.3%) 

25.1 

(0.0%) 

30.5 

(0.0%) 

25.1 

(0.0%) 

29.8 

( − 2.3%) 

25.1 

(0.0%) 

RH (%) 69 54 70 

( + 1.4%) 

55 

( + 1.9%) 

70 

( + 1.4%) 

54 

(0.0%) 

71 

( + 2.9%) 

57 

( + 5.6%) 

T o (°C) 28.7 25.3 28.4 

( − 1.0%) 

25 

( − 1.2%) 

28.7 

(0.0%) 

25 

( − 1.2%) 

28.1 

( − 2.1%) 

24.9 

( − 1.6%) 

ZN6 T m (°C) 34 25.3 33.9 

( − 0.3%) 

25.3 

(0.0%) 

34 

(0.0%) 

25.3 

(0.0%) 

31.5 

( − 7.4%) 

25.4 

( + 0.4%) 

RH (%) 69 42 69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

42 

(0.0%) 

68 

( − 1.4%) 

48 

( + 14.3%) 

T o (°C) 34.1 26.7 34 

( − 0.3%) 

26.5 

( − 0.7%) 

34.3 

( + 0.6%) 

26.4 

( − 1.1%) 

31.5 

( − 7.6%) 

26.9 

( + 0.7%) 

ZN7 T m (°C) 33.9 25.3 33.9 

(0.0%) 

25.3 

(0.0%) 

34 

( + 0.3%) 

25.3 

(0.0%) 

33 

( − 2.7%) 

25.3 

(0.0%) 

RH (%) 69 42 69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

44 

( + 4.8%) 

T o (°C) 34.5 26.6 34.4 

( − 0.3%) 

26.4 

( − 0.8%) 

35 

( + 1.4%) 

26.3 

( − 1.1%) 

33 

( − 4.3%) 

27 

( + 1.5%) 

ZN8 T m (°C) 33.4 25.2 33.2 

( − 0.6%) 

25.2 

(0.0%) 

33.6 

( + 0.6%) 

25.2 

(0.0%) 

30.5 

( − 8.7%) 

25.2 

(0.0%) 

RH (%) 69 43 69 

(0.0%) 

44 

( + 2.3%) 

69 

(0.0%) 

43 

(0.0%) 

69 

(0.0%) 

51 

( + 18.6%) 

T o (°C) 33.3 26.6 33.2 

( − 0.3%) 

26.5 

( − 0.4%) 

33.7 

( + 1.2%) 

26.4 

( − 0.8%) 

30.4 

( − 8.7%) 

26.6 

(0.0%) 

ZN9 T m (°C) 33.7 25.2 33.7 

(0.0%) 

25.2 

(0.0%) 

34 

( + 0.9%) 

25.2 

(0.0%) 

31.5 

( − 6.5%) 

25.2 

(0.0%) 

RH (%) 69 42 69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

42 

(0.0%) 

69 

(0.0%) 

48 

( + 14.3%) 

T o (°C) 33.8 26.7 33.7 

( − 0.3%) 

26.5 

( − 0.7%) 

34.1 

( + 0.9%) 

26.4 

( − 1.1%) 

31.4 

( − 7.1%) 

26.9 

( + 0.7%) 

Fig. A8. Zone 9, mean air temperature. 
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Fig. A9. Zone 1, air relative humidity. 

Fig. A10. Zone 2, air relative humidity. 

Fig. A11. Zone 4, air relative humidity. 
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Fig. A12. Zone 5, air relative humidity. 

Fig. A13. Zone 6, air relative humidity. 

Fig. A14. Zone 7, air relative humidity. 
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Fig. A15. Zone 8, air relative humidity. 

Fig. A16. Zone 9, air relative humidity. 

Fig. A17. Zone 1, operative temperature. 
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Fig. A18. Zone 2, operative temperature. 

Fig. A19. Zone 4, operative temperature. 

Fig. A20. Zone 5, operative temperature. 
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Fig. A21. Zone 6, operative temperature. 

Fig. A22. Zone 7, operative temperature. 

Fig. A23. Zone 8, operative temperature. 
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Fig. A24. Zone 9, operative temperature. 
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In recent decades, solar collector and heat pump combinations have been widely applied to supply heat and 
hot water, such as in heat supply and power generation for domestic and commercial buildings and relevant 
applications in the manufacturing and agricultural industries. However, the solar-assisted heat pumps already 
in extensive use may undergo system performance deterioration in a cold environment. To solve this problem, 
we designed a heat pump system assisted with hot water where a water medium was used to store energy to 
assist the operation of the heat pump at low temperatures. Three factors were comprehensively considered: the 
opening degree of the electronic expansion valve, the temperature of the low-temperature heat source, and the 
auxiliary hot water temperature. Crossover experiments were designed with three levels for each factor, and 
36 groups of experiments were carried out. The results showed that as the auxiliary hot water temperature 
increased, the heating capacity and the coefficient of performance also increased. Thus, the overall working 
efficiency of the system improved. According to the orthogonal test, the most important influencing factor of 
system performance was the auxiliary hot water temperature, followed by the ambient temperature and opening 
degree of the electronic expansion valve. These results fully demonstrated that the addition of auxiliary hot water 
could dramatically improve system performance. In addition, optimization of the opening degree of the electronic 
expansion valve produced different results, indicating that the optimal value ranged from 50% − 75%. 

1. Introduction 

Heating in cold regions usually consumes a large amount of energy. 
Conventional heating methods (e.g., coal and wood burning) pose a 
great challenge to energy reserves but also cause environmental pol- 
lution and climate warming [1] . To improve environmental quality and 
respond to the "coal to electricity" policy, seven government authorities, 
including the National Development and Reform Commission, have pub- 
lished the Green Industry Guidance Catalogue (2019). Air source heat 
pumps are included in the first item of this Catalogue, that is, the man- 
ufacturing of energy-efficient commercial equipment in the energy con- 
servation and environmental protection industry. Air source heat pumps 
generally have high thermal efficiency. Such pumps are considered a po- 
tential alternative to fossil fuel heating due to their lower carbon emis- 
sions and lower installation costs compared with scattered coal or gas- 
fired boilers. At present, the main problem with air source heat pumps is 
frosting at low ambient temperatures [2] , which causes deterioration of 
the heat supply capacity and coefficient of performance (COP). There- 
fore, it is vital to increase the heating efficiency of air source heat pumps 

∗ Corresponding author at: Solar Energy Research Institute, Yunnan Normal University, Kunming 650500, China. 
E-mail address: wangyf@ynnu.edu.cn (Y. Wang). 

at low ambient temperatures. A single heat source may fail to supply 
heat stably, which gives rise to the need for multiple heat sources. 

A solar-assisted heat pump is a combination of a vapor compression 
heat pump and solar panels [3] . Practice has proven that solar-assisted 
heat pumps can effectively reduce electricity consumption and exhibit 
improved working efficiency. Solar-assisted heat pumps are divided into 
tandem and parallel types depending on how solar energy is coupled to 
the heat pump. Solar-assisted heat pumps are also divided into direct 
expansion and indirect expansion types depending on the type of heat- 
ing terminal used. Studies have shown that solar-assisted heat pumps 
can improve the thermal efficiency of solar collectors [4] . Behavioral 
studies of direct-expansion solar-assisted heat pumps in frosting condi- 
tions have found that solar radiation can improve the heating capac- 
ity of this type of heat pump while avoiding or delaying frosting [ 5 , 6 ]. 
Some scholars performed an analysis of the system performance of solar- 
assisted heat pumps through mathematical modeling [7–9] . In another 
study, a new type of solar-assisted air source heat pump was tested. A 

finned-tube evaporator was connected in parallel with a collector-type 
evaporator, and the two evaporators complemented each other under 
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Nomenclature 

h c1 enthalpy of the exhaust port of the compressor, kJ/kg 
h c2 enthalpy of the outlet of the condenser, kJ/kg 
P c exhaust pressure of the compressor, MPa 
P e intake pressure of the compressor, MPa 
P r compression ratio term 

q m 

mass flow of the working medium, g/s 
Q c calculation term for system heating capacity, kJ 
t system running time, h 
W power consumption by the system, kW 

•h 

Adfbreviations 

COP coefficient of performance 
EEV electronic expansion valve 

different working conditions [10] . CO 2 was used as a refrigerant with a 
two-phase cycle. A simulation was performed for an indirect-expansion 
solar-assisted heat pump. A comparison was made against an indirect- 
expansion solar-assisted heat pump that used R410a as a refrigerant 
with a single-phase cycle. The results showed that the two-phase cycle 
outperformed the single-phase cycle in cold weather [11] . Researchers 
have also proposed and investigated a new type of solar/air double- 
source heat pump system. The distribution of the refrigerant flow rate 
was controlled in the coupled heat pump. The results showed that the 
refrigerant flow rate influenced the performance of the double-source 
heat pump and that an appropriate ratio of refrigerant flowing into the 
solar collector and evaporator improved the overall system performance 
[12] . 

Solar energy is unstable and discontinuous energy. Under normal cir- 
cumstances, when the solar radiation intensity is low (during the night 
or in cloudy and rainy weather), the ambient temperature is also low. In 
that case, air source heat pump systems are likely to frost, reducing the 
system efficiency. The combination of a solar-assisted heat pump and an 
energy storage system is an effective method to cope with changeable 
weather conditions. Excessive energy is stored when there is sufficient 
solar energy; the stored energy is utilized to assist the operation of the 
heat pump when the solar radiation intensity is low. Such a heat pump 
system provides a valuable solution to the low working efficiency of air 
source heat pumps at low temperatures and is worthy of further inves- 
tigation. The combined use of a solar-assisted heat pump and an energy 
storage system has many advantages. Such heat pump systems can oper- 
ate with high working efficiency and energy efficiency, even in severely 
cold regions, and has excellent economic applicability [13-16] . A solar- 
air hybrid source heat pump system was proposed to solve the problems 
where traditional solar collectors cannot effectively use solar energy of 
varying intensity and air source heat pumps cannot provide a steady 
supply of heat under defrosting conditions; the structure and operation 
strategies were researched, and a numerical model was established to 
evaluate the performance of the solar-air hybrid source heat pump [17] . 
Similarly, a model of a heat supply system with a heat pump supple- 
mented by a heat accumulator was proposed in another study, and a 
novel operation strategy was proposed: the air source heat pump op- 
erates only during the period with the highest temperature in the day, 
while the thermal energy storage unit would compensate during other 
periods [18] . Another researcher proposed a novel solar-assisted hot wa- 
ter heat pump system comprising two water tanks, one of which can be 
used to collect part of the solar heat during the daytime and is used in the 
defrosting processes during the nighttime; the study concluded that the 
efficiency of the new system was improved and that this system is partic- 
ularly suitable for cold regions [19] . The China Academy of Building Re- 
search designed a heating system that combines an air source heat pump 
with a water tank. This system adopts a new operating strategy: the heat- 
ing system is active and the water storage tank charges during the day- 
time, while the heating system switches off and the water storage tank 

discharges at night. Under this approach, the system always operates at 
higher ambient temperatures and switches off at lower ambient temper- 
atures [20] . Other researchers developed a solar photovoltaic/thermal 
(PV/T)-assisted heat pump system with a chilled water buffer tank and 
a hot water tank to prepare domestic hot water on the heat pump side; 
particular emphasis was placed on the system thermodynamics and the 
interactions among the heat pump, water tank, and noninsulated PV/T 

plate collector [21] . A design comprising a water-water-solar-assisted 
heat pump system was proposed in another study; this heating system 

integrates a PV/T collector and seasonal heat storage, and its technical 
and economic feasibility was demonstrated through a simulation [22] . A 

hybrid combined heating system composed of a solar hot water and air 
source heat pump was also proposed; this combined heating system can 
achieve good energy-saving benefits by switching the connection mode 
between the solar hot water and air source heat pump (such as the paral- 
lel and series heating modes between the solar hot water and air source 
heat pump and a preheating-type connection mode in which solar hot 
water is employed as the input for the air source heat pump) according 
to the outdoor weather conditions [23] . Researchers numerically mod- 
eled the key performance of the return temperature of a district heating 
system in different layers and ran the simulation in different modes; the 
results showed that the district heating system can reduce water flow 

by 8%-28% compared to the reference case [24] . 
Solar-assisted heat pump systems with auxiliary energy storage in 

water can achieve highly efficient and reasonable energy allocation. 
Such systems can overcome the defects of conventional solar-assisted 
heat pump systems. At present, researchers are focused on the operation 
strategies of the system, the coupling relationship between system com- 
ponents, the system performance under different working conditions, 
and the energy saving efficiency or economic efficiency. In contrast, 
few studies have been performed on the temperature of the water enter- 
ing the heat pump system from the solar energy storage (the auxiliary 
water temperature). However, the water temperature of the solar en- 
ergy storage tank has a major impact on the evaporation temperature 
of the heat pump because changes in evaporation temperature bring 
about changes in the degree of superheating of the working medium. 
The working medium in the evaporator should have a certain degree 
of superheating to ensure a satisfactory heating capacity. The opening 
degree of the electronic expansion valve (EEV) is an important factor 
regulating the degree of superheating. Therefore, the ambient temper- 
ature, auxiliary hot water temperature, and opening degree of the EEV 

have a significant impact on the heating capacity and COP of heat pump 
systems with auxiliary hot water. 

In this paper, we carried out an experimental study of the perfor- 
mance of a heat pump system with auxiliary hot water under different 
ambient temperatures, auxiliary hot water temperatures, and opening 
degrees of the EEV. A detailed analysis was performed on the influence 
of operating parameters such as temperature and pressure on the system 

performance. In addition, the optimal ranges were determined for the 
auxiliary hot water temperature and the opening degree of the EEV. 

2. System description and experimental design 

2.1. Experimental principle 

In this article, we designed a solar-assisted heat pump system with 
auxiliary hot water ( Fig. 1 ). This system consisted of two parts, namely, 
an air source heat pump subsystem and an energy storage subsystem 

with auxiliary hot water. 

(1) Air source heat pump subsystem. The working medium un- 
derwent a liquid-to-gas phase change in the evaporator. Heat 
energy was absorbed from the low-temperature heat source. 
Then, the low-temperature low-pressure gas was converted in the 
compressor into a high-temperature high-pressure gas. The gas- 
to-liquid phase change in the condenser was accompanied by 
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Fig. 1. Schematic diagram of the solar-assisted 
heat pump system with auxiliary hot water. 

Fig. 2. Schematic diagram of the heat pump 
system with auxiliary hot water. 

heat release, during which the energy obtained from evapora- 
tion and compression was used to heat the water medium that 
was cooled by passing through the condenser. The high-pressure 
working medium was converted back to a low-temperature low- 
pressure liquid by passing through the EEV. Then, the next cycle 
began. 

(2) Energy storage subsystem with auxiliary hot water. The auxiliary 
hot water subsystem was started up at low ambient temperature. 
The low-temperature low-pressure liquid working medium that 
had passed through the EEV was heated by the plate heat ex- 
changer using the hot water in the solar collector. After heat ex- 
change, the high-temperature working medium was responsible 
for auxiliary heating of the low-temperature working medium in 
the evaporator. This subsystem solved the frosting problem of 
the compressor at low temperatures, thereby improving the heat 
production performance of the system. 

2.2. System description 

We used a simplified experimental prototype to obtain stable ex- 
perimental data and to precisely control the experimental environment 
( Fig. 2 ). The evaporator, condenser, compressor, EEV, and auxiliary 

plate heat exchanger were installed in an indoor laboratory according 
to the relevant standard ( Fig. 3 ). The thermostatic water bath was con- 
nected to the evaporator and the auxiliary plate heat exchanger. These 
components were used to adjust and control the simulated ambient tem- 
perature and auxiliary hot water temperature, respectively. 

A total of 15 T-type thermocouples were arranged in the evaporator 
inlet and outlet, compressor inlet and outlet, condenser inlet and outlet, 
and inlet and outlet of the auxiliary plate heat exchanger. They were 
used to monitor the temperatures of the working medium and water. 
A pressure sensor (CYYZ11) was installed at each measuring point, as 
shown in Fig. 2 . The pressure changes in the working medium passing 
through each point were monitored. The power changes of the compres- 
sor were measured using a power meter (HP–9800). The parameters of 
the system components and testing equipment are shown in Table 1 . 

Each testing and recording process lasted for 1 h to reduce the influ- 
ence of system instability on the experimental results. The uncertainty 
of the experimental measurements was calculated by using formula (1) 
[25] : 

𝑤 𝑅 = 

[ ( 

𝜕𝑅 

𝜕 𝑥 1 
𝑤 1 

) 2 
+ 

( 

𝜕𝑅 

𝜕 𝑥 2 
𝑤 2 

) 2 
+ ⋯ + 

( 

𝜕𝑅 

𝜕 𝑥 n 
𝑤 n 

) 2 
] 

1 
2 

(1) 
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Fig. 3. Photo showing the real setup used in 
the indoor laboratory. 

Table 1 

Some parameters of the components and test equipment. 

Name Parameter 

Compressor R22 fixed frequency rotor compressor, 

rated input power: 975 W, 

displacement: 16.4 cm 

2 /rev 

Evaporator/Condenser Brazed plate heat exchanger, heat 

exchange area: 0.25 m 

2 

Auxiliary plate heat exchanger Brazed plate heat exchanger, heat 

exchange area: 0.08 m 

2 

Thermostatic water bath box Temperature range: –20°C to 99.9°C, 

control temperature accuracy: ± 0.1°C; 

rated external circulation flow: 10 L/min 

EEV Range of opening step: 0 – 500 

Data recorder HIOKI, LR8402-21 

Power meter Accuracy: ± 0.5%, range: 0.5 – 4400 w 

Rotameter Accuracy: ± 2.5%, range: 0 – 2.67 L/min 

Pressure sensor Accuracy: 0.1%, range: –0.1 MPa to 5 MPa 

T-type thermocouple Accuracy: 0.4%, range: –200°C to 260°C 

where w R is the uncertainty of the result and w 1 , w 2 … w n are the un- 
certainties of the independent variables. R is the given function of an 
independent variable. The maximum uncertainty of the heating capac- 
ity was calculated to be 2.53% and that of the COP was 2.58%. 

Fig. 4 illustrates the thermodynamic cycle of the working medium in 
the heat pump system with auxiliary hot water. 1 → 2 → 3 → 4 → 1 is the 
thermodynamic cycle of the working medium in the heat pump system 

without auxiliary hot water; 1 ′ → 2 ′ → 3 ′ → 4 ′ → 1 ′ is the thermody- 
namic cycle in the heat pump system with auxiliary hot water. The low- 
temperature low-pressure working medium underwent adiabatic com- 
pression in the compressor (1 → 2)/(1 ′ → 2 ′ ). The high-temperature 
high-pressure gas working medium flowing out of the compressor re- 
leased heat after entering the condenser and was converted into a liq- 
uid working medium (2 → 3)/(2 ′ → 3 ′ ); the liquid working medium was 
converted into a gas-liquid mixed working medium via adiabatic throt- 
tle after passing through the EEV (3 → 4)/(3 ′ → 4 ′ ); the gas-liquid mixed 
working medium entered the evaporator via the EEV (4 → 1)/(4 ′ → 1 ′ ). 

 p

h

4 14'

2 2'33'

Vapor Zone

Liquid Zone

Supercool

1'

Superhea t

Two-phase Zone

Fig. 4. p - h diagram of the working medium. 

After the addition of auxiliary hot water, the degree of superheating of 
the evaporator increased (1 → 1 ′ ), as did the compressor exhaust tem- 
perature, enthalpy value (2 → 2 ′ ), and heating capacity. The degree of 
overheating was regulated by the EEV. The degree of supercooling was 
changed (3 → 3 ′ ) to improve the system’s energy efficiency. 

2.3. Experimental design and specific methods 

One control group and three experimental groups were set up. 
A total of 36 experiments were performed under different lev- 
els of the three factors. The experimental design for the con- 
trol group is shown as an example ( Table 2 ). The auxiliary hot 
water temperatures of the three experimental groups were 10°C, 30°C, 
and 50°C. The simulated ambient temperatures were -10°C, 0°C, and 
10°C. Referring to the series of research published by Prof. Tao’s re- 
search group from the Institute of Refrigeration and Cryogenic Engi- 
neering at the University of Shanghai for Science and Technology on 
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Table 2 

Experimental working conditions (taking the control group as an example). 

Experience 
group 

Auxiliary hot water 
temperature/°C 

Simulated ambient 
temperature/°C 

Opening degree 
of EEV/% 

Control 

group 

None –10 50 

75 

100 

0 50 

75 

100 

10 50 

75 

100 

the influence of EEV regulation on the heat pump system performance 
[26-30] in combination with the testing results in the early stage of the 
experiment, the stable operation of the experiment was guaranteed, and 
the opening degree of the EEV was set to 50%, 75% and 100%. 

The experimental conditions were set up according to the indus- 
trial standard JB/T 12841-2016 for a low ambient temperature air 
source heat pump water heater (Ministry of Industry and Information 
Technology). The two thermostatic water baths were operated to sim- 
ulate changing ambient temperatures. The opening degree of the EEV 

was adjusted according to the experimental needs. A three-way valve 
was used to block the flow in the direction of the auxiliary plate heat 
exchanger. It was first ensured that the heat pump system operated sta- 
bly without auxiliary hot water for 1 h. It was also ensured that all 
experiments proceeded from the same initial state. During the experi- 
ments, the thermostatic water baths for auxiliary control of hot water 
temperature were started. After the system operated stably for 1 h, the 
three-way valve was adjusted to restore the flow in the direction of the 
auxiliary template heat exchanger. Thus, the system entered the work- 
ing mode of hot water assisting the heat pump. The experiments ended 
after 6 h of stable operation [31] . 

3. Results and discussion 

3.1. Energy analysis 

Heating capacity and COP are important indicators of the energy 
performance of a heat pump. In this study, we mainly analyzed these 
two indicators. Formulas (2) and (3) were used to calculate the heat- 
ing capacity and COP, respectively, of the system based on the data 
from 36 experiments. The results are shown in Table 3 (each experi- 
ment lasted for 7 h, and the mean values of heating capacity and COP 
were calculated after 6 h of stable operation. The curves of the mean 
heating capacity and COP under different working conditions are plot- 
ted in Figs. 5 and 6 , respectively. A data recorder was used to record 
the real-time evaporation temperature, condensation temperature, and 
suction and exhaust pressures of the compressor, and these data were 
used for subsequent analysis. 

The heating capacity of the system was given by [12] : 

𝑄 c = 𝑞 m ( ℎ c1 − ℎ c2 ) (2) 

where q m 

is the mass flow rate of the working medium, g/s; h c1 is the 
enthalpy value of the compressor exhaust outlet, kJ/kg; and h c2 is the 
enthalpy value of the condenser outlet, kJ/kg. 

The COP of the heat pump system was calculated by [32] : 

𝐶𝑂𝑃 = 

∫ 𝑡 

0 𝑄 c 𝑑𝑡 

𝑊 

(3) 

where t is the operation time of the system, h; and W is the electricity 
consumption of the system, kW 

•h. 
The compression ratio of the compressor is given by [26] : 

𝑃 r = 

𝑃 c 
𝑃 e 

(4) 

Table 3 

Summary of average heating capacity and COP values for different operating 
conditions. 

Ambient 
temperature /°C 

Opening degree 
of EEV /% 

Auxiliary hot water 
temperature /°C 

Heating 
capacity /kW 

COP 

–10 50 0 1.3788 1.7286 

10 1.8207 2.0404 

30 3.7380 3.3756 

50 4.3638 3.3929 

75 0 1.1134 1.5095 

10 1.5792 1.8540 

30 3.4230 3.2836 

50 4.1286 3.2993 

100 0 0.9648 1.3041 

10 1.4175 1.7809 

30 3.2256 3.0504 

50 4.0601 3.1735 

0 50 0 1.8383 2.0982 

10 2.0394 2.6102 

30 3.9228 3.6618 

50 4.3984 3.8007 

75 0 1.5526 1.9143 

10 1.7241 2.3197 

30 3.8005 3.3697 

50 4.1748 3.4534 

100 0 1.3284 1.7565 

10 1.6212 2.2267 

30 3.3562 3.0649 

50 4.0777 3.3453 

10 50 0 2.2690 2.6730 

10 2.5358 2.8123 

30 3.9721 3.7798 

50 4.4043 3.8896 

75 0 2.1294 2.5570 

10 2.4021 2.6722 

30 3.8561 3.7356 

50 4.2509 3.8378 

100 0 2.0160 2.4095 

10 2.3013 2.5327 

30 3.5905 3.5726 

50 4.0817 3.6496 

where P c is the exhaust pressure of the compressor, MPa; and P e is the 
suction pressure of the compressor, MPa. 

In Figs. 5 and 6 , the system operated without auxiliary hot water if 
the auxiliary hot water temperature was 0°C (the same holds below). 
The curves of the mean heating capacity and the mean COP shared a 
similar variation trend. 

According to Fig. 5 , the curves of the mean heating capacity were 
similar under different ambient temperatures. When the opening degree 
of the EEV was 50% and the ambient temperature was -10°C, auxiliary 
hot water with a temperature of 10°C, 30°C and 50°C was added, and 
the system’s heating capacity increased from 1.3788 kW to 1.8207 kW, 
3.7388 kW, and 4.638 kW, respectively. Compared with the situation 
without auxiliary hot water, the increase rates were 32.05%, 171.11%, 
and 216.49%, respectively. As the simulated ambient temperature in- 
creased from -10°C to 0°C, the system’s heating capacity increased from 

1.8383 kW to 2.0394 kW, 3.9228 kW, and 4.3984 kW, respectively. 
Compared with the situation without auxiliary hot water, the increase 
rates were 10.94%, 113.39%, and 139.26%, respectively. When the sim- 
ulated ambient temperature was 10°C, the system’s heating capacity in- 
creased from 2.2690 kW to 2.5358 kW, 3.9721 kW, and 4.4043 kW, 
respectively. Compared with the situation without auxiliary hot water, 
the increase rates were 11.76%, 75.06%, and 94.11%, respectively. 

Under an opening degree of the EEV of 50% without auxiliary 
hot water, the system’s heating capacity increased from 1.3788 kW to 
1.8383 kW and 2.2690 kW as the simulated ambient temperature in- 
creased from -10 °C to 0 °C and 10 °C, respectively. The increase rates 
were 33.33% and 23.43%, respectively, compared with the initial value. 
Under an opening degree of the EEV of 75% without auxiliary hot wa- 
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Fig. 5. Variation in heating capacity of the sys- 
tem with respect to the opening degree of the 
EEV, simulated ambient temperature and aux- 
iliary hot water temperature. 

Fig. 6. Variation in COP of the heat pump sys- 
tem with respect to the opening degree of the 
EEV, simulated ambient temperature and aux- 
iliary hot water temperature. 

ter, the system’s heating capacity increased from 1.1134 kW at -10 °C to 
1.5526 kW at 0 °C and to 2.1294 kW at 10 °C. The increase rates were 
39.45% and 37.15%, respectively, compared with the initial value. Un- 
der an opening degree of the EEV of 100% without auxiliary hot water, 
the system’s heating capacity increased from 0.9648 kW at -10 °C to 
1.3285 kW at 0 °C and to 2.0160 kW at 10 °C. The increase rates were 
37.70% and 51.75%, respectively, compared with the initial value. 

According to Fig. 6 , under the same opening degree of the EEV and 
an auxiliary hot water temperature of 10°C, the COP increased from 

1.8540 to 2.3197 and 2.6722 as the simulated ambient temperature in- 
creased from -10°C to 0°C and 10°C, respectively. The increase rates were 
25.12% and 15.20% compared with the initial value, respectively. Un- 

der an auxiliary hot water temperature of 30°C, the COP increased from 

3.2836 to 3.3697 and 3.7356 as the simulated ambient temperature in- 
creased from –10°C to 0°C and 10°C, respectively. The increase rates 
were 2.62% and 10.86% compared with the initial value, respectively. 
Under an auxiliary hot water temperature of 50°C, the COP increased 
from 3.2993 to 3.4534 and 3.8378 as the simulated ambient tempera- 
ture increased from -10°C to 0°C and 10°C, respectively. The increase 
rates were 4.67% and 11.13% compared with the initial value, respec- 
tively. 

Under the same opening degree of the EEV and a simulated ambient 
temperature of -10°C, the COP increased from 1.5095 to 1.8540, 3.2836 
and 3.2993 as the auxiliary hot water temperature increased from 0°C to 
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Fig. 7. Changes in condensation temperature, 
evaporation temperature, and exhaust temper- 
ature. 

10°C, 30°C, and 50°C, respectively. The increase rates of the COP were 
22.82%, 117.53% and 118.57%, respectively, compared with the situ- 
ation without auxiliary hot water. At a simulated ambient temperature 
of 0°C, the COP increased from 1.9143 to 2.3197, 3.3697 and 3.4534 
compared with the situation without auxiliary hot water, respectively. 
The corresponding increase rates were 21.18%, 76.03% and 80.41%, 
respectively. At a simulated ambient temperature of 10°C, the COP in- 
creased from 2.5570 to 2.6722, 3.7356 and 3.8378 compared with the 
situation without auxiliary hot water, respectively. The corresponding 
increase rates were 4.51%, 46.09% and 50.09%, respectively. 

As shown by the analysis above, under the same opening degree of 
the EEV, the higher the simulated ambient temperature and the auxiliary 
hot water temperature are, the higher the temperature of the working 
medium in the evaporator will be. That is, the more heat is obtained 
for the working medium, the more significant the increase in the degree 
of superheating. Moreover, the exhaust temperature of the compressor 
increased as the evaporation temperature increased (as shown in Fig. 7 ). 
As a result, the heat transfer temperature difference between the two 
sides of the condenser increased, leading to an increase in the system’s 
heating capacity and COP. 

Under the same opening degree of the EEV and ambient tempera- 
ture, the COP curve was nearly horizontal as the auxiliary hot water 
temperature increased to 30°C and above. This was because as the aux- 
iliary hot water temperature increased ( ≥ 30°C), the suction temperature 
of the compressor increased, while the compression ratio decreased (as 
shown in Fig. 8 (a)). The amplitude of the increase in heating capac- 
ity was smaller than that under a lower auxiliary hot water tempera- 
ture ( < 30°C). However, the compressor power increased (as shown in 
Fig. 8 (b)), resulting in a decrease in the system COP and a slow increase 
in COP. At this stage, the increase in COP was mainly caused by changes 
in the auxiliary hot water temperature. 

As the opening degree of the EEV decreased, the system’s heating 
capacity increased continuously (as shown in Fig. 5 ). Under a simulated 
ambient temperature of -10 °C and without auxiliary hot water, as the 
opening degree of the EEV gradually decreased from 100% to 75% and 

then to 50%, the heating capacity increased from 0.9648 kW to 1.3788 
kW. Under a simulated ambient temperature of 0°C, the heating capac- 
ity increased from 1.3285 kW to 1.8383 kW as the opening degree of 
the EEV decreased. Under a simulated ambient temperature of 10 °C, the 
heating capacity increased from 2.0160 kW to 2.2690 kW as the opening 
degree of the EEV decreased. Under a simulated ambient temperature of 
-10 °C and auxiliary hot water temperature of 10°C, the system’s heat- 
ing capacity increased from 2.3013 kW to 2.5358 kW as the opening 
degree of the EEV decreased from 100% to 50%. During this process, 
the corresponding increase rates of the heating capacity were 5.57% 

and 10.19%, respectively. Under a simulated ambient temperature of 
30°C and auxiliary hot water temperature of 10°C, the system’s heating 
capacity increased from 3.5905 kW to 3.9721 kW as the opening degree 
of the EEV decreased from 100% to 50%. The corresponding increase 
rates were 3.01% and 10.63%, respectively. Under an auxiliary hot wa- 
ter temperature of 50°C, the system’s heating capacity increased from 

4.0817 kW to 4.4043 kW as the opening degree of the EEV decreased 
from 100% to 50%. The corresponding increase rates of the heating ca- 
pacity were 3.61% and 7.90%, respectively. 

Under the same auxiliary hot water temperature and a simulated am- 
bient temperature of -10°C (as shown in Fig. 6 ), with opening degrees of 
the EEV of 100%, 75% and 50%, the corresponding COPs were 3.1735, 
3.2993 and 3.3929, respectively. The corresponding increase rates were 
3.96% and 6.91%, respectively. Under a simulated ambient temperature 
of 0°C, the corresponding COPs were 3.3453, 3.4534 and 3.8007, with 
opening degrees of the EEV of 100%, 75% and 50%, respectively. The 
corresponding increase rates were 3.23% and 13.61%, respectively. Un- 
der a simulated ambient temperature of 10°C, the corresponding COPs 
were 3.6496, 3.8378 and 3.8896 when the opening degree of the EEV 

was 100%, 75% and 50%, respectively. The corresponding increase rates 
were 5.16% and 6.58%, respectively. 

As shown by the experimental results above, at the same ambient 
temperature, the smaller the opening degree of the EEV is, the greater 
the system’s heating capacity and the higher the COP will be. This re- 
lationship occurred because under stable operation of the system, the 
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Fig. 8. (a) Changes in compression ratio, (b) 
changes in compressor power. 

Fig. 9. Comparison of heating capacity under the same opening degree of the 
EEV. 

system condensation pressure and evaporation pressure simultaneously 
decreased under a smaller opening degree of the EEV compared with 
those under a larger opening degree of the EEV. A decrease in evapora- 
tion pressure caused an increase in the heat transfer temperature differ- 
ence in the evaporator. As the degree of superheating increased during 
the compressor suction process, the system’s heating capacity increased, 
as did the COP [ 33 , 34 ]. 

A comparison of the heating capacity between different auxiliary hot 
water temperatures and with the situation without auxiliary hot water 
under a simulated ambient temperature of -10°C and opening degree of 
the EEV of 75% is shown in Fig. 9 . At auxiliary hot water temperatures 
of 10°C, 30°C and 50°C, the increase rates of the system’s heating capac- 
ity were 141.84%, 307.44% and 370.81%, respectively. At a simulated 
ambient temperature of 0°C and auxiliary hot water temperatures of 
10°C, 30°C and 50°C, the increase rates of the system’s heating capacity 
were 111.05%, 244.78% and 268.89%, respectively. At a simulated am- 
bient temperature of 10°C and auxiliary hot water temperatures of 10°C, 
30°C and 50°C, the increase rates of the system’s heating capacity were 
112.81%, 181.09% and 199.63%, respectively, compared with the situ- 
ation without auxiliary hot water. Apparently, the higher the simulated 
ambient temperature was, the smaller the increase rate of the system’s 
heating capacity as the auxiliary hot water temperature increased. Fur- 
thermore, at the same ambient temperature, the increase rate of the sys- 
tem’s heating capacity as the auxiliary hot water temperature increased 
from 10°C to 30°C, was higher than that when the auxiliary hot water 
temperature increased from 30°C to 50°C. This result was due to the 
evaporator’s limited heat transfer capacity, which has a constant work- 
ing medium flow rate. In addition, the energy required by the work- 
ing medium is limited. As the ambient temperature and the auxiliary 
hot water temperature increased, excess energy increased the degree of 
superheating of the working medium in the evaporator. With constant 

Fig. 10. Comparison of the COP of the heat pump under the same opening 
degree of the EEV. 

compressor power, the heating capacity of the entire system was lim- 
ited. Therefore, the lower the ambient temperature is, the greater the 
increase rate of the system’s heating capacity due to auxiliary hot wa- 
ter. As demonstrated above, the system is fit for use at a low ambient 
temperature. 

Fig. 10 shows a comparison of the COP values between the situation 
without auxiliary hot water and the situations with the addition of aux- 
iliary hot water with temperatures of 10°C and 30°C under an opening 
degree of the EEV of 50% and different simulated ambient temperatures. 
The COP with a simulated ambient temperature of -10°C and an auxil- 
iary hot water temperature of 10°C was similar to that with a simulated 
ambient temperature of 0°C and no auxiliary hot water. The difference 
between the two was 2.75%. The COP with a simulated ambient tem- 
perature of -10°C and an auxiliary hot water temperature of 30°C was 
higher than that with a simulated ambient temperature of 0°C and an 
auxiliary hot water temperature of 10°C. It was also higher than the 
COP with the simulated ambient temperature of 10°C and the auxiliary 
hot water temperature of 10°C. The corresponding increase rates were 
29.32% and 20.03%, respectively. The COP with a simulated ambient 
temperature of 0°C and an auxiliary hot water temperature of 30°C was 
higher than that with a simulated ambient temperature of 10°C and an 
auxiliary hot water temperature of 10°C. The increase rate was 30.21%. 
Thus, at a lower ambient temperature, appropriately increasing the aux- 
iliary hot water temperature would increase the COP compared with the 
COP under a higher ambient temperature. This result indicated that aux- 
iliary hot water could dramatically improve the COP. This method can 
be used under natural working conditions to improve the efficiency of 
heat pump systems at low temperatures. 
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Table 4 

Orthogonal experiment. 

Experiment number Ambient temperature/°C Opening degree of EEV/% Auxiliary hot water temperature /°C Heating capacity /kW COP 

1 0 75 50 4.3984 3.8007 

2 0 50 10 2.0394 2.6102 

3 -10 50 50 4.3638 3.3929 

4 10 75 0 2.2690 2.6730 

5 10 50 30 3.9721 3.7798 

6 -10 100 50 4.0601 3.1735 

7 -10 50 0 1.3788 1.7286 

8 -10 50 10 1.8207 2.0404 

9 10 50 50 4.4043 3.8896 

10 -10 75 30 3.4230 3.2836 

11 -10 75 10 1.5792 1.8540 

12 -10 50 30 3.7380 3.3756 

13 0 50 0 1.8383 2.0982 

14 10 100 10 2.3013 2.5327 

15 -10 100 10 0.9648 1.3041 

16 0 100 30 3.3562 3.0649 

Fig. 11. Heating capacity of the heat pump system working alone, heat ab- 
sorbed through the heat exchanger from hot water, and heating capacity of the 
heat pump system with auxiliary hot water. 

Fig. 11 shows the heating capacity of the heat pump system working 
alone, the heat absorbed through the heat exchanger from hot water, 
and the heating capacity of the heat pump system with auxiliary hot 
water with an opening degree of the EEV of 50% and a simulated am- 
bient temperature of 10°C. Under an auxiliary hot water temperature 
of 10°C, the evaporator and auxiliary hot water supplied 2.6556 kW of 
heat to the system. However, the system’s heating capacity was only 
2.5358 kW, which indicated an energy loss of 5.0%. Under auxiliary 
hot water temperatures of 30°C and 50°C, the energy losses were 7.0% 

and 13.0%, respectively. The reason for the energy loss was as follows: 
During our experiments, the auxiliary plate heat exchanger was located 
between the EEV and the evaporator. When the low-temperature work- 
ing medium flowing out of the EEV entered the auxiliary plate heat ex- 
changer, the working medium underwent a temperature rise, resulting 
in a certain energy loss. Then, the high-temperature working medium 

flowed into the evaporator. At this time, the evaporator temperature 
did not rise significantly, as only a limited amount of heat was absorbed 
from the external environment. Therefore, the high-temperature work- 
ing medium supplied extra heat to the evaporator, which again resulted 
in energy loss. Therefore, the amount of heat transferred from the evap- 
orator to the compressor was smaller than the sum of the heat produced 
by the auxiliary template heat exchanger and the evaporator. 

Under an auxiliary hot water temperature of 10°C, the heating ca- 
pacity of the heat pump system with auxiliary hot water increased by 
5.24% compared with that of the system without auxiliary hot water. 
Under an auxiliary hot water temperature of 30°C, the heating capacity 

of the heat pump system with auxiliary hot water increased by 50.94% 

compared with that of the system without auxiliary hot water. Under an 
auxiliary hot water temperature of 50°C, the heating capacity of the heat 
pump system with auxiliary hot water increased by 68.64% compared 
with that of the system without auxiliary hot water. As shown above, 
the addition of auxiliary hot water increased the degree of superheating 
of the working medium. The higher the auxiliary hot water temperature 
was, the higher the degree of superheating of the working medium was 
and hence the greater the system’s heating capacity. 

The amount of heat supplied under an auxiliary hot water tempera- 
ture of 50°C was 52.43% higher than that under an auxiliary hot wa- 
ter temperature of 30°C. However, the corresponding heating capac- 
ity of the heat pump system with auxiliary hot water only increased 
by 10.40%. The higher the auxiliary hot water temperature was, the 
greater the amount of heat absorbed by the auxiliary hot water. How- 
ever, the evaporator’s heat transfer capacity was limited, and the flow 

rate of the working medium in the evaporator was constant. For this rea- 
son, the energy absorbed by the working medium through phase change 
was limited. The evaporator could not utilize all the heat supplied by 
the auxiliary hot water, leading to energy loss. Therefore, choosing an 
appropriate auxiliary hot water temperature was crucial for our experi- 
ments. 

3.2. Orthogonal experiment analysis 

To more intuitively observe the influence of each factor on the heat- 
ing capacity and COP of the system, we introduced the experimental 
data into the orthogonal experiment table shown in Table 4 to prepare 
Table 5 for analysis. 

Factors A, B and C in the table represent the simulated ambient tem- 
perature, the opening degree of the EEV, and the auxiliary hot water 
temperature, respectively; K i ( i = 1, 2, 3, 4) is the sum of the experimen- 
tal results for level i of each factor; and R is the range. The results of 
the orthogonal experiments showed that among all influencing factors 
of system performance discussed, the auxiliary hot water temperature 
was the most important factor, followed by the ambient temperature 
and opening degree of the EEV. These results fully demonstrated that 
the addition of auxiliary hot water could dramatically improve system 

performance. According to the experimental results obtained with the 
optimal combination of the two factors, the higher the ambient temper- 
ature and auxiliary hot water temperature were, the higher the system 

performance was. However, optimization of the opening degree of the 
EEV produced different results, indicating an optimal choice within an 
opening degree interval of 50%-75%. 
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Table 5 

Data analysis. 

Analysis index 
Heating capacity analysis results (kW) COP analysis results 

Heating capacity conclusion COP conclusion 
A B C A B C 

K 1 2.6410 3.012 1.655 2.4935 2.954 2.015 Order of influence Order of influence 

K 2 2.8830 2.985 1.978 2.8679 2.992 2.323 C > A > B C > A > B 

K 3 3.2116 2.738 3.665 3.1932 2.608 3.440 Optimal combination of 

heating capacity 

Optimal combination 

of COP K 4 4.349 3.628 

R 0.5706 0.2738 2.6939 0.6997 0.3840 1.6132 A 3 B 1 C 4 A 3 B 2 C 4 

4. Conclusion 

In this paper, R22 was chosen as the working medium for a heat 
pump system with auxiliary hot water. We studied the influences of 
different auxiliary hot water temperatures and the opening degree of 
the electronic expansion valve (EEV) on the system performance at low 

temperatures. We arrived at the following conclusions: 

(1) The curves presented similar variation trends for the mean heat- 
ing capacity and coefficient of performance (COP). The largest 
increase rate was obtained under an auxiliary hot water temper- 
ature of 30°C. Under the same opening degree of the electronic 
expansion valve (EEV), the higher the auxiliary hot water temper- 
ature was, the higher the heating capacity of the heat pump sys- 
tem. Moreover, under the same ambient temperature, the larger 
the opening degree of the electronic expansion valve (EEV) was, 
the smaller the system’s heating capacity. 

(2) The auxiliary hot water temperature had a far more significant 
influence on heating capacity than did the ambient temperature. 
The lower the ambient temperature was, the higher the increase 
rate of the overall system efficiency due to the addition of auxil- 
iary hot water. Thus, our system is fit for use under a low ambient 
temperature. 

(3) Under a lower ambient temperature, appropriately increasing the 
auxiliary hot water temperature increased the coefficient of per- 
formance (COP) compared with that under a higher ambient tem- 
perature. This method can be used under natural working condi- 
tions to improve the efficiency of heat pump systems under low 

temperatures. 
(4) According to the orthogonal test, the most important influencing 

factor of system performance was the auxiliary hot water tem- 
perature, followed by the ambient temperature and opening de- 
gree of the electronic expansion valve (EEV). These results fully 
demonstrated that the addition of auxiliary hot water could dra- 
matically improve system performance. In addition, the optimiza- 
tion of the opening degree of the electronic expansion valve (EEV) 
produced different results, indicating that the optimal choice was 
within an opening degree interval of 50%-75%. 
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a b s t r a c t 

Energy demand is growing significantly worldwide to create thermal comfort in buildings. Air-conditioning is 

contributing to energy consumption at a massive scale in the residential and commercial sectors. The roof is one 

of the most critical components of the building envelopes, and it achieved maximum heat gain in summer, and 

it covered nearly 20–25% of overall urban surface areas. In this respect, cool roofs are considered one of the 

sustainable solutions to maintain thermal comfort in buildings . The results achieved from the literature review 

indicate that cool roof application reduced energy use in the buildings and a useful tool to mitigate Urban Heat 

Island (UHI) effect. This paper summarizes cool roof thermal performance with different types of surface coatings 

in different climatic zones for buildings with additional benefits, limitations, and recommendations for future 

research work. The results of this review can be helpful for engineers, researchers, dwellers, and architectures to 

have a good understanding of the benefits of cool roofs to mitigate energy consumption demand in dwelling in 

a sustainable, cost-effective, and energy-efficient way. The average energy-saving effect of the roof is expressed 

from 15% to 35.7% in different climatic zones (Temperate, Tropical, Composite, Hot and Warm-Humid) as per 

the literature survey results. Also, the average roof surface temperature reduction is possible from 1.4 ̊C to up to 

4.7 ̊C using cool roof technology. 

1. Introduction 

The real estate business growth was inevitable to meet the demand 

for the shelter of a growing population and faster development of na- 

tions. The rising income grows to get higher standards of living. In the 

world, over 50% population lives in urban areas, and it would be 70% 

up to 2040. Energy consumption in buildings is growing worldwide at 

the average rate of 40% in recent years [1] . 

The energy consumption in buildings is continuously rising, and it is 

contributing to global warming through the growth of greenhouse gas 

emission from 1971 to 2004 at an annual rate of 2%. The energy con- 

sumption in commercial buildings by air conditioning is 56–60%. Build- 

ings have high-energy consumption due to the lack of energy-conscious 

designs, the use of inefficient cooling systems, and maintenance, espe- 

cially in hot and dry climatic zones. The energy consumption will rise 

in the future with the extension of the real estate sector. High-energy 

Abbreviations: CRHT, Cool Roof Heat Transfer; CRRC, Cool Roof Rating Council; CFFT, Complex Fast Fourier Transform; CP, Cooling Potential; CES, Chicken Egg 

Shell; DAIH, Daily Accumulative Inward Heat; DF, Decrement Factor; DSRHT, Double-Skin Roof Heat Transfer; DSR, Double-Skin Roof; ECBC, Energy Conservation 

Building Code; EPS, Expanded Polystyrene; FFT, Fast Fourier Transform; FR, Flat Roof; HCT, Hollow Clay Tiles; UHI, Urban Heat Island; TRC, Thermal Reflective 

Coating; MAC, Moving Air Cavity; NIR, Near Infrared Reflectance; PCM, Phase Change Material; SHRCL, Solar Heating Reflective Coating Layer; RCC, Reinforced 

Cement Concrete; RBS, Radiant Barrier System; TIC, Thermal Insulation Coating; TL, Time Lag; VR, Vault Roof; WC, Weathering Course; WRF, Weather Research 

and Forecasting. 
∗ Corresponding author. 

E-mail address: mrawat.seesrtc@gmail.com (M. Rawat). 

use will also lead to environmental degradation and add the impact on 

climate change scenarios. The buildings in tropical and semitropical re- 

gions have high energy consumption, especially for meeting the demand 

for cooling. Special attention is needed in reducing the cooling loads 

to decrease the construction and operational cost of buildings by their 

energy-conscious designs and techniques [2] . 

Roofs contribute nearly 50 to 60% load in a total cooling load of the 

building reaching inside form the environment in hot- dry, warm, and 

humid and composite climatic zones. Cooling is an essential require- 

ment of the building, especially in these climates. The roof is a primary 

component of the building envelope which is exposed to solar radiation 

and contributes to the maximum load of the total cooling load of the 

building [3] . The roof is an essential interface between the indoor and 

outdoor environments and to be strong enough to withstand all weather 

conditions. In the hot and summer seasons, the components of the build- 

ing envelope must be designed to minimize the discomfort. High mass 
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walls and roof with insulated glazing area may reduce the energy de- 

mand [4] . The hot-dry and composite climatic regions are characterized 

by very high radiation levels and ambient temperatures and low relative 

humidity with less rainfall throughout the year . The areas under Warm 

and Humid climate were characterized by high temperature and high 

humidity. Similarly, composite climate was proposed for regions domi- 

nant by hot summers with high temperatures and relative low humidity. 

These three climatic zones need particular consideration to build the ap- 

propriate roof designs. Proper roof design should create little or no daily 

heat load such as high thermal capacity roof material [5] . Recently, a 

cool roof and green roof concepts were used to design the roofs for re- 

ducing the cooling load in buildings. Cool roof and green roof strategy 

provided and helped to create thermal comfort for occupants in addition 

to the energy conservation of buildings. Cool roof and Green roof may 

provide a sustainable initiative and attracting energy scientists, archi- 

tects, and urban planners for creating better thermal comfort conditions 

in addition to energy conservation, and urban quality improvement [6] . 

Roof surface temperature reduction depends on types of buildings 

where cool roofs were applied, and for heat wave periods, cool roofs 

are most useful to reduced peak temperatures up to 3 °C during day 

time. A recent study concluded that increasing the albedo of a roof could 

achieve a direct energy saving of 20–70% [7] . For the present scenario, 

an optimum combination of surface reflectivity and insulation of the 

roof is proposed to achieve the best results in terms of energy saving for 

buildings. Investigations suggest that cool roof with adequate insulation 

is recommended in hot-dry climate and this technique is applicable for 

other countries and climate conditions to meet their requirements [8] . 

A recent review found that penetration from the building roofs in sum- 

mer reduced up to 80% in summer using green roofs. Nearly 2.2–16.7% 

less energy consumed by green roofs compared to traditional roofs and 

temperature variations are 4 °C and 12 °C in winter and summer, respec- 

tively. The economically initial cost of a green roof is three to five times 

a conventional roof, but it saves energy due to the increase of shading 

in hot climate conditions. Also, it decreased solar radiation absorbing 

60% radiation, and reduced air conditioning energy between 25 to 80% 

[9] . 

The purpose and objective of this literature review for the application 

of cool roofs in different climatic zones are summarized as- 

• Energy-saving measures in new and existing buildings using cool 

roof technology 
• Analyzed the application of high albedo roof coatings for commercial 

and residential building roofs using different software’s related to 

building energy simulation 
• Study the effect of the cool roofs on the indoor temperature in vari- 

ous climates 
• Many general advantages of cool roof application with respect to 

energy utilization were also synthesized 

Different cool roof surface treatments and their effect on thermal 

comfort for buildings were also analyzed 
• A little attention has been given to the different types of surface 

treatment applied on roofs in the literature 

The comparative analyses in terms of energy savings from cool roofs 

for different climatic zones have been reviewed in this paper. 

2. Cool roof working principle 

A roof plays a vital role in controlling and cooling loads and protects 

the interior space from harsh climatic conditions. It is a critical part of 

building envelopes that accounts for a large amount of solar radiation 

in hot and dry climates. The literature survey reveals that the differ- 

ent types of cool and green roofs were designed and used worldwide. 

Mainly, the Cool and green roofs are classified according to their struc- 

ture or by outer surface treatments. The cool roof building has the char- 

acteristic of high solar reflectance (ability to reflect solar radiation) and 

high infrared emittance (faster release of absorbed heat in the form of 

Fig. 1. Working principle of cool roof. 

Fig. 2. Characteristics of cool roof. 

infrared radiation). It reduced the heat transfer to the building through 

the roofs as compared to the traditional roofs. The cool roof’s basic work- 

ing principle is given by the Cool Roof Rating Council (CRRC) shown in 

Fig. 1 . 

The most of the solar radiation incidents on a cool roof surface re- 

flected due to the higher reflectivity of the roof. 

This cool roof phenomenon makes it most convenient when solar 

radiation’s intensity is very high, and maximum diurnal variation oc- 

curs. The flow chart of characteristics of cool roof had shown in Fig. 2 

[ 10 , 11 ]. 

2.1. Cool roof structures 

Cool roofs reflect a significant fraction of incoming sunlight and keep 

the roof surface at a lower temperature than that of regular roofs, which 

reduce heat conduction into the building and its cooling load. The in- 

vestigators reported the comparative study of reflective roofs of three 

sites of buildings fitted with AC, chiller in a retail store, school, and 

cold storage. The results showed that energy saving in average peak de- 

mand was found around 5–6 W/m 

2 for school and 10 W/m 

2 for cold 

storage. The average energy savings in air conditioning systems varied 

between 42–81 Wh/m 

2 /day with varying conditioning area 31–52 %. 

The Investigation also carried out for similar buildings installing cool 

roofs in retrofit applications for 16 California climates and found total 

air conditioning savings ranges from $0.6 to $2.0/m 

2 [12] . A calibrated 

model was used to estimate energy saving after having cool roof ap- 

plication applied on buildings in five different climatic zones of India. 

The maximum energy saving obtained in the warm-humid climatic zone 

and energy saving in hot-dry, composite, and temperate are also signif- 

icant. The payback period for these four climatic zones was reported 
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for nearly three years, which proved the financial viability. The max- 

imum energy saving was achieved during peak summertime in May. 

On the other hand, cool roof application was found not viable in the 

cold climatic zone due to the payback period of 6 to 7 years [13] . An 

investigation was carried out on building with a cool roof in London, 

UK, using TRNSYS software and model was calibrated successfully us- 

ing the measurements. The theoretical model validated with measured 

data for different values of reflectivity and insulation of roof for analyz- 

ing the heating and cooling demand. The optimum range of reflectivity 

reported to keep it is 0.6 to 0.7 to achieve the maximum energy savings. 

The total energy savings were varying between 1% to 8.5% for a given 

albedo value of 0.1 in addition to an average temperature improvement 

of 2.5 °C. It was found that a roof reflectivity of 0.6–0.7 is the optimum 

value to achieve energy savings in a cooled office, improving summer 

internal thermal conditions in a non-cooled office building of for tem- 

perate climate, UK [14] . 

The investigators developed a model based on the Cool Roof Heat 

Transfer (CRHT) mechanism in tropical climatic zone. The model was 

validated with experimental data of two identical apartments of con- 

crete roofs in Singapore. The results showed that the cool coating with 

the reflectance of 0.74 on concrete roof reduced the peak roof temper- 

ature by 14.1 °C, indoor air temperature by 2.4 °C, and daily heat gain 

by 0.66 kWh/m 

2 (or 54%). Daily heat gain reduction was also achieved 

when cool coating applied on galvanized steel (metal) roofs and this 

model even to roofs and walls [15] . In recent years, high reflectance 

cool roofing materials had been adopted worldwide in hot climates to 

reduce the cooling load of the buildings. Cool roof can reduce the build- 

ing’s cooling load and energy use in hot seasons/ climates. On the other 

hand, the heating load increases in winters /cold seasons. Thus, the over- 

all effectiveness of the cool roof system may reduce. The solution sug- 

gested implementing a switchable roof reflectance technology. Low and 

high reflectance roofs can be changed according to heating and cooling 

seasons, respectively, to achieve higher effectiveness and higher energy 

savings. It was found that the reflective coating applied on the switch- 

able roof improved the percentage savings of annual energy use and the 

cost by up to 6% compared to static cool roofs. Also, thermal load re- 

duction was found 5% more by using switchable coatings on the roofs 

in comparison to coatings applied on walls. Both roofs and opaque sur- 

faces of exterior walls with reflective coating provide an additional 11% 

of energy savings compared to static cool roofs. Finally, the investigation 

recommended for the rigorous research on switchable roof reflectance 

technology based on the comparative energy performance of both static 

and switchable cool roofs [16] . 

An innovative field-based analytical method was developed to quan- 

tify cooling energy savings resulting from the installation of cool roofs 

on commercial buildings. The buildings were monitored in a moder- 

ate climate of Hyderabad, India. The annual energy savings were found 

about 20 to 22 kWh/m 

2 of roof area for the white roof changed from 

the black roof. It reduced air conditioning energy consumption between 

14% to 26%. White coating applied on uncoated concrete roof resulted 

in annual savings of 13–14 kWh/m 

2 of roof area, corresponding to cool- 

ing energy savings of 10–19%. The reduction in emission was estimated 

at nearly 11–12 kg CO 2 /m 

2 of flat roof area [17] . A study was per- 

formed on the application of a cool roof coating over a traditional roof. 

The two unconditioned school buildings selected for this study at Hy- 

derabad and Nagpur in India. The analysis and experimental results in- 

dicated the average indoor temperatures were decreased up to 2 °C and 

1.5 °C at Hyderabad and Nagpur, respectively. Similarly, the roof under 

deck surface temperatures was also reduced to 5.5 °C and 4 ˚C while 

over deck temperatures reduced 14.3 °C and 9.5 °C at (ZPH) school Hy- 

derabad and VNHM School, Nagpur, respectively. Treated roofs showed 

a maximum reduction in indoor air temperatures by 4.3 °C and 3.3 °C 

and under-deck temperatures by 10.2 °C and 4.2 °C and over deck tem- 

peratures by 21.7 °C and 25.2 °C respectively at the selected locations 

[18] . The authors studied a heat budget model for the cool roof effect 

of a traditional Japanese tiled roof. The effects of multiple reflections of 

uneven tiled surfaces and of different shapes of roofs were also exam- 

ined by using numerical techniques. The calculations were performed to 

predict surface temperatures of tiles for various reflectance values. The 

results showed the expected trend of higher roof surface temperatures 

with decreasing values of reflectance [19] . 

The study analyzed the effect of the passive cool roof on the cooling 

loads of air conditioning systems in a hot climate. An algorithm hybrid 

matrix was designed to simulate 37 roofs with different shapes, materi- 

als, and construction to assess the savings in air conditioning systems. 

The results of simulation showed that the vaulted roof with high albedo 

coating reduced 53% discomfort hours and saved 826 kWh in a year 

during the summer season in comparison with a conventional flat roof. 

The study also recommended that the combined effect of cool roof and 

natural ventilation increased indoor thermal comfort [ 20 ] . 

The investigators used the numerical methods to validate the exper- 

imental results of the cool roof performance of a laboratory building 

in Greece. A TRNSYS simulation model was developed for the building 

and validated against real data with or without the cool coating. The 

analysis of the simulation results revealed that annual and peak energy 

savings in summer reported 19.8% and 27% from cool roof technology, 

respectively, and were found better than insulated roof [21] . 

Cool roof application treated on a 700 m 

2 roof of office/laboratory 

building belonging to a school campus in Tripani Sicily, Italy. The nu- 

merical and experimental investigations revealed the surface tempera- 

ture of the roof reduced up to 20 ̊C with profile during the 24 h period 

cycle and a 54% reduction of the cooling energy demand achieved using 

the cool roof. The roof painted with white double layer paint on primer 

finished with a washable gloss emulsion coating and calculated solar 

reflectance was 85.9% of the sphere. Study also recommended that in- 

sulation level need to be determined accurately for climatic conditions 

as per demand of heating and cooling [22] . 

The Design-Builder v. 4. 2 software was applied to validate measured 

indoor air temperatures of the public school building (pilot building) 

with and without a cool roof located in Athens, Greece. The simulation 

and measured results showed the reduction of the daily mean indoor air 

temperature below the cool roof ranged in 1.3–2.3 °C and 1.6–1.9 °C, 

respectively. The decrease in annual energy consumption estimated up 

to 30% in cooling demand in summer. However, the heating penalty 

reached 12% in the winter period [23] . 

A Cool Roof Heat Transfer (CRHT) model was used to compare the 

performance of a double skin roof and a double-skin roof combined with 

a cool roof on two identical configured naturally ventilated apartments 

in the tropical climate of Singapore. The roof temperature difference 

between test rooms without the coating and with coating was found to 

be 15 °C. White coatings applied on double skin roof reduced daily heat 

gain by 0.21 kWh/m 

2 (or 51%) with peak indoor temperature decrease 

it up to 2.4 °C. It was also found that the double-skin roof is about 6% 

more effective than a cool roof for reducing annual heat gain. The ex- 

perimental results proved that the purposed CRHT model is generally 

applicable to any climatic zones of the world rather than tropical cli- 

mate [24] . 

Thermal performances of air-conditioned buildings were analyzed 

of concrete roofs with and without solar reflective coating for the four 

cities of Mexico. The reduction in interior surface temperature was go- 

ing down up to 28 °C at midday in comparison to a roof with the original 

gray color of concrete. In hot climates like Hermosillo and Merida, it was 

observed that gray roof without insulation and a roof with white coating 

created a difference of the maximum heat flux reduction in these two 

roofs 16 W/m 

2 and 19 W/m 

2 for Hermosillo and Merida, respectively. 

The reflective coating also kept the roof close to the inside air tempera- 

ture with a comparison of the composed roof, and the cost of the painting 

on roof is not expensive to reduce the heat gains in summer [25] . The 

effect of the cool roof on cooling systems efficiency investigated in an 

industrial building with an office area located in Rome, Italy. Cool roof 

is capable of decreasing the suction air temperature of heat pump exter- 

nal units, when these units are located over the roof. When using cool 
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roof overheating decreased up to 20 °C and office indoor air temperature 

also decreased when the set temperature was kept constant during the 

whole campaign. The cooling energy requirement decreased by about 

34% using a cool roof [26] . 

The effect of cool roofs investigated non-conditioned, institutional 

building in a composite climate in India, and the monitoring period was 

six months (January to June 2012) on adjoining sections of continuous 

concrete roof surface with the coated and uncoated surface. Measured 

solar reflectance was 0.28 and 0.57 for the uncoated and coated surfaces, 

respectively. If reflectivity increased then the seasonal average indoor 

air temperature and heat flux reduced by 1.07 °C and 14.4 W m 

− 2, re- 

spectively, with peak reductions of 1. 38 °C and 18.3 W m 

− 2 in the 

month of April 2012. The number of adaptive comfort hours increased 

up to 8% compared to the dark roof which provides a significant im- 

provement in human comfort [27] . The cooling demand in Commercial 

low-rise buildings much more significant due to heat transfers through 

roof and ground are prevalent, so roof design and its opening system 

are a crucial factor of the thermal performance of these buildings. A 

study carried out for cool roofs using simulations in terms of impacts on 

energy demand and comfort in buildings and using the combination of 

efficient roof techniques (skylights and cool roof) with a high thermal 

inertia of the building would be an effective solution of passive cooling 

within a 99.8% drop in degree-hours above the discomfort temperature 

in summer period. The energy-saving using cool roof was 33.8% in terms 

of cooling energy demand [28] . 

A simple calculator was developed for cool roofs (high albedo roofs) 

and energy simulation was carried out for input parameters such as lo- 

cation, building type, roof area, and surface properties. This calculator 

performed comfort simulations for unconditioned buildings and a para- 

metric simulation between insulation thickness and roof albedo to find 

optimum roof insulation. The result showed that for New Delhi climate 

around 23 kWh/m 

2 -year electricity could be saved with application of 

high albedo roof with 0.80 solar reflectance and maximum temperature 

reduction observed was 3.9 °C in May for unconditioned buildings. The 

calculator also performed a simulation between insulation thickness and 

roof albedo to find optimum roof insulation for unconditioned buildings 

[29] . 

A theoretical model was developed to correlate the Daily Accumu- 

lative Inward Heat (DAIH) from a roof to the roof albedo and daily 

zenith solar radiation. The investigation proved that if we increase the 

rooftop albedo and insulation level of the roof, then air conditioning re- 

quirements of a building, especially in summer, decreased. A theoretical 

model developed to estimate the heat gain of the buildings with differ- 

ent albedo and high-reflective cool roofs to evaluate the energy savings 

potential and internal heat difference between high albedo roof and low 

albedo roof nearly about 130 W/m 

2 [30] . The performance analysis of 

concrete roof with a cool roof, green roof, and thermal insulation carried 

out in tropical climate and the R-value for roof used in tropical climate 

vary from 0.48 m 

2 -K/W to 1.0 m 

2 -K/W. A 100 mm thick concrete roof of 

a single-story building used for computational simulation and simulated 

result calibrated or verified with measured results conducted for a real 

building. The result showed that heat gain reduced up to 89%, 32–41%, 

and 62–72% for the new cool roof, green roof, and thermal insulation, 

respectively [31] . A cool roof technology investigated of an existing low 

rise office building located Catania in southern Italy with a hot, humid 

climate. The simulation has been carried out using Energy Plus soft- 

ware. It studied the effect of cool paint of solar reflectivity ( r = 0. 45) 

with a comparison of commercial paint, which provides better comfort 

conditions in summer. This condition can further be enhanced using the 

high performing cool paint of solar reflectivity ( r = 0. 85), so this tech- 

nology plays a significant role where in a place where energy demand 

for space cooling in summer is higher as compared to space heating in 

winter [32] . The investigation was carried out for high-reflectance, and 

high-emissivity coatings applied on flat roofs of non-residential build- 

ings in the hot and mild climate of Italy. A study was carried out for a 

prototype cool clay tile on traditional residential buildings, and it was 

monitored for an entire year with original configuration and another 

whole year with optimized configuration. Results proved that the pro- 

posed cool clay tile solution decreased summer peak indoor overheating 

of the attic by up to 4.7 °C with corresponding winter overcooling reduc- 

tion 1.2 °C. So this innovative cool roof much more active on traditional 

sloped roofs with a clay tile covering mainly in summer and relatively 

small penalties in winter season for residential buildings [33] . 

Cool roofs, cool pavements, and urban vegetation reduced energy 

use in buildings, and it also reduced the air pollutant concentration and 

greenhouse gas emissions in urban areas. The study was based on a de- 

tailed monitoring project in India and simulations of meteorology data 

and air quality. The commercial building was analyzed after a cool roof 

application in Hyderabad, India. The annual energy saving achieved 

was 20–22 kWh/m 

2 for roof area coated with white paint of commer- 

cial building and an air-conditioning energy use reduction by 14–26% 

[34] . An experimental study has been conducted by Salamanca et al., 

2016for two significant cities Phoenix and Tucson of the USA, with dif- 

ferent coverage of cool roof and rooftop solar photovoltaic deployment 

for ten days of bright sunny days under heat periods. Cooling demand 

reduced about 13–14% for cool roof and 8–11% for photovoltaic panels, 

so both these roofing technology has multiple benefits for the urban en- 

vironment while rooftop solar photovoltaic reduces the demand of fossil 

fuel for electricity consumption. Using cool roof and cool pavements, 

electricity consumption in air-conditioned buildings reduced. Cool roof 

technology is now recently used worldwide to achieve comfort level, 

which depended on ambient temperature conditions [35] . 

By applying cool roof coatings c1(Apex Ultima Acrylic Emulsion), c2 

(Shaktiman Exterior Acrylic Emulsion) and c3 (Dr. Fixit Head Shield) 

on two rooms, each having surface area 2.12 m 

2 and percentage heat 

gain reduction by the different coatings was about 67% for coatings 

c1, 54.87% for c2, and 61.28% for c3. The analysis revealed that coat- 

ing c1 was more effective compared to coatingc2 and c3 in terms of 

heat transfer for both rooms [36] . An experimental study carried out in 

low-income houses in three countries around equator Jamaica, North- 

east Brazil (Recife) and Ghana, and a single-story home in Jamaica an- 

alyzed before and after cool paint applied on roofs. Internal ceiling sur- 

face temperature and an internal air temperature reduced by 6.8 °C 

and 2.3 °C respectively, and monitoring results had been used to cal- 

ibrate successfully in the Energy Plus model to develop similar models 

for Northeast Brazil (Recife) and Ghana. The annual simulation indi- 

cates that air temperature reduced to 3.2–5.5 °C and 0.75–1.2 °C re- 

spectively, also with the impact of cool roof load reduction achieved 

up to 22–26 kWh/m 

2 /year. The application of cool paint on roofs im- 

proved thermal comfort in building with reducing the energy demand in 

air-conditioned in houses [37] . Cool roof or green roof provides an ad- 

vanced solution to provide significant energy saving and using dynamic 

simulations in Energy Plus software, a comparative numerical analysis 

between the cool roof and green roof was conducted in a tropical cli- 

mate like Singapore. The result showed that during the peak period of 

day (9:00 am to 5:00 pm), heat gain reduced up to 0.14 kWh/m 

2 (8%) 

for cool roof and 0.008 kWh/m 

2 (0.4%) by a green roof. It was observed 

that for the whole design, summer day cool roof and green roof reduced 

heat gain by 15.53 (37%) and 13.14 (31%) kWh/m 

2 , respectively [38] . 

In Malaysia, the cool roof system was analyzed for reducing heat trans- 

mission into an attic through the building. An active and passive de- 

signed study based on an ideal cool roof system that purely focuses on 

utilizing solar energy, cavity ventilation, and Thermal Reflective Coat- 

ing (TRC). Four cool roof models designed under active and passive sys- 

tems to examine the effect of attic and roof temperature reduction. The 

temperature reduction was 8 °C and 15 °C for roof and attic respectively 

on compared to the standard roof due to the cool roof system that an 

integrated with TRC, improved moving air cavity with solar-powered 

fans and open attic inlet. This technique was the most innovative and 

sustainable in practice to reduce energy consumption and provide com- 

fortable indoor conditions in buildings [39] . Table 1 summarized the 

details of the different types of the analyzed cooled roofs. 
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Table 1 

Details of the different types of the analyzed cool roofs. 

Location and 

Climatic Zone 

Illustration Details Reflectivity 

Albedo) 

Reduction 

in surface 

Temp. (°C) 

Energy 

Saving (%) 

Reference 

California, USA, 

Temperate 

Analysis of cool roof impact on buildings of 

California in different climate zones 

0.63-0.83 —- 22-54 [12] 

London, UK, 

Temperate 

Examine the impact from the application of 

a reflective paint (cool roof) on a flat roof of 

naturally ventilated buildings and TRNSYS 

software used for modeling the building 

with varying the reflectivity and insulation 

of the roof and ventilation rate 

0.60-0.70 2.5 8.5 [14] 

La Rochelle, 

France, Warm 

and Temperate 

A generic case study carried out for energy 

demand and comfort level for a combination 

of efficient roof techniques (skylights and 

cool roof) along with high thermal inertia of 

the building 

0.90 —– 30.0 [28] 

Catania, Italy, 

Warm and 

Temperate 

The dynamic simulation for an existing 

office building roof recently treated with 

cool commercial paint carried out for 

improving thermal comfort in the summer 

period 

0.85 — 15.0-44.0 [32] 

Perugia, Italy, 

Warm and 

Temperate 

An innovative cool roof solution consisting 

of prototype cool clay tile applied on a 

traditional residential building to improve 

the thermal condition of the indoor 

environment 

—— 4.7 24.3 [33] 

Singapore, 

Tropical 

Cool roof heat transfer (CRHT) model using 

the spectral approximation method 

developed and verified against experimental 

performed in apartments with concrete 

roofs 

0.74 5.4 54.0 [15] 

Singapore, 

Tropical 

A novel cool roof heat transfer (CRHT) 

model purposed for double skin roof 

combined with cool roof and validated with 

experimental results of naturally ventilated 

apartment 

—- 2.4 51.0 [24] 

( continued on next page ) 
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Table 1 ( continued ) 

Location and 

Climatic Zone 

Illustration Details Reflectivity 

Albedo) 

Reduction 

in surface 

Temp. (°C) 

Energy 

Saving (%) 

Reference 

Nanning, 

Guangxi„

China, Tropical 

For building roofs with different albedo, a 

theoretical model for daily accumulative 

inward heat (DAIH) for developed for 

correlating the heat gain of the building roof 

(rooftop albedo and solar radiation). A small 

building cell constructed for simulation 

using this model 

0.67 — —- [30] 

Singapore, 

Tropical 

Three passive cooling techniques including 

cool roof, green roof, and thermal insulation 

examined using simulation for a single 

storey building with a 100 mm thick 

concrete flat roof 

0.74 —- 21.0-41.0 [31] 

Jamaica, 

Tropical 

Cool paint applied on the roof on a single 

storey house in Jamaica for reducing cooling 

loads and monitored the house before and 

after cool paint used on the roof 

—– 3.2-5.5 7.5 [37] 

Singapore, 

Tropical 

An Energy plus software has been used for 

the simulation to assessed to determine the 

Urban heat island (UHI) effect and diurnal 

heat fluxes dynamics for cool and green 

roofs 

0.90 —– 37.0 [39] 

Hyderabad, 

India, Hot 

Semi-arid 

A field-based analytical method used to 

investigate strategies to mitigate urban 

heat-island effects and measure energy 

saving from the installation of cool roofs on 

commercial buildings 

0.70 —– 14-26 [17] 

Hyderabad and 

Nagpur India, 

Hot Semi-arid 

Analyzed cool roof application on two 

un-conditioned school buildings of Nagpur 

and Hyderabad and monitored the data 

from March 2014 to May 2014. 

—— 4.0-5.5 —– [18] 

Hyderabad, 

India, Hot 

Semi-arid 

The detailed monitoring for the cool roof 

project carried out to quantified direct 

benefits of cool roofs on individual 

commercial buildings of Hyderabad, India 

0.70 2.0 26.0 [34] 

( continued on next page ) 
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Table 1 ( continued ) 

Location and 

Climatic Zone 

Illustration Details Reflectivity 

Albedo) 

Reduction 

in surface 

Temp. (°C) 

Energy 

Saving (%) 

Reference 

Phoenix and 

Tucson, USA, 

Hot-Desert 

An experimental study conducted using 

different coverage rates of cool roof and 

rooftop solar photovoltaic deployment for 

clear sky condition of extreme heat period 

of 10 days and analyzed the results 

— 0.8 14.0 [35] 

Kobe, Hyogo, 

Japan, Tropical 

A model (heat budget) developed for the tile 

surface and sectional direction of the roof 

system. Relationship between solar 

reflectance and uneven surface or shape of 

tiles was analyzed based on the observation 

and results relating to the thermal 

characteristics of a traditional tiled roof 

system 

0.10-0.34 —– —– [19] 

Hyderabad, 

Mumbai, 

Ahmedabad, 

New Delhi and 

Shillong India, 

Hot Semi-arid, 

Warm-Humid, 

Hot-Dry, 

Composite and 

Cold-Cloudy 

A calibrated model used to estimate the 

energy saving by cool roof in buildings of 

five climatic zones of India. The model 

calibrated for the measured data in a 

building located in Hyderabad India 

——- ——- 3.2-4.9 [13] 

Iraklion, Crete, 

Greece, 

Composite 

To examine and monitor the laboratory 

building for energy performance and indoor 

environment before and after the 

implementation of the cool roof technology 

0.89 —– 19.8 [21] 

Trapani, Sicily, 

Italy Composite 

To study the impact of cool roof technology 

on a 700 m2 roof of the school building in 

Trapani, Sicily. The experiment conducted in 

two phases before and after the cool 

eco-friendly white paint application with 

higher reflectance and thermal emittance. 

—- 2.3 54.0 [22] 

Athens, Greece, 

Composite 

Cool-roof application on a public school 

building (pilot building) investigated with 

twin nearby school building (reference 

building) for comparison purpose 

—— 1.3-2.3 30.0 [23] 

Rome, Italy, 

Composite 

To study the twofold effect on industrial 

building with cool roof application in 

summer in terms of reducing roof surface 

temperature 

0.75 —- 34-47 [26] 

( continued on next page ) 
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Table 1 ( continued ) 

Location and 

Climatic Zone 

Illustration Details Reflectivity 

Albedo) 

Reduction 

in surface 

Temp. (°C) 

Energy 

Saving (%) 

Reference 

Pantnagar, 

Uttarkand, 

Composite 

To investigate the concrete roof coated with 

white paint of un-conditioned building and 

monitoring was Monitoring was performed 

for six months with a varying solar 

reflectance of paint 

0.57 1.38 —- [27] 

New Delhi, 

Composite 

A simple calculator cool roof developed for 

users help to determine the benefits of high 

albedo roof varying conditions 

0.80 3.9 8.4 [29] 

Katra, Jammu 

and Kashmir, 

India Cold and 

Cloudy 

The impact of cool roof technology on the 

thermal comfort of the office buildings 

estimated. It has also analyzed the effect of 

the rate of heat transfer on the building 

envelope usingdifferent materials 

—- —– 12.4-30.4 [36] 

2.2. Cool roof surface treatments 

A pale-yellow color nano pigment Bi4Ti3O12 (BTO) with reflectance 

value 95% acts as “cool pigment ” by the thermal study using the IR lamp 

exposure. With the comparison between BTO nano pigment and conven- 

tional infrared-reflective white pigment TiO 2 demonstrated by coating 

on to the steel substrate for the energy-saving application. BTO coated 

steel substrate reduces the interior temperature by almost 10 °C while 

the TiO 2 coated steel reduces the internal temperature of nearly 7 °C 

[40] . 

TRNSYS thermal simulation software was used to estimate the ef- 

fect of cool roof materials/coatings on the residential energy load for 

27 cities around the world. The cities were selected to represent various 

climatic conditions, and cooling demand varied by 18–93% in different 

climatic conditions for the roof reflectance value of 0.65. The peak cool- 

ing demand reduced up 11–27% in the air-conditioned buildings. The 

maximum temperature decreased in the range of 1.2–3.7 °C in non-air- 

conditioned residential buildings [41] . 

The thermochromatic coating was developed and tested experimen- 

tally to analyze the effect of highly reflective, cool, and standard coat- 

ings on roof surface temperatures. The color-changing temperature was 

kept constant at 30 °C in samples of eleven thermochromic layers. The 

maximum solar reflectance reached 43% during the colored to colorless 

phase. The two groups of these coatings were developed without TiO 2 

and with TiO 2 to examine the properties of thermochromic pigments. 

Mean daily surface temperatures were found the variation from 23.8 to 

38.4 °C for the thermochromic samples and surface temperatures from 

28.1 °C to 44.6 °C for the cool and from 29.8 °C to 48.5 °C for the typical 

samples respectively [42] . 

The color coatings of Fe3 + doped La 2 Mo 2 O 7 pigments with cubic 

fluorite pigments developed in bright yellow color with high Near In- 

frared Reflectance (NIR). The thermal performance of this developed 

reflective color coating found in a higher range of 61–75% compared 

with a conventional coating of the same color. The experiments per- 

formed in the control environment in boxes with the coatings painted 

roofs. The simulated experiments showed the difference of more than 

4.5 °C in indoor temperatures in comparison to traditional coating 

[43] . 

The effect of light and dark-colored roof surfaces was studied to an- 

alyze the changes in heat gain and R-values. An equation for the sunlit 

roof derived for the average daily downward heat flow by integrating 

the equation for the steady-state downward heat transfer for north Aus- 

tralia. This equation suggested that a light-colored roof has about 30% 

lower heat gains than a dark-colored one [44] . The investigators de- 

veloped and studied the effect of prototypes of roofing materials. The 

24 cool colored prototype tiles and 24 cool colored prototypes shingles 

were prepared by white basecoat with mono-color topcoats. The cool 

colored of various shades of red, brown, green, and blue tiles and shin- 

gles was tested and found the reflectance from 0.26 to 0.57 and 0.18 to 

0.34, respectively [45] . 

The anti-solar coating on the insulated roof was analyzed to as- 

sess the reduction of energy savings in an air-conditioning room 

and gas heating appliances. The experimental results of roof area 

20.8 m 

2 showed the Energy saving in air conditioning was found about 

45 kWh/day in addition to the reduction in heat loss in winters [46] . 

TRNSYS software was used to evaluate the impact of the cool roof on 

thermal comfort, peak power, and surface temperature of a non-cooled 

school building in Athens, Greece. The solar reflectance of 0.89 of the 

roof resulted in a lower air temperature of 2.8 °C and an annual cooling 

load by 40% [47] . 

Solar Heating Reflective Coating Layer (SHRCL) was studied to com- 

pare the asphalt pavement surface SHRCLs and standard pavements 

for their cooling performance. SHRCL reduced the temperature around 

10 °C in comparison to the regular pavement. The top and bottom tem- 
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perature difference was 5 °C not only in SHRCLs but also in normal 

pavements [48] . 

The high albedo coatings applied on the roofs of one house and two 

school buildings in Sacramento, California. The effect of changing roof 

albedo from 0.18 to 0.73 analyzed in terms of peak power and cooling 

energy savings. The experimental and simulation results assessed that 

the seasonal cooling energy savings achieved about 2.2 kWh/d and esti- 

mated nearly 264 kWh for the entire season. The peak demand was also 

reduced to 0.6 kW during the summer period [50] . 

The solar reflective roof technologies were analyzed using the re- 

mote sensing image data combined with building energy computer sim- 

ulation. For this purpose 932 government and commercials, buildings 

roofs investigated in an urbanized area of Arizona State University, USA. 

This cool roof technology significantly improved the energy efficiencies 

in buildings and reduced peak electrical demand up to 555 kW. This 

study also assessed the environmental benefits and the estimated GHG 

emissions reductions about 3823 tons of carbon dioxide (CO 2 ), 5.29 tons 

of nitrogen oxide (NO x ), and 3.52 tons of sulfur dioxide (SO 2 ) emissions 

annually [51] . 

Lightweight Cement Composite (LCC) using hollow cenospheres and 

a photocatalytic coating with Titanium Dioxide (TiO 2 ) and solar re- 

flectance showed a reduction of 80% in the thermal conductivity and 

increased in solar reflectance from 0.41 to 0.78 using a photocatalytic 

coating. Heat gain also reduced up to 33% lower than concrete and coat- 

ing combined heat gain reduced by 69% [52] . 

In Shanghai, China, black coating pigment with NIR-transmitting 

perylene black and dioxazine purple colorants and addition of chrome 

titanium yellow black coating developed. Estimated surface tempera- 

ture reduction and annual cooling energy savings were 13.8 °C and 

3.9 kWh m 

− 2 yr − 1 with perylene black colorant and 10.2 °C and 

2.24 kWh m 

− 2 yr − 1 with dioxazine purple colorant respectively [53] . 

Thermal performance of three roofs, one conventional red and two white 

reflective roofs using two outdoor test cells was carried out in Cuer- 

navaca, Mexico. Result concluded that the white roof reduced the sur- 

face temperature between 10 °C and 14.6 °C compared with the gray 

roof. Also, the heat gains between 59 and 80% lower than the gray roof. 

The heat gain of the red roof was 22% higher than the white roof. So 

white roof with high reflectivity was a cost-effective strategy to reduce 

building energy consumption [54] . 

On a metal roof, thermal insulation coating titanium dioxide pig- 

ment with Chicken Egg Shell (CES) waste installed and integrated with 

a series of aluminum tubes and recycled aluminum cans arranged into 

tubes that act as a Moving-Air-Cavity (MAC). Four types of cool roofs 

designed with and performances of the same carried out indoors by us- 

ing halogen light bulbs followed by a comparison of the roof and attic 

temperatures. The surrounding air temperature during testing was ap- 

proximately 27.5 °C and the reduction in the attic inlet temperature up 

to 13 °C (from 42.4 °C to 29.6 °C) using cool roof which was incor- 

porated both Thermal Insulation Coating (TIC) and Moving-Air-Cavity 

(MAC) with comparison of conventional roof [55] . 

Two techniques surface treatments and roof insulations were most 

useful for an energy-efficient roof, and these two techniques used for a 

single-story building of office building having 200 m 

2 area have simu- 

lated for five climatic zones in India. Simulated results for five climatic 

zone of India and a total of 88 different roof combinations used for each 

climatic zone to identify suitable roof thickness with high albedo. The 

Optimized R-value for the roof in hot-dry climate and composite climate, 

warm and humid climate, and temperate climate and cold climate were 

0.49 m 

2 K/W, 0.31 m 

2 K/W, and 1.02 m 

2 K/W respectively [56] . 

Examine the potential of an urban roof by changing the reflectivity 

and using green roof and simulation modeling performed to derive the 

results. If the reflectivity of the roof increased up to 0.45, then reduce 

the summer temperature by 0.25 °C in the densely built-up environment, 

and it further reduced up to 0.5 °C to enhance the roof reflectance up to 

0.7. However, more than 50% of the building roofs of Vienna were not 

favorable for the planting of vegetation. So optimal solution found to 

provide comfort level in buildings was combining the green roofs with 

high-reflective materials that offer a better solution to reduce urban heat 

load of buildings [57] . Table 2 represents the details of the different 

types of cool roof surface coating in different climatic zones. 

The solar reflectivity, emissivity, and solar reflective index of differ- 

ent materials are summarized in Table 3 . The solar reflectance and in- 

frared emissivity properties of typical roof types are indicated in Table 4 

[ 58 , 59 ]. 

3. Other configurations of cool roofs 

In hot arid climate of Morocco, passive cooling techniques for air 

cooling of Morocco were studied. The three techniques were white paint- 

ing, shading, and thermal insulation applied to three outdoor test cells 

of the roofs. These passive techniques have a significant impact on the 

heat flux through the roof and, consequently, on the cell ceiling and in- 

door air temperature. The white-painted roof has the highest thermal 

performance, and it reduces the ceiling temperature up to 13.0 °C rel- 

atively to the reference cell, and temperature reduction for thermally 

insulated and shaded roofs are always less than 9.9 °C and 8.9 °C re- 

spectively. The measured data proved that white painted roof reduced 

the heat flux up to 66% through the roof slab [60] . A numerical model 

developed based on the finite volume method applied for six variants 

of a roof structure in Riyadh, Saudi Arabia. The study reveals the tem- 

perature and heatf1ux variations with time and the relative importance 

of the various heat-transfer components as well as daily averaged roof 

heat-transfer load. The result proved that the 5 cm thick polystyrene 

layer reduces the roof heat-transfer load to one-third of its value in an 

identical roof section without insulation [61] . 

A novel Double-Skin Roof Heat Transfer (DSRHT) was developed to 

study the thermal performance of open-ended Double-Skin Roof (DSR) 

with 13-story-tall, a naturally-ventilated residential building in Singa- 

pore. The dynamic thermal behavior of having an equivalent thermal 

resistance R-value 4 to 5 times higher during day time as compared to 

night time due to the presence of an open-ended air gap. Also, with the 

increment of inclination angle (0–60 ̊), annual heat gain increased by up 

to 30% (R-value varied from 4.2 to 6.0 m 

2 -K/W). Still, with the double- 

skin roof (DSR) annual temperature gain enhanced only 6% (R-value 

ranged from 5.2 to 5. 6 m 

2 -K/W) [62] . The New Thermal performance 

index was developed using mathematical modeling of dwelling roof 

based on admittance procedure in warm, humid tropic climate for two 

locations Trivandrum (India) and Cairns (Australia). The study based 

on thermal comfort and actual thermal performance of a roof design 

option with a scientific rating scheme for the roof system. In the pur- 

posed project, the galvanized iron roof gave 0% rating and the roof, 

which satisfied comfort needs for a given climate rated as 100% [63] . 

In the summer period, solar radiation is high, so ventilation of build- 

ing structures useful in reducing the cooling load. Analysis of thermal 

behavior of ventilated roofs using a different placement of thermal layer 

insulation respect to the air gap carried out and “Fluent ” software have 

been used to study the thermo-fluid dynamic nature of the air within 

the ventilated roof and to calculate the heat fluxes. Results proved that 

ventilation of roofs could reduce the heat fluxes significantly up to 50%, 

especially in the summer period [64] . 

The experimental study carried out for two types of concrete-based 

roofs, namely the unventilated and ventilated roofs using a Complex Fast 

Fourier Transform (CFFT) method. Daily heat gain reduced up to 11% 

if solar reflectivity increased up to 0.1 for both roofs. Using the applica- 

tion of cool paint heat gain reduced by 234 Wh/m 

2 and 135 Wh/m 

2 in 

the unventilated and ventilated roofs respectively and for comparison 

with less insulated roof individual use of roof ventilation and 2.5 cm 

Expanded Polystyrene (EPS) foam reduced the heat gain by 42% and 

68% respectively [65] . 

For reduction of summer thermal load in buildings, ventilated roof 

used and energy-saving represented in the sum of all components like 

the roof, facades, glazed surface, etc. A study carried out for the roofs 
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Table 2 

Details of different type of surface coating applied on roofs. 

Location and 

Climatic Zone 

Illustration Detail of Surface Coating Reflectivity Reduction 

in surface 

Temp. (°C) 

Reference 

Berkeley, CA, USA, 

Temperate 

White base coat with monocolor topcoats 

Tiles 

0.26-0.57 — [45] 

Xian, China, Warm 

and Temperate 

Solar Heating Reflective Coating Layer (SHRCL) —- 10 [48] 

La Rochelle, 

France, Warm and 

Temperate 

Cool Selective Coatings —- 10 [49] 

Berkeley, CA, USA, 

Temperate 

High-albedo Coatings 0.18-0.73 —– [50] 

Nanjing, China, 

Tropical 

Color coatings of Fe 3 + doped La 2 Mo 2 O 7 

pigments 

0.61-0.75 4.6 [43] 

Singapore, Tropical Lightweight Cement Composite and 

Photocatalytic Coating with Titanium dioxide 

(TiO 2 ) 

0.41-0.78 —– [52] 

Tabasco, Mexico 

Tropical 

Gray and White Reflective Coating 0.84 10-14.6 [54] 

Kuala Lumpur, 

Malaysia, Tropical 

Thermal insulation coating (Titanium dioxide 

pigment) 

——- 13 [55] 

( continued on next page ) 
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Table 2 ( continued ) 

Location and 

Climatic Zone 

Illustration Detail of Surface Coating Reflectivity Reduction 

in surface 

Temp. (°C) 

Reference 

Beijing, China, 

Tropical 

NIR-transmitting perylene black and dioxazine 

purple colorantsand addition of chrome 

titanium yellow black coating 

0.12-0.13 10.2-13.8 [53] 

Townsville, 

Australia, Hot 

White highly reflective paint (Solacoat) 0.80 —– [44] 

Ahmedabad, New 

Delhi, Mumbai, 

Bamgalore and 

Shilong Hot-Dry, 

Composite, Warm 

and Humid, 

Temperate and 

Cold 

Roof insulation with high albedo coating 

combination of radiant barriers 

0.70-0.90 —— [56] 

Arizona, USA, 

Warm 

White Roof Coating, —— —— [51] 

Karaikudi, 

Tamilnadu, India 

Warm-Humid 

Pale-yellow color nano pigment Bi4Ti3O12 

(BTO) and conventional infrared reflective 

white pigment TiO 2 

0.95 7-10 [40] 

Athens, Greece, 

Composite 

Thermochromatic coating with and 

withoutTiO 2 

0.43 4.3-6.2 [42] 

Islamabad, 

Pakistan, 

Composite 

Anti-solar Coating ——– 4.5 [46] 

Athens, Greece, 

Composite 

Cool Coating 0.89 2.8 [47] 
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Table 3 

The solar reflectivity, emissivity, and solar reflective index of different materials. 

Details Solar reflectance Infrared emissivity Solar reflectance index 

Materials 

White paint 0.70–0.85 0.80-0.90 84-113 

Aluminium 0.20–0.65 0.25-0.65 -25 to 72 

Conventional Black 0.04–0.05 0.80-0.90 -7 to 0 

Cool black 0.20–0.29 0.80-0.90 14-31 

Conventional dark colored coatings 0.04–0.20 0.80-0.90 -7 to 19 

Cool dark colored coatings 0.25–0.4 0.80-0.90 21-45 

Asphalt shingles 

White asphalt shingle 0.20–0.30 0.80–0.90 15–18 

Black 0.04 0.80–0.90 -7 to -1 

Dark colored conventional asphalt shingles 0.05–0.10 0.80–0.90 -6 to 6 

Cool colored asphalt shingles 0.08–0.34 0.80–0.90 11–37 

Tiles 

Terracotta ceramic tile 0.25–0.40 0.85–0.90 23–15 

White clay tile 0.60–0.75 0.85–0.90 71–93 

White Concrete tile 0.60–0.75 0.85–0.90 71–93 

Grey concrete tile 0.18–0.25 0.85–0.90 14–25 

Dark Color Concrete tile 0.04–0.40 0.85–0.90 -4 to 45 

Cool Dark Colored Concrete tile 0.04–0.60 0.85–0.90 43–72 

Membranes 

White Membrane 0.65–0.85 0.8–0.90 76–107 

Black 0.04–0.05 0.8–0.90 -7 to 0 

Metal Roof 

Unpainted 0.20–0.60 0.05–0.35 -48 to 53 

Painted white 0.60–0.75 0.8–0.90 69-93 

Dark Conventionally colored 0.05–0.10 0.8–0.90 -6 to 6 

Dark cool colored 0.25–0.70 0.8–0.90 21–86 

Build up Roof 

With asphalt 0.04 0.85–0.90 -4 to -1 

With dark gravel 0.08–0.20 0.8–0.90 -2 to 19 

With white gravel 0.30–0.50 0.8–0.90 27-58 

With white coating 0.75–0.80 0.8–0.90 93-113 

Modified Bitumen 

With mineral surface capsheet 0.10–0.20 0.85–0.95 4 to 21 

White coating over mineral surface 0.60–0.75 0.85–0.95 71-94 

Table 4 

Solar reflectance and infrared emissivity properties of typical roof types. 

Roof surface type Solar reflectance Infrared emissivity Roof surface temperature rise (°C) 

Ethylene propylene diene monomer (EPDM)–black 0.06 0.85 46.1 

EPDM White 0.69 0.87 13.9 

Thermoplastic polyolefin (TPO)–white 0.83 0.92 6.11 

Bitumen–smooth surface 0.06 0.86 46.1 

Bitumen–white granules 0.26 0.92 35.0 

Built-up roof (BUR)–dark gravel 0.12 0.90 42.2 

BUR–light gravel 0.34 0.90 31.7 

Asphalt shingles–generic black granules 0.05 0.91 45.6 

Asphalt shingles–generic white granules 0.25 0.91 35.6 

Shingles–white elastomeric coating 0.71 0.91 12.2 

Shingles–aluminum coating 0.54 0.42 28.6 

Steel–new, bare, galvanized 0.61 0.04 30.6 

Aluminum 0.61 0.20 26.7 

Siliconized polyester–white 0.59 0.85 20.6 

with the small-sized-thickness duct in which the airflow is laminar 

(micro ventilation), and turbulent and performance of terracotta roofs 

compared with copper ones with same thermal resistance for a non- 

ventilated air gap. 30% energy saving achieved using ventilated roofs 

in summer concerning the non-ventilated structure in the case of small 

thicknesses of the air duct, and airflow is laminar [66] . 

For the study, the effect of cavity ventilation in the occupied zone 

of the factory and a computer program developed for comparison be- 

tween the cavity roof and a single roof in the Japanese climate. The 

study proved that the cavity roof was much more effective as compared 

to a single roof for lower the operative temperature by about 4.4 °C and 

when air condoning system used with an operative temperature of 26 °C 

in the factory cooling load reduction achieved approximately 50% dur- 

ing the summer using cavity roof. So the result proved that a naturally 

ventilated cavity roof has excellent potential for improving the indoor 

thermal environment and energy saving in the building during summer 

[67] . 

An Evaporative roof for the hot arid climate developed, and this roof 

consists of the concrete ceiling over which lies a bed of rocks in a water 

pool. An aluminium plate also provided over this bed, which provides 

an air gap to the external environment, and an upper surface of this 

plate is painted with a white titanium-based pigment to enhance the so- 

lar radiation reflection during day time. At night, the temperature of the 

aluminium sheet falls below the temperature of the rock bed mixed with 

water and vapour inside the roof condenses and falls by gravity. This ef- 

fect carries heat outwards and cold inwards. An experimental study was 

carried out for a typical summer day of June for Laghouat in Algeria. It 

found the possibility of reducing the air temperature in buildings, and it 
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Table 5 

Details of the different configuration of roofs analyzed. 

Location and 

Climatic zone 

Illustration Details Reduction 

in surface 

Temp. ( O C) 

Energy 

Saving (%) 

Reference 

Marrakech, 

Morocco Hot 

Semi-arid 

Three passive cooling techniques 

i.e., white paint, shading and 

thermal insulation used for air 

cooling in buildings 

8.9-13.0 —- [60] 

Riyadh, Saudi 

Arabia, 

Hot-Dry 

5 cm molded polystyrene 

extruded polystyrene and 

polyurethane insulation layer 

used in the inner surface of the 

roof structure 

0.3-1.0 —- [61] 

Singapore, 

Tropical 

A double-skin roof heat transfer 

(DSRHT) model purposed with 

open-ended air gap with natural 

ventilation and inclination angle 

(0-60 o ) 

—– 24.0 [62] 

Karnataka , 

India 

Warm-Humid 

To identify the thermal comfort 

and thermal performance of a 

roof design option for 

determining the optimum roof 

design 

—– —— [63] 

Catania, Italy, 

Warm and 

Temperate 

To study the thermal 

performance of ventilated roof 

with insulation layers respect to 

the air gap using Fluent 

software 

—– 50.0 [64] 

Laghouat 

Algeria, Hot 

arid Climate 

Passive cooling roof with a 

concrete ceiling over which lies 

a bed of rocks in a water pool 

and an air gap separated from 

the external environment by an 

aluminum plate on top 

2-3 —– [68] 

Perundurai 

Tamil Nadu, 

India Warm 

and Humid 

A new concept in which Hollow 

Clay Tiles (HCT) laid over 

reinforced concrete cement 

(RCC) as a replacement for of 

weathering course (WC) 

proposed 

—- 38.0 [69] 

( continued on next page ) 
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Table 5 ( continued ) 

Location and 

Climatic zone 

Illustration Details Reduction 

in surface 

Temp. ( O C) 

Energy 

Saving (%) 

Reference 

Texas, USA 

Tropical 

A passive cooling system 

consists of a corrugated 

aluminum sheet with a 

triangular pattern with a unique 

orientation to promote heat 

dissipation 

— 70.0 [70] 

Jaipur, India 

Warm 

To implement energy 

conservation measures (ECMs) 

recommended by Indian 

Conservation Building Code 

2007 (ECBC) with fixed 

thermostat and adaptive 

thermostat settings 

—- 16.0-40.0 [71] 

Singapore, 

Tropical 

For the prediction of transient 

roof temperature and 

transmitted heat flux over the 

multilayer roofs using an 

analytical Complex Fast Fourier 

Transform (CFFT) method 

—– 42.0-68.0 [65] 

Pisa, Italy, 

Moderate 

Reduction in summer thermal 

load using ventilated roof with 

small-sized-thickness duct with 

airflow is laminar (micro 

ventilation) 

—- 30.0 [66] 

Leuven, 

Belgium Cold 

and Cloudy 

Five pitched roofs with 

insulation constructed and the 

effect of the emissivity of a roof 

underlay on the global thermal 

behavior of sloped roofs 

investigated 

—— 17.5 [73] 

Moratuwa, Sri 

Lanka Tropical 

Thermal performance of a robust 

roof slab insulation system 

investigated experimentally 

using small and large-scale 

models to create a comfort level 

in the tropical climate 

—— 18.5 [74] 

( continued on next page ) 
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Table 5 ( continued ) 

Location and 

Climatic zone 

Illustration Details Reduction 

in surface 

Temp. ( O C) 

Energy 

Saving (%) 

Reference 

Toyohashi, 

Japan Warm 

and Temperate 

To analyze the comparison 

between cavity roof and a single 

roof in the Japanese climate and 

to observe the effect of cavity 

ventilation on the operative 

temperature of the factory using 

the computer program 

4.4 50.0 [67] 

Riyadh, Saudi 

Arabia, Hot 

and Dry 

To study the thermal 

performance building roof based 

on the numerical model based 

on the finite volume implicit 

procedure, which demonstrated 

by an application to a 

Hordi-type roof 

—– 40.0 [75] 

Taiwan, 

Tropical 

A prototypical double roofs 

Double skin roof with Radiant 

Barrier System (RBS) 

investigated to reduced solar 

heat gain 

— —— [77] 

Sede Boqer, 

Israel, Hot and 

Dry 

A concrete building roof with a 

cylindrical hole of 0.5 × 0.5 m 

and an array of 3 × 3 filled 

Phase Change Material (PCM) 

Chloride 

hexahydrate(CaCl 2 6H 2 O) 

analyzed 

4.0 —- [79] 

was lowered by 2 to 3 °C if night natural ventilation is allowed [68] . In 

India, concrete structures have 150 mm thick Reinforced Cement Con- 

crete (RCC) with Weathering Course (WC) having 75–100 mm thick lime 

brick mortar used. About 40–75% of heat transmitted into the buildings, 

which led to increased air-conditioning demand, so the alternate way 

to overcome that kind of problem a new concept wherein Hollow Clay 

Tiles (HCT) laid over RCC instead of weathering course (WC) proposed. 

Transient heat transmission across four types of roof structures for typ- 

ical Indian climatic conditions has been studied and found that energy 

savings obtained with the use of the HCT roof was 38–63% when com- 

pared with conventional WC roof [69] . Cement-based materials have 

low thermal conductivity and thermal diffusivity, which create living 

conditions almost unbearable in buildings, so they designed a new pas- 

sive cooling system of the concrete roof, which can minimize thermal 

loads in roofs. Aluminium–poly-urethane insulation system contains a 

corrugated aluminium sheet with different orientation for heat dissipa- 

tion, and a layer of polyurethane was also used to minimize the heat 

transfer. Almost 70% of the thermal load can be reduced using well- 

designed roof insulation utilizing this system [70] . 

Experimental and Simulation model has been used to carry out as 

per recommended by Energy Conservation Building Code 2007 (ECBC). 

Study divided in two parts in first part focus on the energy-saving by 

implement ECMs of envelope independently using constant thermostat 

setting throughout the year and in second stage using variable thermo- 

stat setting for same ECMs for buildings. 40% energy saving achieved for 

small buildings with ECBC specifications compared to the buildings built 
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Table 6 

Thermo-physical properties of roofs in different climatic zones. 

Location and 

Climatic Zone 

Thermo-physical properties Albedo Energy 

Saving 

(%) 

Reference 

Material Thickness (m) Thermal 

Conductivity 

(W/m K) 

Density 

(kg/m 

3 ) 

Specific Heat 

(J/kg K) 

U-value 

(W/m 

2 K) 

London, UK, 

Temperate 

Plaster 0.012 NA NA NA 0.6 0.60-0.70 8.5 [14] 

Concrete 0.12 NA NA NA 

Insulation 0.04 NA NA NA 

Asphalt 0.03 NA NA NA 

Catania, Italy, 

Warm and 

Temperate 

Clay shingle 0.012 0.72 1800 840 0.70 0.85 15-44 [32] 

Mortar 0.02 1.4 2000 840 

Sand 0.02 0.6 1700 840 

Polyester membrane 0.008 0.16 1120 1460 

Light cement screed 0.1 0.65 1600 880 

Mineral wool 0.03 0.044 35 840 

Reinforced base 0.06 1.14 2000 840 

Prefabricated slab 0.06 1.16 2000 840 

Air gap 0.3 NA 1.2 1000 

False ceiling 0.02 0.21 900 840 

Perugia, Italy, 

Warm and 

Temperate 

Brick tiles 0.02 NA NA NA 1.143 0.77 24.3 [33] 

Aerated concrete slab 0.05 NA NA NA 

Brickwork (Outer leaf) 0.05 NA NA NA 

Catania, Italy, 

Warm and 

Temperate 

Brick tiles 0.04 0.75 1800 NA —- —— 50 [64] 

Wooden planking 0.01 0.12 450 NA 

Air (ventilation layer) 0.80 0.025 NA 

Rigid fiberglass panels 0.04 0.038 100 NA 

Cement mortar 0.02 1.40 2000 NA 

Brick and concrete 

floor slab 

0.30 0.81 1600 NA 

Lime mortar and 

cement plastering 

0.02 0.90 1800 NA 

Jaipur, India, Warm Gypsum plastering 0.0127 NA NA NA 3.80 —— 16.0-40.0 [68] 

Sand and gravel 0.0254 NA NA NA 

Concrete slab medium 

density 

0.1016 NA NA NA 

Brick NA NA NA 

Gypsum plastering 0.0127 NA NA NA 

Cork tiles NA NA NA NA 

Pisa, Italy, Warm 

and Temperate 

Copper plates 0.006 380 8900 NA —- —– 30 [71] 

Polyethylene sheet 0.001 0.35 950 NA 

Air NA 

Rigid fiberglass panels 0.040 0.038 100 NA 

Fir boarding 0.040 0.12 450 NA 

Brick tiles 0.025 0.90 2000 NA 

Tile-lintel floor 0.180 0.60 1800 NA 

Lime plaster coat 0.015 0.70 1400 NA 

Singapore, Tropical Air NA 0.025 1.28 1008 —— 0.74 54 [15] 

Plaster 0.001 1.5 600 750 

Polystyrene NA 0.09 1050 1300 

Concrete 0.100 0.85 2350 675 

Galvanized Steel 0.008 15.3 4800 500 

Cool Coating 0.0005 0.045 1053 0 

Kobe, Hyogo, 

Japan, Tropical 

Tiles 0.014 0.96 NA 1450 —– 0.10-0.36 — [19] 

Board 0.012 0.15 NA 700 

Trapani, Sicily, 

Tropical 

Roof 0.37 NA NA NA 1.26 —- 54 [22] 

Singapore, Tropical Air NA 0.025 1.27 1008 — — 51 [24] 

Plaster 0.01 0.533 1568 840 

Concrete 0.1 1.442 2400 880 

Ferrocement 0.03 0.447 2000 810 

Cool Coating 0.005 0.045 1053 NA 

Singapore Tropical Roof 0.15 0.38 1200 1000 — — 37 [38] 

Singapore, Tropical Air NA 0.03 1.23 1008 —— 0.74 21-41 [31] 

Concrete 0.1 0.65 2450 840 

Cool Coating 0.0005 0.05 1053 

Glazing 0.0035 0.7 NA NA 

Plaster concrete block 0.125 1.1 800 920 

Plaster 0.001 0.25 850 1000 

Wood 0.005 0.15 608 1630 

( continued on next page ) 
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Table 6 ( continued ) 

Location and 

Climatic Zone 

Thermo-physical properties Albedo Energy 

Saving 

(%) 

Reference 

Material Thickness (m) Thermal 

Conductivity 

(W/m K) 

Density 

(kg/m 

3 ) 

Specific Heat 

(J/kg K) 

U-value 

(W/m 

2 K) 

Jamaica, Tropical Precast concrete 0.08 NA NA NA 5.68 —– 7.5 [37] 

Metal sheet with 

plaster 

0.04 NA NA NA 

Terracotta tile without 

ceiling 

0.02 NA NA NA 

Singapore, Tropical Air 0.025 1.27 1008 —– —– 30 [62] 

Plaster 0.01 0.533 1568 750 

Concrete 0.1 1.442 2400 1300 

FerroCement 0.03 0.447 2000 675 

Foam Concrete based 

insulation 

0.2 0.067 NA NA 

Singapore, Tropical Cement plaster 0.005 0.533 NA NA —- —- 11 [69] 

Concrete 0.015 1.442 NA NA 

FerroCement 0.003 0.836 NA NA 

Expanded polystyrene 0.0025 0.037 NA NA 

Moratuwa, Sri 

Lanka, Tropical 

Concrete 0.125 1.7 NA NA 1.01 —– 18.5 [73] 

Polyethylene insulation 0.025-0.050 0.035 NA NA 

Ahmedabad, 

Hot-Dry 

White reflective paint 0.004 NA NA NA 0.618 —– NA [13] 

Plaster 0.0203 NA NA NA 

Concrete 0.106 NA NA NA 

Helwan, Egypt, 

Hot-Dry 

Cement plaster with 

sand aggregate 

0.02 0.72 1860 840 3.15 —– NA [20] 

Dense reinforced 

concrete 

0.15 1.9 2300 840 

Fine sand 0.07 1.74 2240 840 

Cement mortar 0.02 0.72 1650 920 

Albedo bright white 

paint 

0.01 1.4 2100 800 

Cement roof tiles 0.02 1.4 2100 800 

Polystyrene foam 0.1 0.033 38 1130 

Marrakech, 

Morocco, Hot 

Semi-Arid 

Bare reinforced 

concrete slab 

0.07 NA NA NA —– —– — [60] 

White waterproof 

canvas 

0.13 NA NA NA 

EPS thermal insulation 0.04 NA NA NA 

Pea Gravel 0.04 NA NA NA 

White acrylicreflective 

paint 

0.02 NA NA NA 

Riyadh, Saudi 

Arabia, Hot-Dry 

Tiles 0.025 1.73 2243 920 —– — — [61] 

Mortar bed 0.02 0.72 1858 837 

Sand 0.05 0.33 1515 

Water proofing 

membrane 

0.04 0.19 1121 800 

Reinforced concrete 0.15 1.73 2243 1675 

Cement plaster 0.015 0.72 1858 837 

Foam Concrete-I 0.075 0.52 1600 837 

Foam Concrete-II 0.075 0.08 300 837 

Extruded polystyrene 0.05 0.029 35 1213 

Molded polystyrene 0.05 0.036 24 1213 

PolyUrethane 0.05 0.022 32 1590 

Laghouat Algeria, 

Hot and Semi Arid 

Concrete slab NA 1.8 2400 1080 —– —– —- [65] 

Rocks NA 2.3 2600 800 

Water NA 0.613 1000 4175 

Aluminum NA 0.026 1.22 1008 

Concrete slab NA 0.10 2750 936 

Riyadh, Saudi 

Arabia, Hot-Dry 

Tiles NA 1.06 1500 840 —– —– 40 [75] 

Mortar bed NA 0.72 1865 840 

Sand NA 0.33 1515 800 

Membrane NA 0.19 1121 1675 

Lightweight concrete NA 0.07 1350 840 

Reinforced concrete NA 1.73 2400 840 

Hordi unit 

(Polyurethane) 

NA 0.024 35 1590 

Air space NA 0.97 1.1 1007 

Cement plaster NA 0.72 1865 840 

( continued on next page ) 
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Table 6 ( continued ) 

Location and 

Climatic Zone 

Thermo-physical properties Albedo Energy 

Saving 

(%) 

Reference 

Material Thickness (m) Thermal 

Conductivity 

(W/m K) 

Density 

(kg/m 

3 ) 

Specific Heat 

(J/kg K) 

U-value 

(W/m 

2 K) 

Iraklion, Crete, 

Greece, Composite 

Concrete 0.2 NA NA NA 0.985 0.89 19.8 [21] 

Insulation 0.03 NA NA NA 

Lime plaster coat 0.015 0.70 1400 NA 

Perundurai, 

Tamilnadu, India, 

Warm and Humid 

Reinforced cement 

concrete (RCC) 

0.15 1.28 1130 NA —– —- 38 [66] 

Weathering course 

(WC) 

0.075 0.25 800 NA 

Hollow Clay Tile 0.075 0.25 800 NA 

Air Gap NA 0.026 1005 NA 

with conventionally practiced in India and use of adaptive thermostat 

control to reduce 16% energy consumption over fixed thermostat [71] . 

Comparison of the vaulted roof with a flat roof in terms of thermal 

performance of non-air conditioning building investigated. Vault roof 

has lower indoor temperature as compared to Flat Roof (FR) because 

Vault Roof (VR) released more heat than an FR does by convection and 

thermal radiation at night due to the large curved surfaces. If the rim 

angles of VR decreased, then this difference becomes small, so indoor air 

temperature was slightly influenced by half-rim angle and orientation. 

For hot-dry climatic zone, half rim angle of a VR should be higher than 

500, instead of less than 500, which is the optimal half-rim angle of a 

VR of air-conditioned buildings [72] . 

The global thermal behaviour of pitched roofs studied using the ef- 

fect of emissivity of a roof underlay and in a test building. Five well- 

insulated roofs constructed with differ in long wave emissivity of the 

underlay. All roofs have southwest and northeast oriented and experi- 

mental and simulated results compared, which proved that low emissiv- 

ity of the underlay decreases the heat gain of the indoor environment. 

The emissivity varies from 0.13 to 0.70 for five roofs and emissivity of 

0.13 (Roof-1), and 0.2 (Roof-4) decreased in heat gain in the middle 

of the roof found 17.5% and 6.8% respectively. With high emissivity, 

the effect was much less pronounced [73] . In a warm and humid tropi- 

cal climate, concrete slabs do not perform satisfactorily act as a heated 

body. One of the best steps to overcome this problem robust roof slab 

insulation system is the right solution, and thermal performance was in- 

vestigated experimentally using small and large-scale models. The poor 

thermal performance of concrete slab can be significantly improved in 

a tropical climate using an insulation thickness of only 25 mm, and it 

reduced the slab soffit temperature. The study proved that insulated 

rooftop slabs with robust insulation would be a useful way to provide 

thermal comfort in buildings [74] . 

For determination of the thermal performance of two-dimensional 

composite building’s roof elements, a finite volume implied procedure 

used in Riyadh, Saudi Arabia. TEACH-C computer program used to solve 

the finite volume equations and model validated or demonstrated by 

an application “Hordi-type ” (rib-slab) structure, which made of insula- 

tion material to increase the thermal resistance (R-value) of the roof. 

These Hordi units made of polyurethane and average R-value over a 

24 h period were 2 m 

2 K/W, so low R-value obtained because ribs of the 

reinforced concrete slab surrounded by Hordi units behave like ther- 

mal bridges. About 40% of heat transmission load of the roof had been 

passed to the ribs while it occupied only 20%, so ribs of the reinforced 

concrete slab decreased roof R-value appreciably [75] . 

Domed and vaulted roof roofs compared with flat roofs in terms 

of how much radiation absorbed. A study based on the isolation ab- 

sorbed by these roofs compared to flat roofs and the result proved that 

domed and vaulted roof absorbed more solar radiation as compared to 

flat roofs. It observed that vaulted or domed roofs facing south-north 

direction reduced the solar heat gain of buildings in the summer pe- 

riod. Increased the solar heat gain in the winter season compared to 

roofs facing east west, so result proved that 20% more beam radiation 

absorbed by a domed roof with half dome angle of 900and 30% more 

total radiation absorbed than a flat roof in summer periods. In terms 

of solar heat gain domed roof with less than 600 and east-west fac- 

ing and vaulted roof angle less than 600 performed better in summer 

days [76] . 

Double skin roof reduced both the conduction and convection heat 

transfers from the roof to the ceiling of buildings, another way Radiant 

Barrier System (RBS) blocked radiation heat transfer between roof and 

ceiling. The study purposed that double skin structure and RBS tech- 

nique was an effective way to reduce solar heat gain from roof and roof 

consist of roof plate and an aluminum foil-PP (polypropylene) board- 

RC slab performed better for heat barrier. Double roof structure with 

inclination angles of 0 to 300 with duct widths of 10,15, and 20 cm 

resulted in 40–53 W/m 

2 heat flow towards the interior but heat flow 

for a duct with 5 cm width performed better [77] . A finite element 

model developed with heat transfer through a domed or vaulted roof 

based on a three-dimensional heat transfer equation and solar geome- 

try. Curved and flat roofs compared in terms of heat flux and daily heat 

flow through them into an air-conditioned building for different climatic 

conditions. Compared to the flat roof in a hot, dry climate, regular heat 

flow through the curved roof with facing south-north of 𝜃0 = 90 o was 

about 40% higher and east-west facing vault roof 𝜃0 = 90 o about 20 and 

27% higher. When 𝜃0 
< 50 o heat flux and heat flow in a curved roof were 

similar to the flat roof, so in hot, humid areas with higher air temper- 

ature and intense sky diffuse radiation curved roofs were not suitable. 

But compared to a flat roof, curved roofs appeared to be more energy 

efficient in hot arid climatic conditions if they designed appropriately 

in terms of architectonically [78] . Due to the low thermal conductivity 

of the roof and wall reduced the heat gain in a steady-state condition, 

so a Phase Change Material (PCM) Chloride Hexahydrate (CaC l2 6H 2 O) 

purposed for a room to control the indoor air temperature to achieve 

better thermal comfort level. Experimental performed on a concrete 

roof having a vertical cylindrical hole of 0.5 × 0.5 m and an array of 

3 × 3 filled with phase change material and result proved that PCM 

decreased the indoor air temperature maximum by 4 °C with the re- 

duction in indoor surface heat flux is about 51%. This developed model 

was useful for simulation when this PCM used in different wall struc- 

ture with varying materials of buildings [79] . For cool roof and green 

vegetation Weather Research and Forecasting (WRF) model studied for 

urban heat island effect in a tropical city, Singapore. It found that dur- 

ing day time, the cool roof performed better than the green roof, but 

in night time green roof reduces the near-surface air temperature by 

more than 1 ̊C compared to the cool roof due to higher latent heat flux 

and lower heat storage during the daytime. It is suggested that the green 

vegetation’s in mitigating the (nocturnal) UHI in Singapore [80] . The de- 

tails of the passive cooling techniques used in other roofs represented in 

Table 5 . 

The average energy saving for cool roofs in different climatic zones 

shown in Fig. 3 . Similarly, Fig. 4 represents the relationship between 
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Fig. 3. Average energy saving for different cli- 

matic zones using cool roofs. 

Fig. 4. Average albedo and average energy 

saving for different climatic zones. 

average albedo and average energy savings in different climates, i. e., 

temperate, tropical, hot-dry, warm-humid, and composite. Roof albedo 

plays a vital role in reducing roof surface temperature and maintains 

thermal comfort for different climates in buildings. During the literature 

review, thermo-physical properties for roofs in different climatic zones 

also analyzed and summarized in Table 6 . 

The characteristics of Fig. 3 and Fig. 4 prove that energy-saving out- 

puts using cool roofs in buildings for various regions. The critical anal- 

ysis of Table 1 and Table 2 reported the benefits which justify the prop- 

erties of cool roofs ( Fig. 1 and Fig. 2 ). 

4. Conclusion 

Based on the literature review, it is clear that heat gain from the roof 

is about 50-60% of the total heat gain in the building, which exposed 

to the sun. Therefore, maximum thermal load enters through the roof, 

so the appropriate design of the roof would decrease the thermal load 

and energy consumption in the selected climates. The cool roof tech- 

nology provides a sustainable initiative and attracts energy scientists, 

architects, and urban planners to create better thermal comfort condi- 

tions and energy conservation and urban quality improvement. Based 
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on the literature review outlined, the following conclusion and finding 

achieved from the research can be illustrated as follows: 

• The study reveals that average energy saving achieved using the cool 

roof for temperate, tropical, hot-dry, and composite climatic zones 

are 32.8%, 35.7%, 15.0%, and 25.01%, respectively. 
• The energy-saving achieved in buildings using cool roof vary from 

15.0% to 35.7%. The maximum energy savings found for cool roof 

in the tropical climatic zone. Building design strategies, roof struc- 

tures, orientation are different for each climatic zone so comparative 

analysis in terms of energy savings of cool roofs analyzed. 
• The average roof surface temperature reductions are 4.7 ̊C, 2.4 ̊C, 

2.3, and 1.4 ˚C for temperate, tropical, hot-dry, and composite cli- 

matic zones, respectively, and average albedo for temperate, tropi- 

cal, hot-dry, and composite climatic zones are 0.77, 0.74, 0.70 and 

0.57 respectively. The maximum roof surface temperature reduction 

found in the temperate climatic zone compared to other climatic 

zones because it seems to be maximum radiation is reflected back 

by roofs in this climatic zone. 
• Cool roof applications do not require complex maintenance in build- 

ing roofs and easily applied on the existing roofs by conventional 

methods with low cost as per the requirement of users. 
• The roof surface treatments with different coatings also a useful tech- 

nique to achieve comfort level in buildings and energy efficiency 

measures in different climatic zones. 

This literature review represents the energy-saving opportunities in 

different climatic zones using cool roof structures. The optimization such 

as cool roof coatings, roof layers material and their thickness was not 

deliberated considerably and needed to evaluate for future research. An 

overall cool roof is a sustainable, energy-efficient, eco-friendly, and fi- 

nancially viable technology for reducing energy consumption and main- 

taining thermal comfort in buildings. 
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a b s t r a c t 

Today’s more focus and efforts are being put by all the energy leaders towards power generation using renewable 
energy resources. Fortunately, these resources are becoming affordable to facilitate a swift shift towards green 
and clean energy. Possible strategic assets are an add-on for all the developing nations in terms of economy. 
The technological advancement and power market revolution resulting in an adequate reduction of renewable 
energy cost and affordability. This paper mainly focusing on Covid-19 impacts in the African energy sector. Also, 
analyzing recent developments in African renewable energy generation that holds the immense capacity for im- 
provisation. This paper highlighting the recommendations in response to the COVID-19 pandemic for the African 
renewable energy sector. This paper is a result of rigorous analysis based on major issues governing sustainable 
solutions for Africa. This review paper comes up with effective conclusions to address the challenges in the cur- 
rent pandemic situation. In Africa abundance of resources is found with huge potential for the generation of 
power. But still, Africa undergoing a phase of serious crises because they are not able to tap its huge capital of 
renewable energies. There is a subsequent need for power grid restructuring, energy storage technologies, and 
parallel mitigation of environmental factors with seasonal variations. Proposed review analysis bringing a better 
opportunity for all issues towards sustainable solutions, that will ease the renewable energy status in Africa. It 
is observed that there is an inevitable need to focus on having strong government policy frameworks and proper 
regulations. The various recommendations are required to swing towards renewable energy development. Com- 
bined efforts are required in luring foreign investments and to address feasible issues like setting-up targets. This 
paper demonstrated a smart energy system using a proposed machine learning-based framework for enhancing 
the PV forecasting and up-gradation in available technologies. 

1. Introduction 

In Since 1970, rapid growth in energy demand has been noted down, 
but mainly fulfilled by centralized conventional power generators and 
fossil fuel-based generations. The power demand keeps rising day by 
day, so these demands completely relied on fossil fuel-based generation. 
Which is never be the single option because of their limited availabil- 
ity and environmental issues the conventional generation techniques. 
But the modern power system scenario and developments in the field 
concludes that the face of future is going to be totally different. It was 
mentioned by very suitable term “The Grand Transition ” in World En- 
ergy Congress report 2019 [1] . Like other developing countries, power 
sector in Africa is also heavily dependent on coal, gas, and oil (con- 
ventional resources) that is amounting to almost 80 percent of the total 
power generation. It is always challenging, if there is excessive depen- 
dence on fossil fuel-based generation because the factors like a prob- 
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lem of supply and variability in their prices become very crucial. Most 
importantly it is having various environmental and implications issues 
too. Although African countries contribute minimum to greenhouse gas 
(GHG) emissions, and geographically they are most vulnerable to varia- 
tions in climatic conditions [2] . Hence, especially for Sub-Saharan coun- 
tries, there is growing demand to develop low-fuel, low-carbon systems 
for power generation. The issue of access to energy can be alleviated 
using renewable energy, particularly in remote areas of Africa where 
the transportation cost of conventional resources to large-scale power 
generating plants is quite high enough. Our proposed review analysis 
not only focusing on the adverse impacts of COVID-19 but also presents 
key opportunities for renewable energy growth in African countries. 

As far as geography is concerned, most of the African countries fall 
in between the Tropic of Cancer and the Tropic of Capricorn, and the 
Equator crosses Gabon (the Democratic Republic of Congo (DRC), The 
Republic of Congo (RC), Kenya, Somalia, and Uganda). The most blessed 
thing is that Africa has a huge potential for the high intensity usable so- 
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Nomenclature 

ANN Artificial Neural Network 
ADB African Development Bank 
AEEP Africa- EV energy partnership 
AFD Agence Française du Développement 
AI Artificial Intelligence 
CHP Combined Heat and Power 
CEB China Exim Bank 
CSP Concentrating Solar Power 
COVID-19 Corona Virus Disease 2019 
DRC Democratic Republic of Congo 
DNI Direct Normal Irradiation 
ESMAP Energy Sector Management Assistance Program 

EV Electric Vehicle 
ECOWS Economic Community of West States 
GDP Gross Domestic Product 
GHG Green House gases 
GHI Global Horizontal Irradiance 
HV High Voltage 
IRENA International Renewable Energy National Agency 
IEA International Energy Agency 
IoT Internet of Things 
LIG’s Low-Income Groups 
ML Machine Learning 
MIG’s Middle-Income Groups 
PV Photo Voltaic 
PIDA Program Infrastructure Development for Africa 
RER Renewable Energy Resources 
RC Republic of Congo 
REF Renewable Energy Forecast 
RMSE Root Mean Square Error 
UNDP United Nations Development Programme 
VAT Value-Added Tax 
WAPP Western Africa Power Pool 
WB World Bank 
WEC World Energy Council 

lar energy, especially in North Africa and many parts of East and South- 
ern Africa. That implies that there is a large technical capacity for har- 
nessing solar power using available technologies like Photo Voltaic (PV) 
systems as well as concentrating solar power (CSP systems) [3] . Despite 
having resources in abundance, some major factors like system price 
and its variability are holding back the developmental work in the field 
of solar power generation in Africa. As per 2019 data collected for the 
African regional power generation using renewable energies amounts 
to 19% of total power generation [4] . The share of renewable power 
dominates for hydroelectricity segment in the African continent other 
than solar, wind, tidal wave, and biofuel etc. The unfortunate thing is 
that the power generation using hydroelectricity is only 5 percent to 
10 percent of its total technical capacity because it is largely untapped. 
The hydropower potential which is about 100 GW to 150 GW would be 
demanding large investments in power transmission sector projects (in 
order to connect generating power projects to the fulfill the demand). As 
per IEA 2019, the wind potential of Africa having a capacity of above 30 
percent exceeding 300 GW, out of which the majority is still untapped 
[5] . It needs proper investment in the region with the proper power plan- 
ning and restructures in power system framework. The investment costs 
in the near past to run projects in countries like Kenya, South Africa, 
and Morocco ranged in between 1600 USD/KWh to 3000 USD/KWh. 
Surprisingly, these costs are quite higher than the installation costs in 
any other developing nations like China and India [6] . Using biomass 
(termed Bioenergy) for power generation is yet to be explored to its 
full capacity in Africa [7] . One of the main and critical challenges in 

biomass electricity is the cost involved in the collection and transporta- 
tion of biomass residues. 

There are several countries in African subcontinent, that lie un- 
der basket of Low-Income Groups and (LIG’s) Middle-Income Groups 
(MIG’s) with slower GDP growth rate and are having issues like lack of 
basic infrastructure needed in electrification as well as low investments 
in the power sector. The COVID-19 pandemic and its adverse impacts 
spreading day by day across Africa countries. This pandemic is not over 
yet, thus currently it is difficult to estimate and interevent of post pan- 
demic impacts. Thus, based on proposed comprehensive studies we can 
summarized renewable energy interventions in Africa [8] . 

1.1. Impact of COVID-19 pandemic on economic aspects in Africa 

Due to the COVID-19 outbreak not only African countries, other also 
got a jolt in terms of developments as well as economy. The recent sce- 
nario in Africa as compared to other countries are different in terms 
of depending on the structure of their economics, depending on certain 
items for export, the extent of trade and investment distribution, cur- 
rent public financial status, stringency, and duration of public health 
measure implemented. The private sector is helping the public sector 
in terms of increasing investment, filling up the pre COVID-19 energy 
infrastructure gap, which is from 90 to 120 billion USD in such drastic 
conditions of Africa. The United Nation conference on Trade and De- 
velopment estimates that 3.9% of African’s have employed in Solar PV 

workforce [9] . With renewable value chain these gaps can fill the jobs 
to at least 7 million peoples in East, West, and Central parts of Africa. 

1.2. Transition phase of GDP and electrification in African continent 

The COVID-19 pandemic severely impacted on economies of African 
countries, because of their dependence economy of other countries. On 
the other hand, even the spread of pandemic in Africa less than other 
continents. As per African Economic Outlook 2020, the GDP growth rate 
is estimated to decline which is from 3.3%- 1.7%. There is a strong cor- 
relation between electrification and the GDP size in countries economy 
[10] . According to a report by McKinsey, the study establishes a relation 
between GDPs per capita and electrification rates. It is to be noted that 
countries having electrification rates lesser than 80% of their total pop- 
ulation usually have relatively low GDP rates of their per capita [11] . 
No doubt there is huge potential for the development of power sector in 
Africa but with various challenges too. Demand for electricity is growing 
at a very high rate but Industries and firms are facing issues in running 
generation and distribution projects there. According to the survey of 
a World Bank enterprise [12] , almost 40% of the industries and firms 
are having major concern for availability and affordability of electricity 
to develop and flourish their businesses in the African region. If these 
issues get resolved then especially in urban areas, it can result in con- 
siderable growth in efficiency and performance of most of the African 
firms and subsequently attract more foreign investments [13] . Accord- 
ing to the Program Infrastructure Development for Africa (PIDA), the 
projection of demand in energy is about to reach 3100 Tera Watt-Hour 
by 2040 [14] . For this growing demand, installed capacity is projected 
to be increased by 700 GW referred to Fig. 1 . Moreover, it is also cal- 
culated that Sub-Saharan Africa will require a huge capital investment 
worth 835 billion USD by 2040 in order to become capable of catering 
to its huge demand for electricity [15] . This is inclusive of 490 billion 
USD for generation and an extra 345 billion USD for transmission and 
distribution power system networks. In contrast, the current investment 
annually in the power sector in Africa is even lesser than 5 billion-USD. 
Based on this forecasted analysis, power sector needed investment for 
the expansions in order to meet the rising demand for electricity even 
only in Sub-Saharan Africa is about 20% of the estimated size of its GDP 
in 2040 [16] . 

The average power generation cost will be almost of similar order 
when compared with the investments needed for the energy supply 
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Fig. 1. The transition phase of Africa’s targets to achieve universal access by 
year 2025 [17] . 

units, which subsequently doubles the need for investments (according 
to a report by IRENA) [18] . It is also relevant to consider that, although 
per unit cost of power generation in a plant-based on fossil-fuel is low, 
it can be easily managed by offsetting the grid costs, and possibly im- 
plying off-grid solutions with renewable as the best economic approach 
in today’s scenario. 

1.3. Necessity of investment pool to boost power sector 

In June 2020, only Nigeria, Burkina Faso, and the Kenya govern- 
ment initiated the policies of RE to overcome the COVID-19 pandemic 
challenges in green energy sectors [19] . Many African countries are part 
of over 120 potential members of the International Solar Alliance (ISA) 
[20] . In the African continent, about 600 million people are living with- 
out electricity, there is an urgent necessity to fill the gap by increasing 
power capacity in Africa. Investment in power generation systems in 
African countries is evolving as an important market to Indian compa- 
nies who are having opportunities to invest. Extensive investments are 
required in centralized grids in High Voltage (HV) transmission lines, 
power transformers, and low and medium-level voltage energy distri- 
bution systems [21] . The price required per unit of energy supplied de- 
pends considerably on length of the network and density of demand 
[22] . For large cities, the centralized grid can be the only inexpensive 
solution. But for a remote dwelling and small community, mini-grids or 
an off-grid system will generally be more economical [23] . In order to 
address these issues, many countries of the African continent have set up 
some dedicated investment promoting agencies, chambers of commerce 
to facilitate, and promote the inflow of investments from foreign coun- 
tries. Such relationships would certainly help to boost knowledge about 
investments in potential areas specifically in the power and energy sec- 
tors, regarding coming projects and relations with active partners in the 
investment process. Moreover, the promotional events for investment 
promoting agencies would certainly result in increased collaboration 
and interaction between investors and agencies. African countries are 
trying to proceed further in renewable energy field with their vast tech- 
nical capacity, but huge challenges are there too. Most importantly, the 
rules, regulations, and procedures are needed to be favorable as well as 
promising in these sectors within concerned countries. On the positive 
side, most of the countries in Africa are rich in mineral resources, whose 
potential are mostly untapped [24] . Countries within Africa which are 
having the big advantage of a growing population especially younger 
ones and the trend is projecting to have the fastest rate of urbanization 
in the world [25] . Additionally, it is also having a huge capacity for 

a robust manufacturing sector, which could result in the further eco- 
nomic development of the continent. That would certainly go to result 
in the creation of employment opportunities, meeting domestic power 
demand, and manufacturing the exports surplus, and various others. 

1.4. Contribution and road map of paper 

To demonstrate sustainable recommendations in response to the 
COVID-19 pandemic in Africa is the prime objective of this review study. 
This paper is organizing as follows. Section II investigates the status of 
access to electricity in Africa. Also, highlighting the key issues, chal- 
lenges, and opportunities in the pathway of transition towards sustain- 
ability. This section further showing the potential and scope of renew- 
able power generation in Africa. Section III classify the various form 

of renewable energies such as solar, hydro, wind, geothermal, modern 
bioenergy energy, and their perspectives of sustainable developments in 
Africa. This paper demonstrates the proposed machine learning-based 
solar PV forecasting model for the effective operation of power system 

operators in the solar energy development section. Section IV proposes 
the sustainable energy solutions and comparative analysis of enhanced 
sustainable energy solutions for major African countries. This section 
also shows the proposed smart energy system and the framework of the 
power value chain for the renewable energy-based sustainable frame- 
work. In this section, various African countries in response to the COVID- 
19 pandemic discussed. In section V. And further, conclusions and future 
developments explain in the last section. 

2. Status, challenges, and opportunities of access to electricity in 

Africa 

Mohammed et al. [26] demonstrated the analytical review based on 
socioeconomic issues and recent technological advancement for vari- 
ous applications of renewable energy resources in Sub-Saharan African 
countries. It was observed that biofuel energy is mainly used in rural re- 
gions. For Sub-Saharan African countries, access to electricity has been 
recorded as lowest (as percentage of the population) in the world as 37.5 
percent (in 2014), slowly raised to 42.8% as per data recorded in 2016. 
This figure is considerably low when compared with the global average. 
As far as the whole of Africa is concerned, per person consumption of 
electricity is one-fifth of the global average. As per Fig. 2 it can be easily 
noted that there is huge variation among countries. 

There are some countries in the African continent, having enterprises 
that chose to meet the demand for power using their own power gener- 
ators. As per the survey of Africa Energy Outlook-2019 [27] , 55% of the 
units in Sub-Sahara Africa either have their own or have a compound 
share of power using a generator. Losses in the distribution as a percent- 
age of total output is almost up to 55% in some of the countries (even 
more than 100% loss in case of countries like Benin resulting in the full 
loss of electricity that is being imported). World Bank report [28] con- 
cluded that most of the households having access to electricity consume 
it mainly for lighting and communications purposes (including radio 
and television). On the other hand, those who are living without ac- 
cess to electricity depend on alternate sources such as candles, kerosene, 
and battery enable torches. Kerosene used for the lightening of lamps 
is the most common source used by more than 33% of households in 
Sub- Saharan Africa [29] . As countries of the African sub-continent are 
abundant in resources required for RE generation. The unfortunate and 
irony of the situation in the power sector of African continent, partic- 
ularly Sub-Saharan Africa is that despite being very rich in energy re- 
sources they are very poor in energy supply [30] . Many businesses are 
getting affected due to partial or complete unavailability of grid power 
in Africa. Because of this, some businesses must make some changes 
like the selection of business, choice of location, reduction in output, 
the substitution of factors, and generation by self. In bigger firms, the 
extra price for generation in power is a crucial and satisfactory cost of 
carrying business [31] . 
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Fig. 2. Status of electricity access/ energy efficiency/ renewable energy generation and overall score achieved (in%) for major African countries as per the Africa 
Energy Outlook report 2019 [27] . 

As far as the commercial, industrial, and residential sectors are con- 
cerned, many firms and enterprises have their own generators to cover 
up the gap in the access and supply of power. The investment in power 
generators is correspondingly an expensive affair, that would cost almost 
three times the cost of acquiring electricity out of public grids. Even after 
considerable subsidies are included, it would remain still more expen- 
sive. These extra costs may be a tradeoff for guaranteeing a continuous 
supply of electricity [ 32 , 33 ]. 

2.1. Key challenges in pathway of transition towards sustainability 

Caroline. et al. [34] demonstrated the current COVID-19 challenges 
for energy policymakers and long-term impacts of pandemic in exist- 
ing renewable energy policies. The selected parameters on which it is 
broadly based dependent such as access to electricity, power consump- 
tion, and renewable energy generation, etc. Key challenges are as fol- 
lowing: 

2.1.1. Affordability of electricity 

Some of the major concerns are high initial connection costs and 
high electricity costs in the electrification process [35] . These basic is- 
sues need to be addressed by energy sectors. It needs to be as per the 
affordability of low-income groups (LIG’s) of the region and government 
must regulate and offer subsidies to mitigate these issues at initial level 
of infrastructural development cost and make electricity affordable for 
all consumers. 

2.1.2. Enhancement in efficiency 

Energy efficient systems, power appliances, incrementing the do- 
main of renewable energy, and improvement in energy-efficient stan- 
dards are the real solutions to enhance efficiency. Moreover education, 
awareness, policies, and regulations must be led out to address this is- 
sue. It will lead to more progress and energy savings strategy. 

2.1.3. Development of sustainable cities 

Most African cities are having the burden of huge growing popula- 
tion and poverty all along. Major cities need to be sustainable as for 
as energy requirement is concerned. Improvement in urban planning, 
enough finance for infrastructural development, better urban legisla- 
tion, and policies are the key changes that need to be inculcated in order 
to be sustainable cities. 

2.1.4. Enhancement in renewable energy systems 

There is a huge requirement for enhancement in the domain of re- 
newable energy systems in Africa. The transition to renewable energy 
in Africa has become need of an hour but still there are issues still unad- 
dressed like weaker policies, regulations, and finances as well as there is 
need for strong support from the running governments and policymak- 
ers. 

2.1.5. Power market design 

Finances for energy infrastructural development are needed. Subse- 
quently, it will lead to the expansion of power market and industry. It 
can be achieved by triggering investments in this field if essential steps 
are to be taken by the running government. Decentralized power sys- 
tems and regional renewable energy integration are the key areas that 
need to be focused upon too. 

2.1.6. Governing the cost of power 

The cost of electricity is getting increased due to inadequate power 
transmission and distribution capacity. In 2012, across Sub-Saharan 
Africa, the average cost of electricity generation was around 115 USD 

per megawatt-hour (MWh). Due to a big distribution loss of 18%, this 
cost raised (for generation costs only) to 140 USD per MWh. Still, there 
are no provisions for other significant factors relating to the power sup- 
ply and the essential steps that need to be taken. 

2.1.7. Impact of electrification on GDP 

There is a strong correlation between Electrification and the GDP 
size in countries economy. According to a report by McKinsey [36] , the 
study establishes a relation between GDPs per capita and electrification 
rates. This report also mentions that an insufficient supply of electricity 
at high costs would slower GDP growth by 1 to 3 percent points. Lacking 
timely and quality accessibility to electricity shrinks the amount of total 
revenue collected. Furthermore, businesses become uncompetitive that 
lowers the total job opportunities, and finally affects the GDP per capita 
and hence the overall energy growth. 

2.2. Opportunities and strategic priorities 

Currently, the COVID-19 pandemic has released unexceptional 
shocks and threatens to across all sectors from lack of economy to energy 
companies shut down. The five major categories of transitional changes 
that are required at regional, national, and global levels are as follows: 

• Risk due to macro-economy. 
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• Geopolitical factors. 
• Nature of business environment. 
• Technological advancement. 
• Vision of energy and power. 

In previous decades, power generation using renewable resources 
was a costlier option. There was a subsequent need for support from 

industrialists and related organizations with enough subsidy to be pro- 
vided by the government. As per the survey conducted by the World 
Energy Council and the responses of energy leader nations, the council 
concluded the following four strategic priorities for African countries 
[37] : 

2.2.1. Updating power market design rules to incorporate decentralization 

In order to cater the rising demand, countries need to work in updat- 
ing market design rules in both the power trading and the grid operation 
rules [38] . Present regulatory framework needs a robust overhaul and 
innovation in policy to facilitate required price signals for investments, 
and flexibility. Decentralized, digitized, and de-carbonized energy sys- 
tems are needed in renewable energy technologies (particularly in so- 
lar). Government schemes in power sector should be supportive of the 
financial conditions of consumers. There is a need of enhancing energy 
efficiency as an action priority for every nation of the African region. 

2.2.2. Electrification for decarbonization 

One of the important focus areas for energy leaders is always the 
rising leap of electrification. The four main drivers of 4D’s are as digiti- 
zation, decentralization, demographics, and de-carbonization. Climate 
change is one of the biggest concerns for energy leaders and they need 
to take strong steps to stand with their commitments to Paris Climate 
Framework-2016 [39] . Hence, should be working hard in the field of de- 
carbonization. Renewable energy planning with factors like efficiency as 
well as electrification is main area of focus for policymakers and energy 
leaders. The energy sector is having new dynamic challenges and op- 
portunities. Producing electricity at a lower cost and meeting the rise in 
demand for electrification without any harm to the environment with 
lesser dependence on hydrocarbon export can only be achieved by shift- 
ing to alternate renewable resources of power generation [40] . 

2.2.3. Global strategic competition 

The current focus of energy leaders is to develop digitized high-tech 
power system and having the main emphasis on commodity pricing es- 
pecially for the resources that are required to store electricity. Presently 
the technology at a global level like cybersecurity and data protection 
is a matter of concern when we talk about digitization in the field of 
energy. The trade tensions between China and the US are also leading 
towards uncertainty across the globe. As in 2018, imposing new tariffs 
on its imports (steel, aluminum, solar panels, etc.) by the US leads to 
imposing new tariffs on the US by china in other products (like liquified 
natural gas). 

2.2.4. Controlling fluctuation in gas/oil prices and role of cobalt and 

lithium 

The price fluctuation in oil and gas acts as a major factor in com- 
modity pricing. It surely impacts the speed and direction of global tran- 
sition in the energy sector. Alternative materials like cobalt and lithium 

plays a very crucial role in the manufacturing of Electric Vehicle (EV) 
batteries. The batteries costs half of total cost in the manufacturing EV 

[41] . Recently, the US added cobalt to list of 35 mineral commodities 
that are critical to the economy and started its mining that resulted 
into rise in prices of cobalt. Hence, non-energy commodity prices are 
also becoming a matter of concern for energy leaders worldwide. The 
DRC, world’s largest supplier of cobalt recently increased the tariffs 3 
folds that could certainly result into fluctuation in prices of the EV sys- 
tems. Hence, these commodity prices are having an undulating effect 
on electric storage, battery-based technologies, renewable energy-based 

Fig. 3. Recommended power value chain to improve operational power effi- 
ciency. 

systems, and EV. Hence, the most common fields the energy leaders and 
innovators presently focusing on are: 

• Distributive generation and decentralization of power systems. 
• Efficiency management of energy. 
• Solar energy and infrastructure development. 
• Technological advancement and energy vision. 
• Assess to green energy. 

The World Energy Council [42] stated that imagination of improved 
energy future is tantalizing, that it cannot be done all at once or by work- 
ing alone. The affordable electricity consumption and connections in 
electrification while maintaining minimum utilities and financial losses 
is one of the most crucial necessities in Sub-Saharan Africa. 

In Fig. 3 ., there are some significant ways to achieve affordable 
power include Improvement in operational efficiency and increment in 
tariffs. For most of the cases [43] , installation of individual meters, im- 
plementation of prepaid metering that would advantage both suppliers 
and consumers by sharing of connection costs. 

2.3. Potential and scope of renewable power generation in Africa 

African countries are gifted with a massive and abundant renewable 
energy potential but still majorly untapped. As per African development 
bank-2017 [44] , in Fig. 4 the estimation of power generation capacity in 
African continents is 350 GW for hydropower generation, wind power 
of 110 GW, 15 GW of geothermal, and an astounding 1000 GW for so- 
lar. The technical potential of bioelectricity using biomass is also very 
high. The surplus wood supply from forests is projected at 520 GWh 
every year (as per IRENA report) [45] . In the African region as far as 
geographical location and power distribution are concerned, Solar is 
especially promising albeit with dynamic capacity, this sort of energy 
would be accessed virtually everywhere. 

There is the growing need for a shift towards alternate sources of 
power generation, especially solar, wind, biomass, tide, and geother- 
mal [47] . The dynamics of the climatic condition are projected to have 
the largest impact on hydropower generation. Significant variations in 
Africa’s climatic zones offer adequate resources in the form of wind, 
waves, sunlight, and biofuel, among others. All the renewable energy 
resources and their corresponding usage have been clearly mentioned 
with the increasing trend of demand for span to 2030 shown in Fig. 5 . 
All countries are focusing on climate change and working hard to keep 
the promises they have made and signed for in Paris Agreement-2019 
[48] . It is quite evident that process of electrification in many African 
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Fig. 4. Recent transition phase of different renewable energy usage with re- 
gional wise distribution in Africa. 

Fig. 5. Total renewable energy resources use in Africa as per IREA report [46] . 

countries can be ensured using non-conventional sources and here re- 
newable power generation has a major role to play. 

3. Major renewable energies and their perspectives for 

sustainable developments in Africa 

COVID-19 pandemic has brutally hit the renewable energy sector of 
Africa, delayed in ongoing power projects. So, that it makes threats to 
reversal the growth made so far in fighting against poverty in the en- 
ergy sector [49] . African countries are rich in these resources, which 
can be referred from Fig. 5 . It could be quite seamless to have a shift 
towards clean energy. Even then there are some hurdles like unavail- 
ability of grid infrastructure, lack of technology, and the biggest issue 
of insufficient monetary funds. It can be solved with global investments 
by various agencies and industrialists having the potential and will in- 
vest in this arena of development for renewable power generation: 

3.1. Solar energy developments 

Most of the African continent falls in between the tropic of Cancer 
and, tropic of Capricorn, and the equator crosses Gabon, Kenya, DRC, 
Somalia, and Uganda. Most fortunate thing is that Africa has a huge 
potential for high-intensity usable solar resource [50] . Africa is having 
a great resource for high-quality solar power, mainly north Africa and 
some regions of southern and eastern Africa having longer sunny days. 
There are mainly two types of technologies using which solar power 
is generated, first Photo-Voltaic (PV) and second Concentrating Solar 
Power (CSP). According to the IRENA-2015 [51] , the solar power gen- 
eration potential of Africa exceeds far more than its forecasted demand. 
In Africa more than 6 GW of CSP and 14 GW of solar PV were present 
there. 

Main options for the generation of power using solar energy include 
thermal based Concentrated Solar Power (CSP) and large-scale PV (con- 
ventional photovoltaic) systems suitable for the generation of off-grid 
power for small-scale PV systems [52] . A clear sky and direct solar radi- 
ation are required for a CSP plant [53] . Hence for CSP, deserts present 
there to provide natural ideal conditions. But on the other hand, PV 

is also applicable in colder climates and at high latitudes. PV system 

installation mainly depends upon the technology used. Major of solar 
parks situated in the Northern Cape Province, South Africa syndicates 
both the technologies: PV and CSP. This paper recognized five basic 
unique models helping to boost up solar energy potential in Africa: (a) 
state-owned, (b) a non-governmental system of organization and other 
agency-based, (c) developing-market transnational businesses based, (d) 
pay-as-you-go, and (e) avon models. Despite the hopeful prospects of 
power industry, there are several other issues like huge capital costs, 
and a limited number of consumer end sponsoring schemes that have 
restricted the technological progression [54] . The GIS map of PVOUT 

provides an estimation of PV-based solar power generation potential in 
a region. Further, these forested values denote for the long-term aver- 
age of daily/monthly/yearly potential power generation range from a 
1 kW peak grid connected solar PV system to higher rating applications. 
Generalized, photovoltaic framework consists of a free-standing struc- 
ture with PV modules (monocrystalline, polycrystalline/ amorphous) 
mounted at a fixed position, connected with ground based. To maxi- 
mize yearly energy and yield higher energy using inverters topology and 
advanced supercapacitor bank for efficient storage. Some of the major 
solar projects in Africa are as follows: 

(a) Morocco Noor solar project: 510MW capacity (Noor-I commissioned 
in 2016, presently commissioned Noor-IV in 2019) [55] . 

(b) Morocco Solar capital De Aar Project: 175MW (De Aar-I commis- 
sioned in 2014, operational in 2016). 

(c) Southern Egypt Benban solar project: 165.5MW (2018 with a target 
of 2GW with development target of 40 solar parks, Egypt is having 
an aim to consume 20% of total demand from renewable energy 
resources). 

(d) South Africa Kaxu solar one: 100MW officially started in 2015 (in 
Northern Cape Province CSP power plant, aiming to supply clean 
and green energy to almost 90,000 homes while offsetting the 3.2 
lac tons of CO 2 emissions) [56] . 

(e) Xina solar one project: 100 MW (in NCP, South Africa, became fully 
operational in 2017). 

(f) Ilanga-1 CSP plant: 100MW (commissioned in 2018, aiming to sup- 
ply clean energy to around 1 lac homes and offsetting 90,000 tons 
of CO 2 per year in South Africa). 

(g) South Africa Kathu solar plant: 100MW (commissioned in 2016), 
became fully operational in February 2019 having a target to supply 
clean energy to almost 1,80,000 homes of South Africa and offsetting 
6 million tons of carbon emission over 20 years [57] . 

South Africa, the region’s largest economy has enticed many in- 
vestors from the West and China. As Sun-tech power and Hanwha solar, 
one has recently announced the projects to construct big solar farms. 
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Fig. 6. Solar CSP energy potential, DNI Kwh/m2 based on long term average of sun on Dec 2020 [59] . 

In addition to this, they have a plan of developing solar panels in or- 
der to connect around 12.5 million people who are currently not linked 
to the grid. In recent years it has been noted that there is significant 
increment in the number of companies in African market manufactur- 
ing basically in sectors like manufacturing of basic solar lights, basic 
charging infrastructure, and power appliances with small home solar 
systems. There is also a gradual rise in off-grid solutions using pay-as- 
you-go (PAYG) type solar companies. Some PAYG companies working in 
Africa are off-grid electric, M-kopa, Bboxx, d.light, Mobisol, and Nova- 
lumos [58] . This research contributing into the presently available liter- 
ature on economic improvements by recommending an abstract model 
that can help to boost-up solar energy in Africa. Our model clarifies 
the boost up processes, principles, and other factors. South Africa and 
Kenya are the leaders that have been successful in luring private orga- 
nizations. Also, using their capital to entice expansion of solar energy 
and it should be imitated by the rest of African countries. The current 
advancements in countries like Nigeria and Ghana indicate the progress 
towards enhancing capabilities in the area of solar energy. Fig. 6 . show- 
ing the distribution of DNI in the African subcontinent. 

Generally, for major locations in the African countries, the DNI, 
as well as GHI values are easily available in weather forecast de- 
partments. These GHI and DNI value offers a close correlation to the 
amount of power generated with respect to estimated energy. The DNI 
of clear/cloudy sky depends upon the solar radiation elevation angle, the 
altitude of forecasting site, aerosol index, seasonal variations, the aver- 
age length of the day, and other atmospheric conditions [60] . Earlier, 
the forecasting analysis of irradiance was determined by the scattering- 
transmittance forecast model. Mathematically, DNI calculation of clear 
sky can be defined as: 

𝐷 𝑁𝐼 𝐶𝑙 𝑒𝑎𝑟 𝑠𝑘𝑦 = 0 . 9751 . 𝐸 𝑜 . 𝐼 𝑜 . 𝜏𝑔 . 𝜏𝑤 . 𝜏𝑎 . 𝜏𝑟 . 𝜏0 (1) 

In Eq. (1) the variables 𝐸 𝑜 , 𝐼 𝑜 , 𝜏𝑔 , 𝜏𝑤 , 𝜏𝑎 , 𝜏𝑟 and 𝜏0 are the corre- 
lation factors of forecasting model. In general, GHI is usually used as a 
reference of specific solar energy potential, as it adds up both direct and 

diffused irradiation while DNI (direct component) indicates CSP poten- 
tial [61] . GHI is one of the most vital parameters for energy estimation 
and for the efficiency calculation of PV plants. Also, the GHI map offers 
a description of the projected solar power that is present for generation 
of power and different applications. The average yearly summation of 
GHI can be used for long-term forecasting. Governments are backing and 
lacking in their contribution. Therefore, full-fledged participation from 

the government of African countries is needed. Power generating capac- 
ity in Africa is slowly increasing but the blackout days in big countries 
like South Africa and Nigeria are affecting the daily businesses and eco- 
nomic growth. Hence, high-level commitment is required. An issue like 
limited financing in the power generation sector is one of the biggest 
challenges still unaddressed in African countries. Investment required 
is about 33 billion USD to 66 billion USD average spending per year is 
required for 2014–2040. The current average spending is 12 billion USD 

(i.e., 21% of their GDP, as per World Bank data) [62] . There are exist- 
ing infrastructural problems such as lacking number of grids and these 
issues need to be resolved by policy rectification and offering flexibil- 
ity and support from the running governments. Solar has been especially 
abundant in North Africa, Egypt, Tunisia, and Morocco (where Morocco 
is leading the way) [63] . In Morocco, the government is pushing the tar- 
get of renewable energy generation to 52% by 2030. 

3.1.1. Proposed machine learning based solar PV forecasting model for 

effective operation of ISO 

This paper proposed a long-term solar PV generation forecasting 
framework based on the machine learning technique using regression 
analysis. A typical time series of observation data can be accessible to an- 
alyze the African solar power estimation. In this study, we are focusing 
on the prior forecasting framework not data implementation for the fore- 
cast site. Also, other renewable energy resources can also be beneficial 
such as wind speed forecast, geothermal power generation estimation, 
etc. using the proposed framework. The estimation of solar irradiance as 
a time series estimation can be implemented by training data of individ- 
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Fig. 7. Comparison of standard base model 
and proposed cascaded auxiliary model for so- 
lar PV power forecasting. 

ual African sites. Recently, solar power generation forecasting was de- 
rived from various intelligent-based forecasting techniques [64] . But the 
accurate forecasting of the PV output is affected by various factors such 
as humidity, ambient temperature, GHI (kW/m 

2 ), DNI (kW/m 

2 ), cloud 
variation, seasonal variation, etc. in the distributed power system. The 
intelligent-based nonlinear regression technique does not clearly show 

the interrelationship between training data and environmental factors 
variation, but this model describes the MAPE for long-term solar PV 

forecasting. 
To examine the accuracy of Renewable Energy Forecast (REF) a pro- 

posed framework is implemented in Fig. 7 . Function ( 𝐹 𝑡 +1 ) estimate 
the renewable energy forecast at time t . For renewable energy forecast 
ahead of time ( t + 1 ), the standard model contains the independent vari- 
ables, but the proposed cascaded auxiliary model identifies the model 
having observation variables and renewable energy forecast model (best 
regression variable ‘ R ’) shown in Eq. (4) . 

ℎ ( 𝑎𝑟𝑔 𝑚𝑖 𝑛 ℎ 𝐿 ( 𝑦 𝑡 +1 ) , 𝑎𝑟𝑔 𝑚𝑖 𝑛 𝑔 𝐿 ( 𝑅𝐸 𝐹 𝑡 +1 ) ) (2) 

ℎ 
(
𝑎𝑟𝑔𝑚𝑖 𝑛 ℎ 𝐿 

(
𝑦 𝑡 +1 

)
, 𝑅 

∗ (𝐹 𝑡 +1 )) (3) 

ℎ ( 𝐹 𝑡 +1 , 𝑅 

∗ ( 𝐹 𝑡 +1 ) ) (4) 

Thus, the comparative analysis takes place between both the models 
in order to predict overall power generation Y t + 1 . The confidence inter- 
vals of observable value and the estimated renewable energy forecast. 
For the estimation of renewable energy forecast (REF) best function f ∗ 

is: 

𝑓 ( 𝐹 𝑡 +1 ) = 𝑓 ∗ = 𝑎𝑟𝑔𝑚𝑖 𝑛 𝑓 𝐿 ( 𝑦 𝑡 +1 ) (5) 

There are two types of error measurement such as R 

2 (coefficient of 
determination is directly dependent on variance of the dependent vari- 
able) value and the adjusted R 

2 value respectively refer in Eq. (6) The 
adjusted R 

2 value is as follows: 

𝑅 

2 
𝑎𝑑𝑗 

= 1 − 

( ∑𝑁 

𝑖 =1 
(
𝑦 𝑖 − ̂𝑦 𝑖 

)2 
∑𝑁 

𝑖 =1 
(
𝑦 𝑖 − �̄� 

)2 
) 

× 𝑁 − 1 
𝑁 − 𝑃 − 1 

(6) 

Fig. 8. Forecasted air temperature (B & D) from training data set (A & C) in °C 
extrapolated to a 0.2° grid using proposed intelligent techniques. 

This proposed framework can be implemented especially for African 
rural areas, where estimating future weather conditions, delayed 
weather, lower weather estimation, and less solar power generation. The 
regression analysis of the average RMSE is valid for both linear and non- 
linear forecasting variables [65] . This ML-based framework is vital for 
long range forecasting horizons as referred to in Fig. 8 . For estimation of 
effective solar irradiance potentials, conversion phenomena and forest- 
ing are basic characteristics for better utilization of solar PV potentials 
in the African countries. With less error margins in forecast parameters, 
that influences the design and feasibility analysis for the design of solar 
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Fig. 9. Map representing the high risk of collision for wind turbine in Africa 
[82] . 

PV systems [66] . The irradiance estimation of a PV plant is required for 
various power producer to efficiently estimate and strategy ahead, that 
provides power scheduling information directly to PV power producers 
and power system operators [67] . 

This paper proposed for forecasting of a real-world application based 
on both types of dependent and independent atmospheric variables. Also 
validating the regression analysis and enhances the PV generation prob- 
lem. It is observed that the RMSE for long-term irradiance forecasting 
model [68] . 

In Fig. 8 ., the process of restructuring the power system, several In- 
telligence techniques (artificial neural network, fuzzy logic control, etc.) 
are being used to implement and forecast demand of the renewable en- 
ergy resources such as wind speed, solar irradiance [69] , etc. It can en- 
able renewable energy generation scheduling and distribution compa- 
nies (DISCOs) to seasonal analysis and predict the trend of demand on 
an hourly basis for the whole day, months, and on occasions. In Fig. 9 , 
Southern Africa have been noted a high collsion incident rates at various 
bigger wind turbine. 

This paper analyzed several national energy policy plans of African 
countries, they possibly will overcome the persistent energy crisis by 
effective utilization of their huge naturally gifted renewable energy re- 
sources. Such steps will certainly boost the solar energy efficiency and 
lead to the creation of jobs in power fields (like basic infrastructural 
development projects, installation, and services required for repairing 
as well as maintenance). There is also an urgent requirement to lift re- 
strictions in the field of solar generation and should look after ways to 
acquire finances available to local bodies. The Government support and 
subsidized programs are required with proper education and awareness 
of the forecasting techniques [70] . One of the main limitations is the 
differences in government policies that result in the different trails of 
development with typical set of constraints. 

3.2. Hydro energy developments 

As for as resources for hydropower generation are concerned, Africa 
has an abundance of hydropower resources, particularly dominated by 
resources from the Congo river, the Niger river, the Zambezi, and the 
Nile. Around 40% of Africa’s total hydro resources are concentrated in 
The Central African region, the Eastern part containing 28% and South- 

ern Africa having 23% of total resources [71] . A hydro power plant 
on the Congo River named as “The Grand Inga Hydro Power Plant ”, 
when fully established then it will have a power generation capability 
exceeding 39,000 MW, which is about 50% of Africa’s present installed 
electricity generation capacity. 

At present, the generation of hydroelectricity in African countries is 
only 5% to 10% of its total potential, which is equal to 10% to 20% of the 
total economically viable capacity. The remaining potential of hydro- 
electricity, lying between 100 GW to 150 GW, would certainly demand 
significant investments in transmission lines to establish the connection 
of projects to the centers of demand. Africa is having the highest per- 
centage of untapped technical hydropower potential in the world (out of 
which only 11% has been utilized yet). The total installed hydropower 
capacity is about 36,264 MW (till 2018) and having a hydropower gen- 
eration capacity of 136 Tera-watt hour (in 2018). Hydropower is respon- 
sible for 86% of all non-fossil fuel energy use as per the present status 
of hydropower generation capacity as per African Statistics [72] . 

In 2018, African hydropower installed capacity is expected to grow 

by about 4200MW over the next 2–3 years. Based on advanced technol- 
ogy used the types of hydropower are the run of river, pumped-based 
storage, offshore, and storage-based hydropower. In general practice, 
these technologies overlap. Hydropower is an adaptable flexible tech- 
nology that could be used at the smallest to power a single home as well 
as supply to the industries. In Africa, hydropower accounts for 8/10 
world’s biggest power station [73] . 

3.2.1. Status of major hydropower projects 

As per REHPH-2019 reports [74] , the hydroelectric capacity that was 
put into operation was about more than 21.8GW. 

(a) Anglo Lauca hydropower project (2070 MW) commissioned in 2017, 
In which 1336 MW is already operational and having the target of 9 
GW energy in hydropower till 2025. 

(b) Zambi Kafue Gorge Lower power station (750MW): commissioned 
in 2019, due to COVID-19 pandemic operation has been slow down. 

(c) Nigeria Zungeru Hydro power project (700MW): scheduled its com- 
pletion in Dec. 2021. 

(d) Isimba Hydro project (183.2 MW): commissioned in March 2019, 
but still under development phase [75] . 

(e) Uganda Krauma project (600MW): operational after 2019, but still 
under development phase . 

3.2.2. Initiatives in the field of hydroelectricity commendable 

Some of the important initiatives are like establishment of various 
organizations to carry out projects and R&D works in the field namely, 
Programs for Infrastructure Development in Africa (PIDA), and Africa- 
EV energy partnership (AEEP) and, hydropower 2020 initiatives [76] . 
When there is infrastructural development in a project there are is- 
sues like people displacement, biodiversity, and ecological imbalances 
as well as a threat to the environment. Africa can play a significant role 
in achieving the goal of 2080 GW of worldwide hydropower capacity 
by 2050. There is a need to work on a global level with energy partners 
and African stakeholders to overcome the pathway barriers and address 
these challenges. 

3.3. Wind energy developments 

The potential for wind energy in Africa is far more than its demand. 
Nevertheless, quality of wind changes across the region. East, South, and 
Northern Africa have particularly excellent wind resources. Mainly the 
deserts of Red Sea coasts, the North-West Atlantic coast, South Africa, 
the Horn of Africa, and Namibia all are having a high-quality wind re- 
source. The wind potential of Africa is having a potential capacity of 
30% (exceeds 300GW) out of total renewable resources, but unfortu- 
nately most part of it is still untapped [ 77 , 78 ]. Kenya is having world 
largest wind energy farm to generate 20% of its total power situated 
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near Latissimi’s, 550 km north of Nairobi Kenya’s capital in the name of 
“Lake Turkana Wind Power Project ”. That having 350 turbines within 
the area of 4000 acres (162 km2) powered by “Turkana Corridor Wind ”. 
It is one of the most ambitious projects of Kenya having a target to add 
5000 MW to its national grid in 3 years. There is a huge investment of 
690 million USD, funded by China and collective investment under the 
European Union with African Development Bank. 

Among African countries, the biggest producers of wind energy are 
Morocco and Egypt [79] . In August 2017, the total capacity of 4.1 GW 

was there which is slightly below the 1% mark of the global capacity. 
In Africa, the wind industry is still small and concentrated despite sub- 
stantial development and progress in the last decade. In wind energy 
developments, some main challenges are as follows: 

(a) Policy challenges: it requires a clear strategic and regulatory frame- 
work for the generation of wind energy. Proper and clear planning 
needs to be adopted by all African countries [80] . Thirty out of fifty 
countries have made their renewable energy targets as per the agree- 
ment of Paris Accord but there is still a huge difference when the 
implementation of the plans is considered. 

(b) Technical challenges: The main disadvantage of wind energy gener- 
ation is that it does not have storage capacities hence supply and 
demand also need to be balanced. 

(c) Economic challenges: Investments are needed in this field so that ma- 
jor and big projects can be developed and could tap the huge wind 
potential of African countries and can be utilized to its full extent. 

(d) Prospects in wind energy: As per IEA, in 2012 the African grids were 
having a capacity of 158 GW and the wind power current contribu- 
tion estimate is about 2.5% of the total production [81] . There is a 
projection by Mc Kinsey and IEA that by 2040, the African popu- 
lation would get doubled and in parallel. There will be an obvious 
increment in energy demand and total power generation capability 
will need to be quadruple of the current technical generating poten- 
tial. 

Hence, there is a need for strong and willful leadership with tech- 
nological, infrastructural support, and managerial advancement with 
research-oriented education and awareness. Africa can catapult wind 
energy generation into another success story likewise it has done in the 
mobile industry and as it is gradually achieving in solar energy. 

3.4. Geothermal energy developments 

The geothermal high-quality resource is not in that abundance as 
compared to solar and wind capacity [83] . Africa’s projected geother- 
mal potential is about 15 GW, largely concentrated in Rift Valley, par- 
ticularly in countries like Kenya and Ethiopia. As per data of 2016, the 
installed capacity of 606 MW was in Africa, in which 95% was in Kenya 
alone [84] . The scope for plants to harness geothermal energy in Africa 
is limited because they need high capital with huge upfront costs. There 
is also requirement for a well-connected transmission line network sys- 
tem. Africa’s geothermal potential in the Eastern Africa Rift is about 
more than 20,000 MWe [85] . As of 2018, only Kenya has its opera- 
tional geothermal-based power stations. In the coming decade, there are 
projects in order to boost total geothermal installations in east Africa by 
over 4,000MW. The banks and financial institutions which provide sup- 
port to the running projects in geothermal exploration are as; World 
Bank, EIB, African Development Bank (ADB), OPIC, China Exim Bank 
(CEB), Agence Française du Développement (AFD), KFW, and IFC. Some 
of running major projects in Africa are as follows: 

(a) Olkaria-(I to V) field (758MW): initially commissioned in 1981–83 
but recommissioned as per requirement time to time from I to V 

along with Central Kenya. 
(b) Ethiopia-Tendaho-Alalobeda (100MW): commissioned in 2018–19, 

due to COVID-19 pandemic operation has been slow down. 
(c) Akiira geothermal project (70 MW): commissioned in 2018. 

(d) Djibouti Asalfiale project: estimated to be 1000 MW when accom- 
plished in 2017. 

(e) Menengai-I (60 MW): commissioned in 2016 in Kenya. 

The factors which are holding back the developmental work are high 
upfront costs, insufficient grant support for exploration and drilling, and 
lacking technological advancement along with untrained skilled labor- 
ers [86] . Financial supports from commercial banks are needed mainly 
in the phase of drilling and exploration. A large potential exists for 
geothermal resource development and utilization in Africa. Still, there 
is a need for support in the areas like human capital development, Tech- 
nical assistance, need of sufficient grant support for the initial research 
and exploration phase. 

3.5. Modern bioenergy: biomass, waste valorization, and biofuels 

Africa is gifted with huge biomass potential that can be used to gen- 
erate power in order to solve some of its energy scarce problems. Fuels 
obtained using biomass resource are one of the unique prospects for 
African countries to address issues like poverty in a rural area, prob- 
lem of electricity access and the adverse impacts of fossil fuel imports. 
Mainly, bagasse obtained from sweet sorghum, and sugarcane can be 
easily utilized as feedstock for the generation of electricity in decen- 
tralized plants and central units [87] . In sub-Saharan Africa, the aver- 
age per-person electricity consumption annually is 457 KWh. If South 
Africa is excluded then this average falls to 124 KWh (as per IRENA re- 
port, 2016) [88] . But in contrast, the average annual per person energy 
consumption in developing countries is 1155 KWh and in high-income 
countries, which is about 10,198 KWh [89] . 

Energy harnessed using biomass known as Bioenergy, usually refers 
to heat, power, or a combination of both called Combined Heat and 
Power (CHP). The primary feedstock is to be dealt with into various de- 
grees to usable solid/liquid/gaseous fuels (e.g., biogas, biofuels, char- 
coal, etc.). Still in Africa, it is hugely combusted directly either for heat 
generation or cooking purposes. Generally, conversion of biomass to 
power generation technologies is as thermal, chemical, thermochemi- 
cal, and biochemical, respectively [90] . Several pieces of research sug- 
gest that CO 2 emissions from biofuels typically deliver carbon savings, 
compared with fossil fuels (petrol and diesel). But in certain cases, CO 2 
emissions may be higher than fossil fuels. Thus, based on less amount of 
uncertainty of CO 2 emission will progressively investment decisions. In 
Fig. 10 ., African growing carbon markets, at primary stages to reduce 
greenhouse gas emissions there are many uncertainties of CO 2 emissions 
for achieving the reduce emission from modern biofuels. 

Implementation of biofuel and bioenergy is still lacking in African 
countries. For example, Malawi is having an ethanol (E10) mandate in 
place, but it depends on its availability. South Africa has not imple- 
mented the mandate of E8 Ethanol and B2 biodiesel till 2013, which 
was originally approved in 2007. Uganda having a target of using 20% 

of total its modern renewable energy (currently 4% to target 61% of RE) 
will be achieved by blending biofuel as per the proposal [91] . Hence, 
there is a need for uplifting and rectification in framework and regu- 
lations to achieve the targets. Some of the major area that needs to be 
focused for proper financial mechanisms. Would be ensuring developing 
the competitive market, support to technological advancements, Incen- 
tives to research, development (R&D) programs, infrastructural develop- 
ment, and dedicated bio-fuel agencies. In order to remove institutional 
barriers, there is the requirement of promoting the private sector par- 
ticipation in biofuel industry too. The oil obtained from jatropha plants 
in customized engines is feasible in electricity assessment in rural areas 
of Africa [92] . 

Some of the integrated systems (biomass coupled with some other re- 
newable energy systems to power generation) are quite practical in use. 
Similarly, sunflower oil is majorly produced in Ghana used by local com- 
panies for the power generation. Some of the small grant programs are 
in picture to support these companies. Some organizations and depart- 
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Fig. 10. Meta-analysis of CO 2 emissions using advanced biofuels comparison to fossil fuels. 

ments are making efforts in the field namely, RSB, COMPETE, ESMAP, 
and IIED. The IIED criterion is having basic proper planning with setting 
of goals. Also, targets for the project from basic issues like crop choosing 
till grant of permit for the project. 

Implementation of biofuel and bioenergy is still lacking in African 
countries. For example, Malawi is having an ethanol (E10) mandate in 
place, but it depends on its availability. South Africa has not imple- 
mented the mandate of E8 Ethanol and B2 biodiesel till 2013, which 
was originally approved in 2007. Uganda having a target of using 20% 

of total its modern renewable energy (currently 4% to target 61% of RE) 
will be achieved by blending biofuel as per the proposal [91] . Hence, 
there is a need for uplifting and rectification in framework and regu- 
lations to achieve the targets. Some of the major area that needs to be 
focused for proper financial mechanisms. Would be ensuring developing 
the competitive market, support to technological advancements, Incen- 
tives to research, development (R&D) programs, infrastructural develop- 
ment, and dedicated bio-fuel agencies. In order to remove institutional 
barriers, there is the requirement of promoting the private sector par- 
ticipation in biofuel industry too. The oil obtained from jatropha plants 
in customized engines is feasible in electricity assessment in rural areas 
of Africa [92] . 

Some of the integrated systems (biomass coupled with some other re- 
newable energy systems to power generation) are quite practical in use. 
Similarly, sunflower oil is majorly produced in Ghana used by local com- 
panies for the power generation. Some of the small grant programs are 
in picture to support these companies. Some organizations and depart- 
ments are making efforts in the field namely, RSB, COMPETE, ESMAP, 
and IIED. The IIED criterion is having basic proper planning with setting 
of goals. Also, targets for the project from basic issues like crop choosing 
till grant of permit for the project. 

3.5.1. Technological challenges in bioenergy 

There is no doubt that most African countries are having a huge 
potential for the required resource. They are having the capacity to de- 
velop, design, and manufacture basic small equipment for extraction 
of oil and corresponding processing but still not for transesterification. 
Even most institutions dedicated to research, but laboratory are not 

equipped and resourced to come up with specialized research and de- 
velopment in this field. 

3.5.2. The way forward of modern bioenergy towards sustainability 

There is a need to increase efforts at the basic level of biomass pro- 
cessing for transportation and in order to make it suitable for cooking 
and electricity generation. Implementation of integrated systems using 
biomass technology would help in solving electricity access problems 
and it can scale-up the electrification process in rural and remote ar- 
eas. Research and development of technology are still needed to solve 
technical issues and to enhance agricultural productivity. The govern- 
ment could implement some regulations to avoid unethical exploitation 
of these resources. In agriculture, farmers use e-connectivity based ad- 
vanced techniques such as weather forecasting and provide research ad- 
vancement to increase their food production. 

4. Proposed sustainable energy solution for Africa 

The creation of African free trade market by energy leaders in 2018 
was the best step, having a strong effect on the commerce of goods and 
services (including the energy sector) [93] . This step helped the trade of 
power and energy in among African countries. Sustainable and resilient 
societies help in of trade of power African countries. Similar steps are 
going to pull the African countries nearer to their UN agenda of 2030 
sustainable development goal (Goal no 7) and the African agenda of 
2063 [94] . Infrastructural development and access to electricity are the 
fields still requiring too much effort as per the survey conducted by 
world energy issues survey-2018. Some main points of the report focus 
upon are as following: 

• Africa should realize its major uncertainties like commodity pricing, 
decentralized systems, and prioritization of actions in the field of 
renewable energy by developing proper planning. 

• Rational integration, renewable energy, and energy efficiency are 
the issues being stable over past years that need to be addressed. 

• Electricity access is one of the biggest issues in Africa, mainly in sub- 
Saharan countries with a very low figure like 35% overall with 19% 

in rural areas. 
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Table 1 

Key targets, barriers, incentives, renewable energy development for key African countries. 

Factors South Africa Nigeria Ghana Kenya 

Key targets To Generate 14% of energy using 

solar photovoltaic systems till 

2050 [ 95 ]. 

To achieve 8400 MW using PV 

systems by 2030. 

To achieve 20% of production 

using renewable energy by 

2030. 

Target of accounting to 7% 

using Renewable by 2025 [ 96 ]. 

Boosting renewable energy 

from 2% to 10% by 2020. 

Enhancement of domestic 

market and indigenous 

production till 2024. 

Generating of estimate of 20 

GW/ year using home solar 

systems. 

Incentives provided 

to boost renewable energies 

Government initiatives like tax 

credit, feed-in tariffs, and 

capital subsidies. 

Various renewable energy 

programs. 

NGO’s funding. 

Feed-in tariffs to boost off-grid 

generation. 

Economic community of West 

States (ECOWS), ECREE 

program. 

Large scale boosts up with 

help of government initiatives. 

NGO funds. 

ECOWAS and ECREE Program 

[ 97 ]. 

Policy framework from 

government: PPP model for 

further generation. 

Solar power use became 

mandatory for every newly 

builds home. 

VAT on solar panels removed 

in 2007. 

Barriers in energy sector 

through the process of 

development and generation 

Subsidized solar panels from various countries like China, US, Germany, Spain, and Italy. 

Lack on Return of Investment in solar PV system. 

High initial cost and unavailability of enough schemes at consumer end. 

Indigenous products are facing 

huge competition in the market 

due to import from China. 

Increment in wages and lack of 

skilled labor. 

Lack of awareness among policy 

makers. 

Having limited capability to 

absorb imported technologies. 

Lack of strong framework and 

policies. 

Slow adoption of solar system 

technology. 

No effective framework. 

Unavailability of full-fledged 

manufacturing sector. 

Low R & D capability to 

provide job opportunities and 

tax incentives in the field of 

renewable energy generation. 

• Diversification of export commodities by energy leaders is demanded 
to control the issue of commodity pricing. 

• Connection charges in the electrification process can be made feasi- 
ble and affordable in two ways. First, we need to reduce the tariffs 
on electricity by using technical specifications of lesser cost. This 
would reduce the obtaining cost of electricity and the cost of wiring 
incurred by new consumers also needs to go down. The charging 
methods also needs upgradation. Connection fee should be imposed 
for a period instead of having an upfront cost. This could increase 
the coverage of electricity access by including houses with lower 
income. Because the cost is incurring an equal amount from the sub- 
stitution of electricity for batteries and kerosene. 

Other African countries need to replicate such policies and develop 
such targets so that enhancement in the efficiency of renewable energy 
could be ensured [98] . There are certain implications is required in prac- 
tice, that governments should provide incentives to develop the required 
power infrastructure and to set up sustainable energy solutions (reffered 
in Table 1 ). 

5. Advancement and opportunities in renewable energy sector 

With technological advancement, we should be moving along to have 
a better clean and green energy system. Countries need to have proper 
research and development work in energy sector. So, that would cer- 
tainly lead to be better power planning and an efficient generation and 
distribution system. In order to reduce the transmission power losses, 
on another hand smart management of renewable energy resources is 
equally important. And these can be achieved by using intelligent tech- 
niques like Artificial Neural Network (ANN) [99] , and fuzzy logic tech- 
niques [100] etc. We can analyze the correlation between total power 
consumption and generation so that better service can be provided by 
ISO. And the problem of access to electricity problem can be solved. 

In Fig. 11 ., the centralized IoT-based energy management system 

provides the monitoring and control between generating units with their 
transmission flow. further, it monitors green energy in several real-time 
environments. In the distribution network, we can easily detect the line 
fault by fault detection and clearance features in the power line. Smart 
home automation features for real-time monitoring and recording data 
management using smart metering technology. Especially smart energy 
management system plays a vital role in managing the whole power 

Fig. 11. Controlling operation of Independent power system operator. 

infrastructure by keeping all the respective fields together using cen- 
tralized system and it also triggers the smart cities components. 

On the generation side, forecasting can be done by using intelli- 
gent techniques that would lead us to real-time monitoring systems. 
The power management system can be customized and developed for 
an efficient distributed renewable energy-based generation. For proper 
utilization of energy, we need an advanced and efficient power storage 
system so that peak hours can be fed efficiently. With the use of modern 
sustainable technologies, we can reduce the adverse climatic changes 
that are occurring due to fossil fuel generation. It can be achieved by 
enabling establishments of Electric Vehicle (EV) charging stations [101] , 
smart solar lights, solar-based home automation systems, and instal- 
lation of small hydropower generating systems. They can be used to 
feed the smaller need for energy in local remote rural areas and even 
to smaller industries. Countries can establish a decentralized and dis- 
tributed power system network in terms of small, or isolated region 
that could be capable of supplying power such as smart city systems, 
micro-grid arrangements. African power ministries have been offering 
subsidies, incentives, and packages as a component to mitigate the ad- 
verse effect of COVID-19. The African continent is world’s least electri- 
fied as well as most vulnerable continent to climate variability. While 
many African nations are pushing forward with government plans to 
support sustainable power systems These countries are trying to fill the 
gap between their existing restructured power systems with smart en- 
ergy systems. In Africa, there are so many grid infrastructural and in- 

359 



M. Amir and S.Z. Khan Energy and Built Environment 3 (2022) 348–362 

Cancella�on of 
fossil subsidies 4%

Incep�ves for 
renewable energy 10%

Tax 
exemp�ons 
on energy 

bills 5%

Full cost 
absorp�on of 

bill 44%

Subsidy 
electricity 

cost 
30%

Support for 
gas & oil

7%

Fig. 12. Recommended responses to COVID-19 pandemic in African energy sec- 
tors. 

vestment problems but using these advanced and digital technologies 
ample amount of power can be saved. The efficient utilization of these 
non-conventional resources can be ensured for overall development of 
power sectors and renewable energy industries. 

This review paper revealed that most of the primary responses were 
for a short time that include the provision of free electricity, waiver on 
electricity bills, and TAX/VAT releases on delayed payments etc. Fig. 12 
recommended the response to COVID-19 pandemic renewable energy 
interventions in 23 African countries. Scope for renewable power gen- 
eration as per IRENA, 25% of the total existing (54 GW) generation 
capacity of Africa is forecasted to be retired by 2030 [102] . Keeping 
in consideration of the estimated increase in demand there would be an 
urgent need to develop additional and alternate sources of power. Along 
with the extension in required transmission and distribution power sys- 
tems, a stable environmental policy is needed that can offer technolog- 
ical advancement for the energy sector and able to attract finances for 
new power projects are needed. As well as there is a need to increase 
the role of the private sector. 

Access to renewable energy for purpose of off-grid and for small-scale 
application is one of effective way that proves effective determination 
towards energy crisis, mitigation of climate change, and sustainable de- 
velopment. Energy storage technology is very crucial for storing electri- 
cal energy and can be used whenever required. Even then the choice of 
storage system depends on various factors such as application-based rat- 
ings of required power, response time, operating temperature, volume, 
and weight etc. Some of the accelerating and effective programs like net 
metering [103] , and feed-in-tariff are techniques that helped in boost- 
ing up investments in the renewable energy sector. Such programs are 
very essential programs that encourage the enhancement of renewable 
energy technologies. 

6. Conclusions and recommendations for future research 

As the shattered condition of Africa, now even got worse due to 
COVID-19 pandemic as there is an increase in power demand, off-grid, 
and decentralization of the renewable energy companies which result 
in loss of jobs, lay-off staffs, etc. In spite of the abundance of renew- 
able energy resources, Africa is still undergoing a phase of serious crises 
because still they couldn’t be able to tap its huge capital of renewable 
energy. The factors are lacking in the use of appropriate required tech- 
nology and due to the dearth of contribution from agencies (who are real 
stakeholders, especially in the private sector). The huge dependence on 
forest wood and improper use of wood resources needs to be penalties 
like an increase in desertification. In this paper, we come up with a sug- 

gestion that there is an essential requirement to participate in collabo- 
rative as well as contribution towards rational thinking. Which requires 
close coordination between institutions of government and other agen- 
cies to bind together with their managerial as well as technical experts 
to let loose the huge potential of its renewable resources. Africa’s sus- 
tainability can be achieved by filling the gap between infrastructural 
requirements and access to energy. Adoption of better power manage- 
ment policies to address the issues like shortage of power, huge tariffs, 
energy affordability, cost of electricity connections, power stability, and 
investment backlogs. 

The current COVID-19 pandemic is still growing and its affecting 
across various power market structures of Africa. It is essential to pro- 
mote centralized grid systems and the adoption of technologies like dig- 
ital and distributed generation systems. There is an increasing pace of 
other renewable energy in the African region as access to energies, out of 
wind and solar has improved a lot. It is leading to decentralization sys- 
tems that can operate efficiently for both off-grid and on-grid systems. 
There is the persistent necessity of actions for technological advance- 
ments, especially for renewable energy technologies in order to tackle 
issues like access to electricity, climate mitigation, and lowering the air 
pollution (caused due to fossil fuel-based generation systems). The de- 
ployment of sustainable systems needs strong and effective policies in 
the region with the right approaches and best suitable practices. 
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This study monitors the open/closed states of the windows in 16 residential apartments in representative cities 

of the hot summer and cold winter zone of China, along with outdoor air temperature, outdoor relative humidity 

and outdoor PM2.5 concentration in 2017, to investigate the window opening/closing behavior. Three window 

opening models are developed. All the models are validated by modeling a typical residential apartment to 

compare the predicted indoor CO 2 concentration with monitored data. It is found that the window opening 

probability is negatively correlated to both outdoor PM2.5 concentration and outdoor relative humidity, and the 

probability of window opening reaches the peak value when the outdoor air temperature is 23.7 °C. In terms of 

season, the shortest window opening duration occurs in winter due to the cold outdoor air temperature and high 

outdoor PM2.5 concentration. Finally, by comparing the correlation between the measured date and simulation 

results of indoor CO 2 concentration, this study provides an appropriate window opening model for reference. 

1. Introduction 

Natural ventilation by opening window possesses advance in reduc- 

ing building energy consumption under the premise of maintaining in- 

door thermal comfort [1] . The open-window operation of buildings to 

utilize natural ventilation when circumstances allow so has a positive 

impact on energy consumption [2] , as well as human thermal com- 

fort [3] . Meanwhile, indoor air quality is closely related to window 

open/closed status [4-7] as well. Therefore, window operation is a crit- 

ical input parameter in the related simulation, such as annual energy 

simulation of building adopting natural ventilation. 

Window operation behavior is influenced by many factors, including 

both indoor and outdoor variables, and outdoor parameters are more di- 

rect determinant variables. Haldi and Robinson do not recommend the 

use of two highly correlated predictive variables in the application of 

the generalized linear model, because the interference between vari- 

ables would make the regression coefficient difficult to explain [44] . 

More influencing factors do not always bring better prediction, espe- 

cially when the building is free-running [45] . In naturally ventilated 

buildings, variables like temperature are highly correlated with each 

other in outdoor and indoor environment. The parameters of outdoor 

environment, which are independent variables, have better availability 

than those of the indoor environment, which are dependent variables. 

Therefore, three representative outdoor environment parameters (out- 

∗ Corresponding author. 

E-mail address: whd@usst.edu.cn (H. Wang). 

door air temperature, outdoor PM2.5 concentration, and outdoor air 

humidity) were used as explanatory variables for window operation be- 

havior model. 

Outdoor air temperature is one of the most important parameters for 

window operation behavior [8-11] . Researches in Danish [ 12 , 13 ], UK 

[ 10 , 14 ], Germany [15] , Beijing [16] , Nanjing [17] and Seoul [18] have 

all found that outdoor air temperature is the most influential factor in 

window opening behavior. Shi and Zhao found that the probability of 

window opening reaches the peak when the outdoor air temperature is 

24 °C in Beijing [17] . Further results indicate that the window tends to 

close with the increase of outdoor air temperature in the cooling season, 

and the trend is opposite in other seasons [19] . Lai et al. conducted win- 

dow operation field measurement on residential buildings in 14 cities 

in five climate zones in China, and found that each climate zone has a 

cut-off temperature of around 27 °C. When the mean daily outdoor air 

temperature is lower than the cut-off temperature, the window opening 

duration is positively correlated with the mean daily outdoor air tem- 

perature, and as the mean daily outdoor air temperature continues to 

rise, the window opening duration decreases [20] . 

Outdoor air quality also has a significant impact on window opera- 

tion as some mega cities are confronting severe atmospheric air quality 

issues [ 21 , 22 ]. For these cities, window opening action will cause the in- 

door air quality to deteriorate when severe outdoor air pollution occurs 

[23] , and the expected effect of natural ventilation cannot be achieved. 
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Research of window operation in two major cities found that window 

opening behavior was significantly negatively correlated with outdoor 

PM2.5 concentration [17] . Wei et al. have similar conclusions in the re- 

search of window operation models during transitional season in Beijing 

[24] . It was found that when the outdoor PM2.5 concentration reaches 

150 𝜇g/m 

3 , the probability of window opening will decrease dramati- 

cally [25] . Similar conclusions were drawn in the study of Tianjin that 

window opening frequency descended to zero when the outdoor PM2.5 

concentration was higher than 236 𝜇g/m 

3 [26] . 

The operating behavior of the window can also be affected by out- 

door relative humidity. Relatively dry areas like Beijing found that resi- 

dents more like open window when outdoor relative humidity increases 

[16] . There is an opposite trend in Nanjing where the climate is rela- 

tively humid, especially in the summer [17] . In the research of ten resi- 

dential buildings in the UK where the climate is mild and humid, Jones 

et al. found that outdoor relative humidity was negatively correlated 

with the probability of window opening [14] . 

The influence of the time of day on the window operation is mainly 

due to the habits of the residents, especially the daily schedule. Jones 

et al. analyzed the influence of many factors on window operation be- 

havior, and the research showed that window operation behavior is 

closely related to the time of day [14] . The study of German house- 

holds’ window operation behavior found that the biggest driving force 

for window opening is the time of day [15] . Typical window opening 

schedule of residential building in five climate zones of China was deter- 

mined according to statistical results of open window duration and time 

of day of window-opening action by Lai et al. [20] , and found that each 

climate zone has unique characteristics of window opening behavior. 

For example, the bedroom window was typically opened significantly 

earlier in the severe cold zone than in hot summer and warm winter 

zone. 

Seasonal variables are generally associated with the time of a day as 

contextual variables that affect window operation [8] . The seasonal di- 

vision is due to the notable changes of the outdoor environment. There 

are different probability values of window opening in different seasons 

even with the consistent outdoor air temperature according to measure- 

ment data [9] . Many researches on window operation behavior use the 

season as a categorical variable, which is to segment the measured time 

scale according to the outdoor environment and study the window op- 

eration in a specific season [ 27 , 28 ]. 

Window operation model is typically developed to integrate vari- 

ous influencing factors and predict the status or action of the window 

through available methods. Researchers typically use logistic regres- 

sion [ 13-19 , 25 , 30 , 31 ], Markov chain [32-34] , Gauss Distribution [35] , 

Bayesian Network framework [36] , adaptive algorithms [ 37 , 38 ] and 

other methods to predict window status or actions. It is exceptionally 

important to compare the accuracy and adaptability of established win- 

dow operation models to develop mathematical models to predict the 

“typical ” window operation behavior. Fabi et al. compared the accuracy 

and robustness of four window operation models developed in different 

researches [29] . Wei et al. analyzed and compared the methods to estab- 

lish window operation stochastic models, including multivariate logistic 

regression, Markov processes and an artificial neural network [24] and 

found that in office buildings, the accuracy of window states prediction 

using the artificial neural network models is better than that of the lo- 

gistic regression models and Markov models. 

Window operation behavior has great influence on energy consump- 

tion and indoor environment. Rijal et al. proposed an adaptive algorithm 

for window opening behavior to help reduce energy consumption and 

improve thermal comfort in office buildings [ 3 , 43 ]. Sorgato et al. ana- 

lyzed the impact of different window opening strategies in combination 

with HVAC systems on energy consumption. Natural ventilation from 

morning to night is the worst window control strategy [2] . However, 

the established window operation models based on statistical data were 

rarely applied to software simulation to predict building energy con- 

sumption and/or indoor air quality, which is one of the most important 

application of the model. The accuracy of predicting building energy 

consumption can be greatly improved by adopting correct window be- 

havior model. It is important to validate the accuracy of each model 

and compare with actual measured data to evaluate the reliability as 

simulation is conducted. Therefore, this study further applies the estab- 

lished window operation models to simulation of a typical residential 

apartment to predict the indoor CO 2 concentration. The correlation be- 

tween the simulation data and the actual measured value is analyzed, 

providing a reference for the selection of appropriate window opening 

models. 

2. Methods 

2.1. Statistical data 

This study selected 16 typical residential apartments in Shanghai, 

Wuhan, Changsha and Chongqing to monitor the window open/closed 

status for the whole year of 2017, and all these cities are located in 

the hot summer and cold winter zone [39] . All monitored residential 

apartments are ventilated only through opening windows. The specific 

geographical location is shown in Fig. 1 . Shanghai (5, 3, 4) indicates 

that there are 5 residential apartments monitored in Shanghai, of which 

3 of them have outdoor temperature and humidity monitored (weather 

station) and 4 of them have outdoor PM2.5 concentration monitored 

(air quality station). The distance between the stations and apartments 

is about 2.9 km–15.0 km. The acquired data including outdoor air tem- 

perature, outdoor relative humidity and outdoor PM2.5 concentration 

is recorded every 2 h, resulting in more than 13,000 data on each resi- 

dential apartment. The data is processed by interpolation with obvious 

outliers excluded to obtain hourly data for the model development. 

The monitored windows are all located in the bedroom. The status of 

each window is monitored by two magnetic sensors, which are respec- 

tively installed on the fixed window frame and the movable part. The 

installation of the sensors is shown in Fig. 2 . The status of the window is 

recorded as open when the distance between the two magnetic sensors 

is greater than 2.2 cm and considered as closed otherwise. All the status 

change of window is recorded as binary data with a time mark. 

2.2. Seasonal division of the four representation cities 

Outdoor temperature change is adopted to distinguish seasons in or- 

der to obtain environment change over a large time cycle span. In this 

research, the seasonal division is performed according to the Division of 

climatic season of the Chinese meteorological industry standard (QX-T 

152–2012) [40] , in which it is considered as summer when the consec- 

utive 5-day has average outdoor air temperature greater than or equal 

to 22 °C; and when this value is less than 10 °C, winter season is recog- 

nized. Fig. 3 shows the outdoor air temperature variation (hourly data) 

in 2017 of the four representative cities and the resultant season divi- 

sion. It shows that for Shanghai, spring starts from the mid of March, and 

this date shifts to the end of February for Wuhan and Changsha, while 

for Chongqing, which is far more west, it starts in the mid of February. 

As for the starting date of summer, Shanghai, Wuhan and Chongqing 

are close, which is the mid of May; while for Changsha, summer starts 

from the beginning of May. Autumn’s starting time for all the four cities 

are approximately the same, which is around the beginning of October. 

The largest time lag for the starting date of winter season is around half 

month for the four cites. 

2.3. Logistic regression 

Logistic regression is a classification algorithm to deal with the re- 

gression of the binary dependent variable. The expression of logistic 

regression is shown in Eq. (1) . 

log ( 𝑝 ∕ ( 1 − 𝑝 ) ) = 𝑎 0 + 𝑎 1 𝑥 1 + 𝑎 2 𝑥 2 + 𝑎 3 𝑥 3 + … 𝑎 𝑛 𝑥 𝑛 (1) 
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Fig. 1. Monitored residential apartments location. 

Fig. 2. Magnetic sensors to record the open/closed status of windows. 

Where p is the binary dependent variable; 𝑎 1 , 𝑎 2 ,…and 𝑎 𝑛 are the 

coefficients of the explanatory variables and 𝑎 0 is a constant. 

The study using logistic regression is well suited. Status of window 

is a typical binary dependent variable that either open or close. 

3. Exploring the window data 

The outdoor air temperature and the probability of window opening 

is correlated as shown in Fig. 4 (a). According to the quadratic fitting 

curve in the Fig. 4 (a), the probability of window opening increases first 

and then decreases with the outdoor air temperature continuously in- 

crease. The probability of window opening reaches the peak value when 

the outdoor air temperature is 23.7 °C. The other two main factors, out- 

door PM2.5 concentration and outdoor relative humidity, is negatively 

correlated with the window opening ratio according to Fig. 4 (b) and 

4 (c). The scattering on the right side of Fig. 4 (b) is due to insufficient 

sample size. The correlation of outdoor air temperature with probability 

of window opening is significantly stronger than that of outdoor PM2.5 

concentration and outdoor relative humidity according to the Adj. R- 

Square value shown in Fig. 4 . 

Under similar climatic feature, residents may follow certain rules to 

open and close their windows. The open/close and transition of the sta- 

tus of windows depends on the time of day due to the routine of the 

residents in certain season. Figs. 5 and 6 show the hourly probability of 

window opening and daily average window opening duration in each of 

the four seasons. In terms of the time of a day, as in Fig. 5 , the probabil- 

ity of window opening in the afternoon is significantly higher than that 

in the morning. During summer and autumn, the probability of opening 

window is visibly higher during the morning time around 8:00–9:00 as 

well as in the early afternoon than other two seasons. From Fig. 6 , the 

daily average window opening duration in summer and autumn is more 

than twice of that in winter. Besides the obvious outdoor temperature 

conditions of different seasons, the outbreak of outdoor PM pollution 

usually in winter and spring that visible enough to cause residents to 

close their windows could be another reason of such difference. Com- 

paring the probability of window opening with daily average window 

opening duration shows that occupants like to open windows for a short 

time, especially in the winter. 

Fig. 7 shows the outdoor PM2.5 concentration distribution in each 

season. The concentration of outdoor PM2.5 is much higher in winter 

than that in other seasons. The high outdoor PM2.5 concentration is also 

a dominant factor besides low outdoor temperature that makes residents 

close their windows in winter to prevent outdoor PM2.5 from entering 

the house. As the PM2.5 concentration of spring ranks the second and 

higher than that in autumn, it explains the significant difference of win- 

dow opening probability between those two mild seasons. 

4. Window operation models 

4.1. Adaptive model 

By opening the window, it is hoped sufficient amount of fresh air 

at appropriate condition can be induced into the room to eliminate the 
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Fig. 3. Outdoor air temperature and seasonal division result of four representative cities in the climate zone. 

internal heat and dilute the indoor contaminant. This is a mechanism 

of building adaption to weather condition. For the purpose of remove 

internal heat gain, outdoor temperature/humidity is the key parameters; 

as of the effect of diluting the indoor contaminant, outdoor the particle 

matter concentration is influential. Therefore, these three parameters 

are correlated against the window status. The probability of window 

opening is 46.5% throughout the year according to the whole dataset of 

window status. In the adaptive model, this proportion is considered as 

the critical threshold of outdoor air temperature, which is regarded as 

the dominant explanatory variables. The window opening probability 

is above such value only when the outdoor air temperature is between 

17 and 31 °C. The range of probability of window opening caused by 

outdoor PM2.5 concentration variation is obviously larger than outdoor 

relative humidity, therefore, the humidity is considered less influential. 

Furthermore, since it is difficult to determine the state of the window 

by observing the linear fitting curve in Fig. 4 (c), the outdoor relative 

humidity has been removed from filtered criteria. 

Using the data filtered by outdoor temperature range of 17–31 °C, 

we can fine tune the window opening probability by applying different 

PM2.5 concentration thresholds. It can be seen from Fig. 8 that when 

the outdoor PM2.5 concentration threshold is set to 100 𝜇g/m 

3 , the 

probability of window opening can be modified to meet the whole year 

probability of window opening threshold (46.5%). That means any out- 

door PM2.5 concentration threshold below 100 ug/m 

3 used for mod- 

ification will make the screening conditions harsh and not satisfy the 

year-round window opening probability. Consequently, the filtered cri- 

teria of adaptive model set window to open when the outdoor tempera- 

ture is 17 °C ≤ T out ≤ 31 °C and outdoor PM2.5 concentration is lower than 

100 𝜇g/m 

3 . 

4.2. Typical window operation schedule model 

In each season, the greater window opening probability value in the 

hour of a day indicated a favorable time, or the habit of residents to open 

their windows. Probability of window opening status of each hour is 

compared with daily average window opening duration in each season, 

and for hours with greater-than-average probability value, the window 

is considered as open in the developed window status model of typical 

schedule. The result of typical window opening schedule is shown in 

Fig. 9 . It can be seen that in winter, the period of window opening is 

mainly around noon. In spring, window is usually opened in the after- 

noon and evening with three time periods. In summer, windows tends to 

open at noon and keeps open in evening. In autumn, window is typically 

opened at 8:00 in the morning, which is earlier than other seasons. In 

all seasons, window keeps closed from midnight to the early morning. 

4.3. Logistic regression model 

IBM SPSS Statistics 22 is used to establish the logistic regression 

model of window opening behavior. The explanatory variables in this 
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Fig. 4. Probability of window opening distribution of individual explanatory 

variables. 

Fig. 5. Hourly probability of window opening in each season. 

Fig. 6. Daily average open-window duration in each season. 

Fig. 7. Outdoor PM2.5 concentration in each season. 
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Fig. 8. Modified probability of window opening under different outdoor PM2.5 

concentration threshold. 

Table 1 

Logistic regression model of window opening probability for each sea- 

son. 

Season Logistic regression model No. 

Winter: log ( 𝑝 

1− 𝑝 
) = 0 . 079 𝑇 𝑜𝑢𝑡 − 0 . 006 𝐶 𝑃𝑀2 . 5 − 0 . 015 𝑅𝐻 + 0 . 333 (2) 

Spring: log ( 𝑝 

1− 𝑝 
) = 0 . 031 𝑇 𝑜𝑢𝑡 − 0 . 007 𝐶 𝑃𝑀2 . 5 − 0 . 01 𝑅𝐻 + 0 . 223 (3) 

Summer: log ( 𝑝 

1− 𝑝 
) = −0 . 028 𝑇 𝑜𝑢𝑡 − 0 . 01 𝑅𝐻 + 1 . 494 (4) 

Autumn: log ( 𝑝 

1− 𝑝 
) = 0 . 017 𝑇 𝑜𝑢𝑡 − 0 . 009 𝐶 𝑃𝑀2 . 5 − 0 . 006 𝑅𝐻 + 0 . 424 (5) 

case are outdoor air temperature ( T out ), outdoor relative humidity ( RH ), 

and outdoor PM2.5 concentration ( C PM2.5 ). The likelihood Ratio is used 

with Backward selection procedure. The classification cutoff is set as 

0.5 and the stepwise probability is 0.1 for removal. Results show that 

the p-values of all explanatory variables are less than 0.001 except for 

outdoor PM2.5 concentration in summer, which is 0.61, which indicates 

that residents become insensitive to relatively low outdoor PM2.5 con- 

centration level as shown in Fig. 7 . The explanatory variable of outdoor 

PM2.5 concentration in summer is therefore removed from the logistic 

regression model. The logistic regression model of window opening be- 

havior for each season is summarized in Table 1 . The model shows that 

the outdoor air temperature positively correlates with the window open- 

ing behavior in winter, spring and autumn. Residents tend to close the 

window in summer due to the continuously rising high outdoor temper- 

ature. Both outdoor relative humidity and outdoor PM2.5 concentration 

negatively correlate with window opening probability. 

The variance inflation factor (VIF) value of all explanatory variables 

are close to 1, in which T out is 1.232, RH is 1.061 and C PM2.5 is 1.194, 

indicating low collinearity between all explanatory variables. 

Standardized processing allows the comparison among the influence 

of each explanatory variable affecting the window opening behavior on 

the same scale [16] . The standardized processing is shown in Eq. (6) . 

𝑋 𝑠𝑡𝑎 = 

𝑋 𝑖 − 𝑋 𝑚𝑖𝑛 

𝑋 𝑚𝑎𝑥 − 𝑋 𝑚𝑖𝑛 

(6) 

Where 𝑋 𝑖 is the raw explanatory variables and 𝑋 𝑚𝑎𝑥 and 𝑋 𝑚𝑖𝑛 are 

maximum and minimum values of the explanatory variables, respec- 

tively. The coefficients of the logistic regression model are obtained in 

IBM SPSS Statistics 22 by employing such standardization. The coeffi- 

cients of all explanatory variables are shown in Table 2 . It shows that 

the dominant influencing factor of window opening behavior is outdoor 

air temperature in winter and summer, while the dominant influenc- 

ing factor of window opening behavior is outdoor PM2.5 concentration 

in spring and autumn, due to the mild temperature condition in these 

Table 2 

The coefficients of the explanatory vari- 

ables based on standardized processing. 

Season 𝑇 𝑜𝑢𝑡 𝐶 𝑃𝑀2 . 5 𝑅𝐻

Winter 3.574 − 1.605 − 1.358 

Spring 1.412 − 1.856 − 0.854 

Summer − 1.265 / − 0.916 

Autumn 0.783 − 2.216 − 0.552 

two seasons. The influence of outdoor relative humidity on the window 

opening behavior is below the other explanatory variables. 

5. Comparison of window opening models 

Accurately predicting air change rate of natural-ventilation residen- 

tial building relies on appropriate window operation input, which is 

also an indispensable prerequisite to accurately simulate building en- 

ergy consumption and indoor air quality. One of the main objectives of 

this study is to develop a valid window opening operation model for 

typical residential building energy simulation of the climate zone. The 

indoor CO 2 concentration in residential buildings is a good indicator 

of ventilation rate. Thus, it is used to evaluate the applicability of es- 

tablished window opening models. Building energy consumption is not 

directly utilized in the validation since it will make the problem more 

complicated: building energy consumption is also influenced by the ther- 

mal performance of the building envelope and system efficiency/curve 

of air conditioning equipment, as well as internal heat gain etc. besides 

occupants’ behavior, such as window opening behavior. 

The air quality sensors used to monitor the residential apartments is 

manufactured by iKair with accuracy of ± 75 ppm and a resolution of 

1 ppm. Before being put into service, all these sensors are calibrated for 

the stability of long-term monitoring in the same experimental chamber. 

They are installed in the center of the bedroom and record the indoor 

CO 2 concentration at an interval of 1 min. Recorded values of indoor 

CO 2 concentration in all monitored residential apartments are processed 

into hourly average data and obvious outliers are excluded. 

A typical residential apartment in the hot summer and cold win- 

ter zone as shown in Fig. 10 is modeled for validation. It is, similar to 

the monitored apartments, a residential unit of a high-rise apartment 

building. It consists of two bedrooms, a living room, a kitchen and two 

bathrooms, with total floor area of 73m 

2 . The heat transfer coefficient 

of the external wall is 0.72 W/(m 

2 ∙k). The south-facing window to wall 

ratio of bedroom-1 is 41%, and the openable window area is half of 

the total window area. The bedroom-1 is selected to perform the vali- 

dation, and the input parameters of such typical apartment are shown 

in Fig. 10 . The thermal properties of the building envelope of the resi- 

dential building are in compliance with the Chinese Design standard for 

energy efficiency of residential buildings in hot summer and cold win- 

ter zone (JGJ 134–2010) [41] . The outdoor CO 2 concentration is set to 

435 ppm for all cities based on field measurements [42] . 

The weather data of the four representative cities in 2017 are used in 

the simulation to control window operation behavior. The hourly indoor 

CO 2 concentration of the whole year can be obtained using EnergyPlus 

to validate the three established window opening models, which are 

adaptive model (AM), typical schedule model (TSM), logistic regression 

model (LRM). 

Fig. 11 shows the daily measurement data of all sensors and the daily 

mean simulation results of indoor CO 2 concentration predicted by each 

window opening model, and the measurement concentration of each 

day is presented in the format of quartile bar. Hot summer and cold 

winter zone in China covers a vast range of longitude from inland to 

the coast, therefore, the season of each city doesn’t coincide exactly, 

but have some overlaps. Daily measurement data is generally consistent 

with the window-opening patterns discussed above. In winter, indoor 

CO 2 concentration are higher due to lower daily average window open- 
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Fig. 9. Typical window opening schedule in each season. 

Fig. 10. Floor plan of residential apartment and simulation inputs of Bedroom-1. 
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Fig. 11. Daily indoor CO 2 concentration of simulation results and measured data. 

Table 3 

Pearson correlation coefficient of each model. 

SeasonModel Winter Spring Summer Autumn 

AM 0.24 0.59 0.49 0.24 

TSM − 0.12 0.13 − 0.02 0.19 

LRM 0.25 0.31 0.087 0.57 

ing duration. As for the transitional period from winter to spring, the 

indoor CO 2 concentration decreases as the probability of window open- 

ing increases due to the mild outdoor condition. There is a sharp rise in 

indoor CO 2 concentration from July to August due to the high outdoor 

air temperature in summer, during which period the residents close the 

windows to prevent the indoor air temperature from rising. The period 

of lowest level of indoor CO 2 concentration throughout the year is in late 

summer and early autumn and the indoor CO 2 concentration gradually 

increases when winter is coming. 

Based on the trend of the measured data and simulated values, it 

can be seen that the TSM model performed the worst, with indoor CO 2 

concentration consistently around 900 ppm throughout the year. AM 

performed well in spring and summer, and the trend of indoor CO 2 

concentration was consistent with the measured data. LRM performed 

well in autumn and over-predicted indoor CO 2 concentration during the 

summer which is opposite of AM. All models underestimate the level of 

indoor CO 2 concentration in winter, indicating that the actual window 

opening period is even much shorter than all the models prediction. 

The Pearson correlation coefficient (PCC) of simulation results and 

measured data as shown in Table 3 reflect a poor agreement between 

prediction and measurement. The predicted daily CO 2 concentration is 

based on a single typical apartment with a certain occupancy sched- 

ule, while for the measurement, the actual apartments may have much 

more complex occupancy schedule and density, floor area, airflow be- 

tween rooms et al., making the data quite dispersive. The most appro- 

priate window opening model in each of the four seasons is considered 

as those with the highest PCC. The AM’s PPC is the highest in spring 

and summer, while LRM is better in autumn. In winter, both AM and 

LRM’s PCC are low indicated weak correlation. The PPC of TSM is low 

throughout the year, even with negative values. Although TSM performs 

poorly according to the study, it is still quite convenient to determine 

the window opening input in building energy simulation to evaluate the 

relative energy saving et al. 

Combining the discussion above with Fig. 11 , based on the seasonal 

division, it is advisable to use AM for spring and summer, and LRM for 

autumn. Either AM or LRM is acceptable for winter. The resultant win- 

dow opening model is recommended based on the simulation validation 

as shown in Table 4 . 

6. Discussion 

The same outdoor parameters have different effect of driving win- 

dows to open/close in different climate zones. In temperate climate 

zones, where residents do not suffer from high temperature, such as the 

Danish [13] and UK [14] , the window opening probability increases as 

the outdoor temperature increases, and in climate zones with hot sum- 

mers, the window opening probability decreases when the outdoor air 

temperature exceeds a certain value [20] . The probability of opening 

windows in this study decreases when the outdoor air temperature is 

higher than 23.7 °C. The impact of outdoor humidity on the window 

opening probability is strongly related to the local climate. When build- 

ing is located in humid climate zones, the window opening probability 

has an opposite trend to the outdoor relative humidity [ 14 , 17 ], and 

when located in dry climate zones, the window opening probability is 

positively related to the outdoor relative humidity [16] . The area of this 

study belongs to humid climate zone, and the window opening proba- 

bility decreases when the outdoor relative humidity increases. It is in- 

disputable that when the outdoor air quality turns deteriorating, people 

will close their windows. 

Ideally, the hourly indoor CO 2 concentration predicted by the sim- 

ulation should be consistent with the actual measurement. However, it 

is difficult to achieve such outcome. Since statistical data involves the 

effect of different factors such as the occupancy schedule, number of 

people living in the apartment, floor plan and size of window et al. But 
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Table 4 

Recommended window opening model. 

Season Window opening model 

Winter 17 °C ≤ T out ≤ 31 °C & C PM2.5 ≤ 100 𝜇g/m 

3 or log ( 𝑝 

1− 𝑝 
) = 0 . 079 𝑇 𝑜𝑢𝑡 − 0 . 006 𝐶 𝑃𝑀2 . 5 − 0 . 015 𝑅𝐻 + 0 . 333 

Spring 17 °C ≤ T out ≤ 31 °C & C PM2.5 ≤ 100 𝜇g/m 

3 

Summer 17 °C ≤ T out ≤ 31 °C & C PM2.5 ≤ 100 𝜇g/m 

3 

Autumn log ( 𝑝 

1− 𝑝 
) = 0 . 017 𝑇 𝑜𝑢𝑡 − 0 . 009 𝐶 𝑃𝑀2 . 5 − 0 . 006 𝑅𝐻 + 0 . 424 

it would be worthwhile to compare the general trend of the concentra- 

tion distribution. 

The PCC of the three window opening models are all relatively low, 

especially in winter. People turns to close windows for long periods of 

time to fend against the cold in winter. Some apartments prevent cold air 

infiltration by increasing the airtightness, causing the indoor CO 2 con- 

centration far above the healthy range, even over 3000 ppm, as shown in 

Fig. 11 , which makes the poor agreement between prediction and mea- 

surement. The PPC values in the other three seasons are significantly 

higher than in winter. However, the simulated values can only deter- 

mine the fluctuation range of actual indoor CO 2 concentration, and fur- 

ther measurement is needed to improve the input boundary condition 

in order to improve the accuracy of simulated indoor CO 2 concentration 

values. 

7. Conclusions 

Three window opening models are established for residential apart- 

ments employing natural ventilation in the hot summer and cold winter 

zone in China. The window open/closed status and the probability of 

window opening are correlated with the weather parameter (outdoor 

air temperature, outdoor relative humidity and outdoor PM2.5 concen- 

tration) as well as time of a day to develop different models, resulting 

in analytical model (AM), typical schedule model (TSM) and logistic re- 

gression model (LRM). It is found that outdoor air temperature has the 

strongest correlation with window opening than other explanatory vari- 

ables, and the highest probability of window opening is reached when 

the outdoor air temperature is 23.7°C. Both outdoor relative humidity 

and outdoor PM2.5 concentration is negatively correlated with window 

opening probability. The window opening duration in winter is signifi- 

cantly shorter than that in summer and autumn due to low outdoor air 

temperature and high outdoor PM2.5 concentration. Residents tend to 

open windows more frequently for short periods of ventilation, espe- 

cially in winter. 

According to the coefficients of the explanatory variables based on 

standardized processing, the dominant influencing factor of window 

opening behavior is outdoor temperature in winter and summer, and 

the dominant influencing factor of window opening behavior is outdoor 

PM2.5 concentration in spring and autumn. Three established window 

operation models for typical residential apartment are validated. Based 

on the trend between the measured data and simulated values of indoor 

CO 2 concentration, and the PCC values, AM is recommended in spring 

and summer while LRM is recommended in autumn. It should be noted 

that although AM and LRM can be used in winter, the indoor CO 2 con- 

centration would be significantly underestimated. 
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a b s t r a c t 

This study focuses on the heat transfer characteristics of the evaporation terminal, the cool distribute unit (CDU) 

and refrigerant flow distribution of a water cooled multi-spilit heat pipe system (MSHPS) used in data center. The 

finite time thermodynamic analysis, the exergy method and the software SIMULINK was employed to build the 

simulation model of the combined system. The results show that the IT servers should concentrate on arranging 

at the location below 1.3 m. The CDU has a heat transfer of about 74 J in a period of 6 s. And the optimum flow 

rate of the CDU is 0.82 kg/s. The flow distribution characteristic of a CDU which connect 2 heat pipe evaporator 

terminals of 6 kW was calculated, and the working fluid is R22. Then the free cooling time,part time free cooling 

and energy saving potential in major cities of China were analysised. The energy saving potential is from 61% to 

25%. The results are of great significance for the operational control and practical application of a MSHPS and 

other pipe-net systems. 

1. Introduction 

Given the rise of cloud computing,communication,big data, finance, 

e-commerce, e-government, and other data-driven methods,the role of 

data centers will become more prominent. To maintained the normal op- 

eration of the run, air-conditioning system is needed. The energy of the 

air - conditioning take more than 40% of the total energy consumption 

of the room [1] . The heat load of the IDC room has those characteristics: 

(1) There are high sensible heat ratio, it is bigger than 0.9 in most cases. 

Because there are big heat load in IDC room, the wet load is very low 

and almost to zero. (2) It needs refrigerating all the year. Because the 

traditional air-conditioning system cooling down the whole IDC room, 

there are about 20–30% of the energy is used to reduce the humidity of 

the IDC room at the same time. Then to keep the humidity of the room, 

the reheat component is added after the air-conditioning process. The 

process wastes a lot of energy. On the other hand, the cooled air is dis- 

tributed by the wind pipe. The distance is long and there are cooling ca- 

pacity loss in the process. To tackle these problems, the air-cooled heat 

pipe air-conditioner is developed. The heat pipe has high heat trans- 

fer efficiency.Then with the heat density of the IDC room grows, the 

air-cooled heat pipe air-conditioner cannot meet the demand. Then the 

water-cooled technique is employed in the design of the high efficiency 

cooling process. But for the safety of the IDC room, the water pipe are 

prohibited to go into the IDC room, some are even not promised to the 
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corridor of the room. So the water cooled multi-spilit heat pipe sys- 

tem(MSHPS) was developed, the heat pipe evaporator terminal absorb 

the heat and condensing in the CDU, then the heat was taken away 

by the cooling water though the CDU. The heat pipe system tackle the 

heat exhaust by the IT equipment locally, and the cold and heat channel 

closed technical was employed to the system. The PUE of the IDC room 

can reach about 1.3 [2] . 

The energy performance of MSHPS are studied by many scholars. In 

the heat source and evaporator model: Yue. et al. developed a complete 

CFD model for the parallel tubes with simplified louvered fins of the 

evaporator structure was established to consider the thermal enhance- 

ment while reduce the computing costs. The CFD model was validated 

by comparing the cooling capacity and outlet temperature of MSHPS 

with experiments [3] . Zou. et al., focused on the onsite test about self- 

adaptive capacity of a MSHPS in a real data center under 25%, 50%, 

75% and 100% heating loads and various fan failures.The results show 

that the MSHPS abnormally operated under low heating loads, but it 

still met the cooling demands due to its superior self-adaptive capacity 

[4] . Ling et al.,carried out experimental research on the MSHPS, and 

pointed out that the optimal filling rate of the system is between 33% 

and 42% [5] . Zeng. et al., mainly studies the heat transfer performance 

of the micro-channel backplane heat pipe air conditioning system and 

conducts heat transfer performance experiments in a standard enthalpy 

difference laboratory [6] . Zou had done Experimental investigation on 
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Nomenclature 

Abbreviations 

MSHPS multi-spilit heat pipe system 

CDU cooling deliver unit 

IDC information data center 

IT information technique 

EDL enthalpy difference laboratory 

COP coefficient of performance 

PUE power use efficiency 

CFD calculated fluid design 

Symbols 

A linear diversion coefficient 

BL boiling number 

D diameter(m) 

e exergy(J) 

t time (s) 

T temperature (K) 

h heat transfer coefficient (W/ m 

2 •K) 

height high degree (m) 

H enthaphy,(J) 

i exergy loss (J) 

I total exergy loss (J) 

j colburn j factor 

k thermal conductivity (W/m 

•K) 

m Mass flow (kg/h) 

P pressure (Pa) 

Pr prandtl number 

q flow rate (m 

3 /s) 

Q total heat(J) 

Re reynolds number 

s entropy (j/(mol •K) 

V velocity vector (m/s) 

v volume flow 

W work input(J) 

We weber number 

x gas to liquid degree 

Green letters 

𝜌 density (kg/m 

3 ) 

𝜆 resistance coefficient 

ɛ local resistance coefficient 

𝜎 relative error 

𝜏 period 

ƞ efficiency 

Subscripts 

n, i, j phase n, i and j 

l liquid 

g gas 

gen entropy generation 

o out 

out out door 

sat saturation 

ev evaporator 

exp expansion valve 

a air-side 

tp two phase 

com compressor 

cond condenser 

ref refrigerant 

w water 

0 mbient temperature 

. hourly 

_ average 

the thermal performance of a water-cooled loop thermosyphon system 

under fan failure conditions. It is showed that is better to choose a high 

optimal filling ratio to ensure the good operating performance and anti- 

failure capability of loop thermosyphon system [7] . Further more, many 

scholars have down many research to check the pipe network char- 

acteristics such as liquid separation parameters. A novel multi-branch 

heat pipe was investigated by experiment. The proposed heat pipe con- 

sists of three branches —two with an evaporator and one with a con- 

denser. the optimal working fluid filling ratio and ideal heat load was 

obtained [8] . Chen, et al., used the thermodynamic simulation software 

cyclepad to simulate and calculate the thermodynamic properties and 

energy saving characteristics of 72 backplane heat pipes connected by 

6 CDU in a telecommunication room in Changde city. The results show 

that the annual average energy saving of heat pipe is more than 26% 

[9] . However, the simulation method is steady-state. There are few re- 

searches on the influence of environment on heat pipe system of IDC 

room and energy efficiency evaluation: A thermodynamic approach for 

evaluating energy performance (productivity) of information technol- 

ogy (IT) servers and data centers is presented. This approach is based 

on the first law efficiency to deliver energy performance metrics de- 

fined as the ratio of the useful work output (server utilization) to the to- 

tal energy expanded to support the corresponding computational work. 

These energy performance metrics will facilitate proper energy eval- 

uation and can be used as indicators to rank and classify IT systems 

and data centers regardless of their size, capacity or physical location 

[10] . A distribute parameter annual energy consumption model with 

considering the effect of the dynamic heat dissipation characteristics of 

servers, lake water temperature, outdoor weather conditions, and cool- 

ing plant thermal performance, will be established to evaluate the per- 

formance and energy efficiency of this cooling plant under different load 

factors [11] . 

They simulation model is complex, and the task of the experiment is 

large, to build a simple method to evaluate the heat-pipe combined sys- 

tem, a thermodynamic simulation software 𝑆𝐼 𝑀 𝑈𝐿𝐼 𝑁 𝐾 is employed. 

In this paper, the finite time thermodynamic method is applied to es- 

tablish an hourly simulation model of CDU, which can reflect the actual 

operation of the system, such as the influence of inlet water tempera- 

ture fluctuation on the heat transfer performance of CDU. To solve the 

refrigerant flow distribute characteristic and the key parameters of the 

water cooled multi-spilit heat pipe system used in data center, based on 

the two term flow model, the network node model of the system will 

be established and solved by MATLAB simulation method in this paper. 

Then the energy and exergy efficiency will be calculated and compared 

with the traditional air-conditional system. 

2. The physical model of the water cooled multi-spilit heat pipe 

system 

2.1. The system model of water cooled multi-spilit heat pipe system 

A typical heat pipe air-conditioning system can be seen in Fig. 1 . 

The area of the IDC room is 384 𝑚 2 , the indoor temperature demand 

is about 24 °C, and the humility is about 50%. 72 backboard heat pipe 

air conditioners were designed in the system. The dimension of the gas 

pipe is about 19 mm, and the liquid pipe is about 16 mm. The distance 

between the two pipe is about 600 mm. The average outdoor tempera- 

ture is 35.4 °C in summer, and − 2.6 °C in winter. The temperature of the 

chiller water in and outlet to the CDU is 12/17 °C [12] . And when the 

gap of outdoor temperature and IDC room is larger than 10 °C in winter 

or transition season, the free cooling mode can be used, the chilling wa- 
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(A)

(B)

Fig. 1. (A) The backboard heat pipe air-conditioning system in the 𝐼𝐷𝐶 room [14] . (B) The T-S diagram of the evaporator and CDU of the heat pipe system. 

Table 1 

The percentage of average outdoor temperature zone of a year of Wuhan city. 

− 
𝑇 
out 

(°C) ≥ 30 ≥ 20, < 30 ≥ 10, < 20 ≥ 0, < 10 < 0 

Percentage of the time 11.5% 33.3% 27.1% 26.2% 1.9% 

ter machine can be shut down [13] . The refrigerant absorb heat in the 

evaporator and form liquid (state 9) to gas (state 6), then exhaust heat 

at the CDU and from gas (7) to liquid (8). See in Fig. 1 (B). 

1-refrigerant (gas) out of evaporate and into CDU; 2-refrigerant (liq- 

uid) out of CDU and into evaporate; 3- chilled water in to CDU; 4- chilled 

water out of CDU; 5-cooling water out of cooling tower and in to Chiller; 

6- cooling water out of Chiller and into cooling tower; 7- cooling water 

out of cooling tower and in to heat exchanger (free cooling mode);8- 

cooling water out of heat exchanger and in to cooling tower(free cooling 

mode) 

The percentage of average outdoor temperature zone of a year of 

Wuhan city is showed in the Table 1 [15] . For example, the time of the 

outdoor temperature 
− 
𝑇 
out 

which is over 30 °C is about 11.5% of the whole 

year. 

2.2. The physical model of heat pipe evaporator 

The heat pipe evaporator of 6 𝑘𝑊 in a company is taken as the cal- 

culate object. The heat pipe evaporator is microchannel heat exchanger. 

The height of the heat pipe evaporator is 2 𝑚 , and the width is 600 𝑚𝑚 . 

The wind rate of the fan of the heat pipe evaporator is 2000 𝑚 3 ∕ 𝑠 , and 

the refrigerant of the heat pipe evaporator is R22 [16] . 

2.3. The physical model of CDU 

The parameter of the CDU is show in Table 2 [17] . 

2.4. The physical model of the network 

The MSHPS has three operation model: 1,when the gap of outdoor 

temperature and IDC room is larger than 10 °C in winter or transition 

season, the free cooling mode is used; 2,when the gap of outdoor tem- 

perature and IDC room is larger than 0 °C and smaller than 10 °C, the 

refrigerating main engine and the heat pipe operate at the same time; 

3,When the gap of out door temperature and the IDC roomis less than 

0 °C, the refrigerating main engine operate, and the heat emitted from 

the IDC room is taken away, and discharged into the outdoor environ- 

ment by the condenser [18] . 
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Table 2 

The parameter of the CDU. 

Parameter Side of refrigerant Water side 

Mass flow (kg/h) 187.6 1714 

Pressure drop (kPa) 2.100 - 

Working pressure( bar) 8.85 0.1 

Temperature( °C) 20 12/17 

Tracheal branch( mm) 19 

Liquid pipe branch( mm) 16 

The heat transfer area( 𝑚 2 ) 0.9 

CDU outline size 

(high) × (wide) × (thick) 0.525 × 0.111 ×0.12 

Installation height( m) 1.8 

2.5. The physical model of the cooling source 

The cooling capacity of the compressor is about 130 kW; the con- 

densing temperate is about 35 °C; the temperate of the cold water is 

about 12 °C [19] . 

3. The mathematical model of the heat-pipe air-conditioning 

system 

3.1. The mathematical model of the evaporator of the heat-pipe 

Referring to the micro channel heat exchanger model, based on the 

new Gungor-Winterton correlation formula [20] , the hourly simulation 

model of the heat pipe evaporator is established. 

⋅
ℎ 𝑡𝑝 = 0 . 0455( 𝑆 + 

⋅
𝐹 ) Re 1 𝑃 −1 𝑟 

𝑊 𝑒 −0 . 17 
𝑙𝑜 

𝑘 1 
𝐷 ℎ 

(1) 

𝑆 = 1 + 4400 𝐵 𝐿 0 . 86 𝐹 𝑟 −0 . 22 
𝑙𝑜 

(2) 

⋅
𝐹 = 1 . 12 

( ⋅
𝑥 

1 − 

⋅
𝑥 

) 0 . 86 ( 

𝜌𝑙 

𝜌𝑔 

) 0 . 41 
(3) 

In the formula, Re 1 is Liquid Reynolds number; 𝑃 
𝑟 

is Liquid Prandt 

number; 𝐵𝐿 is Boiling number; 𝑊 𝑒 
𝑙𝑜 

is Liquid Weber number; 𝑘 𝑙 is Liq- 

uid thermal conductivity; 𝐷 ℎ is heat pipe diameter; 
⋅
𝑥 is hourly gas to 

liquid degree; 𝜌𝑙 is liquid density; 𝜌𝑔 is gaseous density. 

The total heat exchange: 

𝑄 = 𝑚 ⋅ ∫
1 

0 

⋅
ℎ 𝑡𝑝 𝑑 𝑥 (4) 

In the formula: 
⋅
ℎ 𝑡𝑝 : Hourly two current heat transfer coefficient; 𝑥 is 

gas to liquid degree. 

The efficiency of the system: 

𝜂 = 

𝑄 

𝜏
(5) 

In the formula, 𝜏: the heat transfer time of the working fluid in the 

heat pipe evaporator. 

𝜏 = 

ℎ 𝑒𝑣 

𝑉 
(6) 

In the formula, ℎ 𝑒𝑣 is high degree of the evaporator ; V is the velocity 

of the working fluid: 

𝑉 = 

v 

𝜋 ⋅ ( 𝐷 2 ) 
2 (7) 

In the formula, v is volume flow. 

The formula (1) - (7) constitutes a heat transfer model for heat pipe 

microchannel heat exchangers. 

3.2. The mathematical model of the CDU 

See in Fig. 2 . The heat exchange of the CDU is equal to the enthalpy 

drop from the state point 7 to the state point 8 [21] . 

⋅
𝑄 𝑐𝑜𝑛𝑑 = 

⋅
𝐻 7 − 

⋅
𝐻 8 (8) 

In the formula, 
⋅

𝑄 𝑐𝑜𝑛𝑑 is the heat transfer for CDU by time. The 
⋅
𝐻 7 , 

⋅
𝐻 8 

are enthalpy value at the state point 7 and 8. 

The points 7 and 8 can be determined according to T-S diagram 

( Fig. 1 (B)) and the designed evaporation and condensation temperature. 

The exergy loss of the CDU: 

⋅
𝐼 𝑐𝑜𝑛𝑑 = 

⋅
𝑚 𝑟𝑒𝑓 ⋅

⋅
𝑖 𝑐𝑜𝑛𝑑 (9) 

And: 

⋅
𝑖 𝑐𝑜𝑛𝑑 = 

⋅
𝑚 𝑟𝑒𝑓 ⋅ ( 

⋅
ℎ 7 − 

⋅
ℎ 8 ) − 

⋅
𝑇 0 ⋅ ( 

⋅
𝑠 7 − 

⋅
𝑠 8 ) (10) 

In the formula, 
⋅

𝑖 𝑐𝑜𝑛𝑑 : the hourly loss of refrigerant for unit quality; 
⋅

𝐼 𝑐𝑜𝑛𝑑 : the loss of working hours; 
⋅

𝑚 𝑟𝑒𝑓 : the mass flow rate of working 

medium; 
⋅
𝑇 0 : the hourly ambient temperature; 

⋅
𝑠 7 , 

⋅
𝑠 8 : hourly entropy. 

The formula (8) - (10) constitutes a finite time thermodynamic model 

of CDU. 

3.3. The mathematical model of network system 

According to the law of conservation of mass, the sum of the flow of 

each pressure node in the fluid network is 0: 

𝑚 ∑
𝑖 =1 
𝑞 𝑖 = 0 (11) 

In the formula, q is the flow of the branch into the node. 

Momentum equation based on fluid motion: 

𝑝 𝑖 − 𝑝 𝑖 +1 = 𝑅 𝑖 ⋅ 𝑞 𝑖 
2 (12) 

The R is resistance coefficient of the pipeline, and P is the pipe inlet 

and outlet pressure, Pa. 

It should be linearized and the computing equations of network 

nodes are obtained. 

In the process of computing, the following assumptions are made: 

(1) The branch has a fixed intercepting area; 

(2) There is no heat exchange with the outside world; 

(3) The working fluid of the node is incompressible; 

(4) The diversion coefficient of the branch is variable. It is depends 

on the parameters of fluid pressure, flow rate and valve opening. 

Because the momentum equation contains a square term, the soft- 

ware can not be directly solved and linearized. 

𝑞 𝑖 = 

√
𝑝 𝑖 − 𝑝 𝑖 +1 √
𝑅 𝑖 

(13) 

Calculation of boundary and local resistance: 

𝑝 𝑖 − 𝑝 𝑖 +1 = 

( 

𝜆𝑖 
𝑙 𝑖 

𝑑 𝑖 
+ 𝜀 𝑖 

) 

⋅ 𝑉 𝑖 
2 ⋅ 𝜌∕2 (14) 

Where, 𝜆𝑖 is the resistance coefficient along the way; 𝑙 𝑖 is the length 

of I pipe; 𝑑 𝑖 is the diameter of I pipe; 𝜀 𝑖 is the local resistance coefficient 

of I pipe; 𝑉 𝑖 is the flow velocity of I pipe; 𝜌 is the density of working 

medium, which is 𝜌𝑙 in liquid state and 𝜌𝑔 is in gas state. 

Among them, A is a linear diversion coefficient: √ √ √ √ √ 

𝜋2 ⋅ 𝑑 𝑖 
4 

2 ⋅ 𝜌 ⋅ ( 𝜆𝑖 
𝑙 𝑖 

𝑑 𝑖 
+ 𝜀 𝑖 ) ⋅ ( 𝑝 𝑖 − 𝑝 𝑖 +1 ) 
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Fig. 2. The T-S diagram of the cooling source. 

3.4. The mathematical model of the cooling source 

3.4.1. The mathmatical model of the compressor 

According to Fig. 2 , the mass flow of the refrigerant is 𝑚 𝑟𝑒𝑓 , it comes 

to the compressor at the state 1. And the outlet at state 2 ′. Due to the irre- 

versible process of the compress, the actual outlet state is state 2. There 

are exergy loss and entropy generations. The exergy balance equation is 

as follows [22] : 

⋅
𝑒 1 + 

⋅
𝑊 

= 

⋅
𝑒 2 + 

⋅
𝑖 𝑐𝑜𝑚𝑝 (15) 

In the formula, 
⋅
𝑒 1 is hourly exergy input to the compressor; 

⋅
𝑊 

is the 

hourly work input by the compressor; 
⋅
𝑒 2 is hourly exergy output of the 

compressor; 
⋅

𝑖 𝑐𝑜𝑚𝑝 is hourly exergy loss of the compressor. 

The exergy input by the compressor is: 

⋅
𝑒 𝑖𝑛,𝑐𝑜𝑚𝑝 = 

⋅
𝑊 

= 𝑚 𝑟𝑒𝑓 ( 
⋅
𝐻 2 − 

⋅
𝐻 1 ) (16) 

In the formula, 
⋅
𝐻 2 is hourly enthalpy of state 2; 

⋅
𝐻 1 is hourly enthalpy 

of state 1. 

The entropy generation of the irreversible process is: 
⋅

𝑠 𝑔𝑒𝑛, 12 = 

⋅
𝑠 2 − 

⋅
𝑠 1 (17) 

In the formula, 
⋅
𝑠 2 is hourly entropy of state 2; 

⋅
𝑠 1 is hourly entropy 

of state 1. 

Then the exergy loss of the compressor is: 
⋅

𝐼 𝑐𝑜𝑚𝑝 = 

⋅
𝑒 1 − 

⋅
𝑒 2 + 

⋅
𝑤 = 𝑚 𝑟𝑒𝑓 𝑇 0 ( 

⋅
𝑠 2 − 

⋅
𝑠 1 ) (18) 

In the ideal reversible process of the compress, the power consump- 

tion is : 
⋅
𝑊 

= 𝑚 𝑟𝑒𝑓 ⋅ ( 
⋅
𝐻 2 ′ − 

⋅
𝐻 1 ) (19) 

The parameter of the real outlet state 2 of the compressor can be 

defined by the formula: 

⋅
𝜂𝑖𝑠,𝑐 = 

⋅
𝐻 2 ′ − 

⋅
𝐻 1 

⋅
𝐻 2 − 

⋅
𝐻 1 

(20) 

In the formula, ƞ is the compress efficiency, it is decentralized com- 

pressor, suppose it is 0.85. 𝐻 2 is actual enthaphy and 𝐻 2 ′ is ideal entha- 

phy. 

⋅
𝐻 2 = 

⋅
𝐻 2 ′ − 

⋅
𝐻 1 

⋅
𝜂

+ 

⋅
𝐻 1 (21) 

3.4.2. The mathematical model of the condenser 

The heat of condensation is equal to the enthalpy drop from the state 

2 to state 4, seen in Fig. 2 . 
⋅

𝑄 𝑐𝑜𝑛𝑑 = 

⋅
𝐻 2 − 

⋅
𝐻 4 (22) 

In the formula, 
⋅
𝐻 2 is hourly enthalpy at state 2, and 

⋅
𝐻 4 is hourly 

enthalpy at state 4. 
⋅

𝑄 𝑐𝑜𝑛𝑑 is hourly condesation heat exhaust to the en- 

vironment. 

According to the T-S diagram, the state of the 4 point can be deter- 

mined. 
⋅

𝐼 𝑐𝑜𝑛𝑑 = 

⋅
𝑚 𝑟𝑒𝑓 ⋅

⋅
𝑖 𝑐𝑜𝑛𝑑 (23) 

And: 
⋅

𝑖 𝑐𝑜𝑛𝑑 = 

⋅
𝑚 𝑟𝑒𝑓 ⋅

[ 
( 

⋅
𝐻 2 − 

⋅
𝐻 4 ) − 

⋅
𝑇 0 ⋅( 

⋅
𝑠 2 − 

⋅
𝑠 4 ) 

] 
(24) 

3.4.3. The mathematical model of the valve 

As shown in Fig. 2 , the throttling process line is 4 ∼5. Based on the 

exergy balance equation and adiabatic throttling equation, the exergy 

loss of throttle valve is gotten: 
⋅
𝐼 exp = 

⋅
𝑇 0 ⋅

⋅
𝑚 𝑟𝑒𝑓 ( 

⋅
𝑠 5 − 

⋅
𝑠 4 ) (25) 

3.4.4. The mathematical model of evaporator 

In the evaporator, the circulating refrigerant absorbs heat from the 

low temperature heat source to transform into gaseous state and enter 

the compressor. For example, the process line 5 ∼1 in Fig. 2 . When the 

cooling capacity is utilized, the exergy loss is estimated from the exergy 

balance equation [23] . 

⋅
𝐼 𝑒𝑣 = 

⋅
𝑚 𝑟𝑒𝑓 ⋅

[ 
( 
⋅
ℎ 5 − 

⋅
ℎ 1 ) − 

⋅
𝑇 0 ⋅( 

⋅
𝑠 5 − 

⋅
𝑠 1 ) 

] 

+ 

⋅
𝑚 𝑒𝑣,𝑤 ⋅

[ 
( 

⋅
ℎ 𝑒𝑣𝑤𝑜 − 

⋅
ℎ 𝑒𝑣𝑤𝑖 ) − 

⋅
𝑇 0 ⋅ ( 

⋅
𝑠 𝑒𝑣𝑤𝑜 − 

⋅
𝑠 𝑒𝑣𝑤𝑖 ) 

] 
(26) 

The formula 𝑚 𝑒𝑣𝑤 is the flow of cold water, ℎ 𝑒𝑣𝑤𝑖 , ℎ 𝑒𝑣𝑤𝑜 are the en- 

thalpy of cold water for inlet and outlet, and 𝑠 𝑒𝑣𝑤𝑖 , 𝑠 𝑒𝑣𝑤𝑜 are the entropy 

of cold water import and export. 

3.5. The mathematical model of the exergy efficiency 

The COP and exergy efficiency 𝜂 is : 

𝐶𝑂𝑃 = 

∫ 𝑡 0 
⋅
𝑞 ⋅ 𝑑𝑡 

∫ 𝑡 0 
⋅
𝑊 

⋅𝑑𝑡 
(27) 
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Fig. 3. The flowchart diagram of the evaporator terminal of the heat pipe. 

𝜂 = 

∫ 𝑡 0 ⋅𝑒 ⋅𝑑𝑡 
∫ 𝑡 0 ⋅
𝑒 𝑤 ⋅𝑑𝑡 

(28) 

In the formula: 
⋅
𝑞 is the hourly heat transfer; 

⋅
𝑊 

is the hourly input 

work;t is the operate time; 
⋅
𝑒 is hourly exergy transfer; 

⋅
𝑒 𝑤 is the hourly 

input exergy. 

The actual climate parameters, such as temperature, are taken as a 

function of time. As an input parameter, the hourly temperature of the 

whole year is integrated in this period. The average temperature of the 

unit can be obtained by dividing the total amount by the time of the 

whole year. As shown in the formula: 

− 
𝑇 = 

∫ 𝑡 0 
⋅
𝑇 ⋅𝑑𝑡 

𝜏
(29) 

In the formula: 
− 
𝑇 is the average temperature; 

⋅
𝑇 is the hourly tem- 

perature;t is the operation time; 𝜏 is the time period. 

4. The simulation model of unit type water cooled multi 

continuous heat pipe system 

4.1. The simulation model of the evaporator of the heat pipe 

According to formula 3, the simulation model of the evaporator of 

the heat pipe is established [24] . Seen in Fig. 3 . 

Similarly, a simulation model of heat transfer coefficient and heat 

transfer can be established. 

4.2. The simulation model of the cdu 

According to the mathematical model of heat exchanger, a simula- 

tion model is established. Seen in Fig. 4 . 

5. Experimental test 

5.1. The purpose of the experiment 

In the IDC room, the heat exhaust by the IT servers is vary with the 

high degree of the IT servers and the operation time, and the distance 

from the evaporation terminal of the heat pipe to the CDU is quite dif- 

ferent. It is easy to cause uneven liquid distribution in pipe network, 

resulting in dry burning and other problems. Two of the evaporation 

terminal of the heat pipe in the MSHPS was tested. see in Fig. 1 . And 

the heat pipe test platform can be seen in Fig. 5 . 

Fig. 4. The flowchart diagram of the CDU. 

Table 3 

The style of the experimental equipment. 

Name Model Measurement range Resolution Remarks 

Flowmeter OMEGA 0.001–9.999 m/s 1% Doppler flow meter 

thermometer NTC-3M10K − 20 °C - 150 °C 0.05 °C 

Pressure gage SL1808T − 0.1–250MPa grade0.4 

Table 4 

The parameter setting. 

Serial number Parameter Value 

1 Inlet air temperature of back plate 1 (°C) 35 

2 Inlet air temperature of backboard 2 (°C) 37.5 

3 Total mass flow rate of refrigerant (kg / s) 0.0901 

4 Flow of branch 1 (kg / s) 0.0371 

5 Air volume of branch 1 (m 

3 / s) 0.4152 

6 Diameter of branch 1 (cm) 16 

7 Inlet pressure of branch 1 (kPa) 885.7 

8 outlet pressure of branch 1 (kPa) 887.8 

9 Flow of branch 2 (kg / s) 0.0530 

10 Air volume of branch 2 (m 

3 / s) 0.5033 

11 Diameter of branch 2 (cm) 16 

12 Cold water inlet temperature (°C) 12 

13 Cold water outlet temperature (°C) 17 

14 Cold water flow (kg / s) 0.8124 

5.2. Test of construction of system liquid separation test bench 

Two back plates of heat pipe air conditioner are set, and the model 

is 6 kW. The structure is copper tube and aluminum fin structure. The 

inlet air temperature of one block is 35 °C and that of the other block 

is reduced from 40 °C to 30 °C. The wind speed is about 2.5 𝑚 ∕ 𝑠 . The 

accuracy of the calculation results is verified by measuring the flow and 

total flow of the branch pipe by the flow meter. Seen in Fig. 6 . 

5.3. The experimental equipment 

The inlet air temperature of back plate 1# is about 35 °C and the 

outlet air temperature of back plate 1# is about 21 °C. The refrigerant 

is R22. The phase transition temperature of the designed refrigerant is 

about 19 °C. The corresponding pressure is about 885.7 kPa. The inlet 

air temperature of backboard 2# increased from 30 °Cto 40 °C, and the 

outlet air temperature was about 21 °C. ( Table 3 ) 

5.4. Initial parameter setting 

The initial calculation values are shown in Table 4 : the inlet air 

temperature of backplane 1 # is 35 °C, and that of backplane 2 # is 

37.5 °C. 

Take the meteorological conditions of a place (such as Wuhan city) 

as an example as input [26] . 
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Fig. 5. Schematic diagram of backplane heat pipe test platform of enthalpy difference laboratory [25] . 

Fig. 6. The flow and pressure test diagram. 

6. Results and discussions 

It can be seen from the relationship between the liquid to gas ra- 

tio of the heat exchanger vary with the height and operation time of 

the heat exchanger. It shows that the liquid to gas ratio is lower than 

0.72, the heat transfer efficiency reduce greatly. And the corresponding 

height is about 1.3 m. So when arranging the IT server, it is advisable 

to concentrate on the location below 1.3 m, seen in Fig. 7 . 

The calculation results show that heat transfer rate of the evapora- 

tion teminal of the heat pipe gradually slows down with operation time. 
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Fig. 7. The liquid to gas ratio (x) vs. the operating time 

in the evaporator. 

Fig. 8. The total heat transfer vs.the heat transfer 

time of the heat pipe exchanger. 

Table 5 

The error of the mass flow of the branch VS. the test cases. 

Inlet air temperature of 

backboard 2# (°C) 

Caculation result of 

branch 1# (kg/s) 

Test data of 

branch 1# (kg/s) 

Error(%) Caculation result of branch 

2# (kg/s) 

Test data of 

branch 2# (kg/s) 

Error(%) 

30 0.059 0.058 1.7 0.032 0.03 6.7 

32.5 0.055 0.051 7.8 0.038 0.031 23 

35 0.051 0.052 1.9 0.046 0.041 12 

37.5 0.048 0.039 23 0.056 0.059 5 

40 0.043 0.04 7.5 0.068 0.071 4 

The evaporation teminal of the heat pipe has a heat transfer of about 

74 J after 6 s of heat transfer.Seen in Fig. 8 . 

The heat transfer efficiency of the CDU is calculated by changing 

the flow rate of cold water. As shown in the diagram, the heat transfer 

efficiency is equal to heat transfer divide the operation period. If the 

flow rate is smaller, the heat transfer period is short, but the total heat 

transfered in a period is few; if the flow rate is bigger, the total heat 

transfered in a period is large, but the heat transfer period is long, so 

the optimum flow rate of CDU is 0.82 kg/s, and the corresponding heat 

transfer efficiency is 0.81. Seen in Fig. 9 . 

The inlet air temperature of backboard 2# increases from 30 °C to 

40 °C. According to the self balance of the system, when the inlet air tem- 

perature of backboard 1# is higher than backboard 2#, there are more 

refrigerant flow to the branch 1. Then, when the inlet air temperature of 

backboard 1# is smaller than backboard 2#, there are few refrigerant 

flow to the branch 1. And the flow calculation and test values of each 

branch are as follows. Seen in Fig. 10 . 

Test conditions: the inlet air temperature of backboard1# is about 

35 °C, The outlet air temperature is about 21 °C. 

It can be seen from Fig 10 , with increase of the inlet temperature 

of backboard 2# from 30 °C to 40 °C, the flow of branch 1 decrease 
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Fig. 9. The 𝜂 of the system vs. the mass flow of the cooling water. 

Fig. 10. The flow of the branch VS. the inlet temperature of backboard 2#. 

Table 6 

Temperature and RH conditions of five typical climatic regions in China. 

City Climate zone Annual average 

temperature/°C 

Annual 

average RH 

Urumchi Server cold 8.3 59% 

Beijing Cold 14.2 50% 

Kunming Mild 15.7 73% 

Changsha Hot summer and cold winter 17.1 83% 

Guangzhou Hot summer and warm winter 22.1 80% 

from 0.06 to 0.042 kg/s, and the flow of branch 2 increase from 0.032 

to 0.069 kg/s. 

6.1. Error analysis 

To verificate the accuracy of the calculation result of the simulation 

model and the test datas, the error analysis formula is employed: 

𝜎 = 

𝑐 𝑎𝑙𝑐 𝑢𝑙𝑎𝑡𝑖𝑜𝑛 ⋅ 𝑟𝑒𝑠𝑢𝑙𝑡 − 𝑡𝑒𝑠𝑡 ⋅ 𝑑𝑎𝑡𝑎 
𝑡𝑒𝑠𝑡 ⋅ 𝑑𝑎𝑡𝑎 

× 100% (30) 

From the table ,it can be seen that when the inlet tempera- 

ture of backboard 2# at 37.5 °C, the error is the biggest, is about. 

And the average error of the mass flow of the branch is about 

6.7%. ( Table 5 ) 

Test conditions: the inlet air temperature of backboard1# is about 

35 °C, The outlet air temperature is about 21 °C. 

The meteorological parameter of the five given cities is show in 

Table 6 . And the free cooling time and complex mode (part time free 

cooling) time of a year can be seen from the typical city of Changsha. 
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Fig. 11. The meteorological parameter of the five given cities and the free cooling time . 

Fig. 12. The free cooling time,part time free cooling and 

energy saving potential of typical city in China. 

If the T db is lower than 14 °C, it is the free cooling mode, if the T db 

is lower than 24 °Cand bigger than 14 °C, the system running complex 

mode (part time free cooling), and when the T db is bigger than 24 °C, 

the system running traditional mechanical refrigerate mode. Seen in 

Fig. 11 . 

Take the outdoor temperature of the major city of China as the in- 

put parameter, the free cooling time,part time free cooling and the en- 

ergy saving potential in five typical climatic regions of China is seen in 

Fig. 12 . 

7. Conclusions 

(1) In this paper, a time integration model for heat transfer in heat 

exchangers is established based on finite time thermodynamic 

analysis. The model can reflect the actual heat transfer process 

of heat exchanger. The model can be used to optimize the charg- 

ing capacity of heat exchangers. And the model can reflect the 

relationship between heat transfer and heat exchanger height. 

Provide judgment and reference for the layout of IT equipment. 

(2) The hourly simulation model of CDU is simple and the simulation 

error is small. Compared with classical thermodynamic analysis, 

it can reflect the actual operation of the system. The simulation 

precision is high. Moreover, the model can provide reference for 

the design and optimization of CDU parameters. 

(3) Compared with the traditional air conditioning system, the flow 

rate of working fluid in the unit water-cooled multi connected 

heat pipe system is much lower than that in the traditional refrig- 

eration system, it is about 10–20% of the traditional refrigeration 

system. Which results in the failure of the empirical formula of 

"one driving more" in the refrigeration system. The existing cal- 
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culation of flow rate and thermal resistance are independent en- 

gineering projects, and there is no unified conclusion, so it can 

not be widely applied. In this paper, the liquid separation model 

is established according to the network node flow method. By 

using M language of MATLAB software, the program for solving 

the network node pressure and flow rate of the unit water-cooled 

multi connected heat pipe system is compiled. The adaptive per- 

formance of the system under different loads is simulated. The 

test results show that the calculation method meets the require- 

ments of engineering accuracy, and can be used as a reference 

for the design of refrigeration requirements under different load 

conditions. 

(4) The model provides a new method for the simulation of thermal 

system. 

Declaration of Competing Interest 

All authors of the manuscript have no conflict of interests to declare. 

CRediT authorship contribution statement 

Feihu Chen: Conceptualization, Data curation, Formal analysis, 

Funding acquisition, Software, Writing – original draft. Shuguang 

Liao: Investigation, Methodology, Project administration, resources. 

Guangcai Gong: Supervision, Validation, Visualization, Writing – re- 

view & editing. 

Ackonwledgement 

Thanks for the support of Hunan postdoctoral fund (Number: 

198514 ) 

References 

[1] V. Ricardo , A. Hossein , L. Iolanda , et al. , The role of artificial intelligence in achiev- 

ing the sustainable development goals., Nat. Commun. 11 (1) (2020) 233 . 

[2] M.A.M Hassan , Investigation of performance of heat pipe as heat exchanger using 

alternative refrigerants, Int. J. Energy Eng. 139 (1) (2013) 18–24 . 

[3] Chang Yue , Quan Zhang , Zhiqiang Zhai , et al. , Numerical investigation on thermal 

characteristics and flow distribution of a parallel micro-channel separate heat pipe 

in data center, Inter J. Ref. (98) (2019) 150–160 . 

[4] Si Kai. Zou , Quan. Zhang , Yue Bin. Yu , et al. , Field study on the self-adaptive capac- 

ity of multi-split heat pipe system (MSHPS) under non-uniform conditions in data 

center, Appl. Therm Eng. (160) (2019) 11–19 . 

[5] Li Ling , et al. , Simulation of a micro channel separate heat pipe (MCSHP) under low 

heat flux and low mass flux, Appl. Therm. Eng. 119 (5) (2017) 25–33 . 

[6] Liping Zeng , Xing Liu , Quan Zhang , et al. , Research on heat transfer performance 

of micro-channel backplane heat pipe air conditioning system in data center, Appl. 

Sci. (10) (2020) 583–598 . 

[7] Sikai Zou , Quan Zhang , Li Ling , et al. , Experimental investigation on the thermal per- 

formance of a water-cooled loop thermosyphon system under fan failure conditions, 

Inter. J. Ref. (2020) In Press . 

[8] Yanghua Cai , Zongtao Li , Jingmei Zhai , et al. , Experimental investigation on a novel 

multi-branch heat pipe for multi-heat source electronics channel heat exchangers, 

Int. J. Heat Mass Transf. (104) (2017) 467–477 . 

[9] Feihu Chen , Shuguang Liao , Simulation Research on heat pipe air conditioning sys- 

tem in data center based on thermodynamic simulation software, Refriger. Energy 

(2) (2016) 28–34 (In Chinese) . 

[10] Tao Ding , et al. , Experiment research on influence factors of the separated heat 

pipe system, especially the filling ratio and Freon types, Appl. Therm. Eng. 118 (25) 

(2017) 357–364 . 

[11] Li Ling , Quan Zhang , Liping Zeng , Performance and energy efficiency analysis of data 

center cooling plant by using lake water source, in: 10th International Symposium 

on Heating, Ventilation and Air Conditioning, ISHVAC, 2017 . 

[12] L. Cecchinato , M. Corradi , S. Minetto , Energy performance of supermarket refrig- 

eration and air conditioning integrated systems working with natural refrigerants, 

Appl Therm Eng (48) (2012) 378–391 . 

[13] Sung-Taek Jeon , Jin-Pyo. Cho , An experimental study on the performance of 

the separate type heat pipe in accordance with the refrigerant charge, J. Korea 

Acad.-Industrial Cooper. Soc. 16 (3) (2015) 1600–1604 . 

[14] Hao Tian , Zhiguang He , Zhen Li , A combined cooling solution for high heat density 

data centers using multi-stage heat pipe loops, Energy Build. (94) (2015) 177–188 . 

[15] Zongwei Han , Yanqing Zhang , Xin Meng , et al. , Simulation study on the operating 

characteristics of the heat pipe for combined evaporative cooling of computer room 

air-conditioning system, Energy (98) (2016) 15–25 . 

[16] Ali Habibi Khalaj , Saman K. Halgamuge , A Review on efficient thermal management 

of air-and liquid-cooled data centers: from chip to the cooling system, Appl Energy 

(205) (2017) 1165–1188 . 

[17] Penglei Zhang , Baolong Wang , Wei Wu , et al. , Heat recovery from Internet data 

centers for space heating based on an integrated air conditioner with thermosyphon, 

Renew. Energ. (80) (2015) 396–406 . 

[18] Zhenying Wang , Xiaotong Zhang , Zhen Li , et al. , Analysis on energy efficiency of 

an integrated heat pipe system in data centers, Appl. Therm. Eng. 90 (5) (2015) 

937–944 . 

[19] Chao Dang Li , Jia Qian , Yi Lu , Investigation on thermal design of a rack with the 

pulsating heat pipe for cooling CPUs, Appl. Therm. Eng. 110 (5) (2017) 390–398 . 

[20] Shi Rongrong , Flow Boiling Heat Transfer in Microchannels, Nanjing University of 

Aeronautics and Astronautics, 2015 (In Chinese) . 

[21] L.Y. Zhang , Y.Y. Liu , Experimental investigation and economic analysis of gravity 

heat pipe exchanger applied in communication base station, Appl. Energ. 194 (15) 

(2017) 499–507 . 

[22] Lingen Chen , Fengrui Sun , Chih Wu , Optimal allocation of heat-exchanger area for 

refrigeration and air-conditioning plants, Appl. Energ. 77 (3) (2004) 339–354 . 

[23] Marija S. Todorovica , Jeong Tai Kimb , Data centre’s energy efficiency optimization 

and greening —case study methodology and R&D needs, Energy Build. (85) (2014) 

564–578 . 

[24] Mustafa AliErsöz , Abdullah Y ı ld ı z , Thermoeconomic analysis of thermosyphon heat 

pipes, Renew Energ (85) (2016) 880–889 . 

[25] Li Ling , Quan Zhang , et al. , Experimental investigation on the thermal performance 

of water cooled multi-split heat pipe system (MSHPS) for space cooling in modular 

data centers, Appl. Therm. Eng. 107 (25) (2016) 591–601 . 

[26] Xingxing Zhang , Comparative study of a novel liquid–vapour separator incorporated 

gravitational loop heat pipe against the conventional gravitational straight and loop 

heat pipes – Part II: experimental testing and simulation model validation, Energy 

Convers. Manage. 93 (15) (2015) 228–238 . 

383 

http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0001
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0001
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0001
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0001
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0001
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0002
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0002
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0003
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0003
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0003
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0003
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0003
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0004
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0004
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0004
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0004
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0004
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0005
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0005
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0005
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0006
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0006
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0006
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0006
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0006
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0007
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0007
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0007
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0007
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0007
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0008
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0008
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0008
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0008
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0008
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0009
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0009
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0009
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0010
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0010
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0010
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0011
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0011
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0011
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0011
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0012
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0012
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0012
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0012
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0013
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0013
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0013
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0014
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0014
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0014
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0014
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0015
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0015
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0015
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0015
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0015
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0016
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0016
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0016
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0017
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0017
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0017
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0017
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0017
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0018
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0018
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0018
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0018
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0018
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0019
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0019
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0019
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0019
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0020
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0020
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0021
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0021
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0021
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0022
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0022
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0022
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0022
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0023
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0023
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0023
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0024
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0024
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0024
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0025
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0025
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0025
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0025
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0026
http://refhub.elsevier.com/S2666-1233(21)00029-5/sbref0026


Energy and Built Environment 3 (2022) 384–397 

Contents lists available at ScienceDirect 

Energy and Built Environment 

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/ 

A framework approach to the design of energy efficient residential 

buildings in Nigeria 

Ekele Thompson Ochedi a , ∗ , Ahmad Taki b 

a Department of Architectural Technology, School of Environmental Technology, Kogi State Polytechnic, P.M.B. 1101, Lokoja, Nigeria 
b Director of Architecture Research Institute, Leicester School of Architecture, De Montfort University, Leicester LE1 9BH, UK 

a r t i c l e i n f o 

Keywords: 

Framework 

Energy consumption 

Energy efficient buildings 

Simulation 

Case study 

Lokoja/Nigeria 

a b s t r a c t 

The main objective of the Nigerian building sector working on achieving energy efficiency is to decrease energy 

demand of buildings and thereby reduce the negative implications of urban development and poor energy infras- 

tructure on people’s wellbeing. One of the key strategies being adopted for substantial reduction of energy demand 

in the Building Energy Efficiency Guide for Nigeria is the bioclimatic architectural design approach. Hence, in- 

telligent design of buildings, especially the building envelope, can considerably improve energy efficiency and 

help to realize heating and cooling targets. The aim of this paper is to promote and encourage sustainable build- 

ing development in Nigeria by developing a systematic and context-based framework for the design of energy 

efficient residential buildings. This study adopted a mixed method approach of interviews with 12 architects and 

22 householders. Moreover, measurements and observational surveys of 22 existing buildings that fit into three 

distinct building typologies were conducted. Three existing buildings were investigated using a building simu- 

lation approach to compare their performances, especially in terms of thermal comfort. The data collected was 

analysed using content analysis, descriptive statistics analysis, and simulations. The interviews with architects 

and householders showed enormous potential to reduce residential buildings’ energy demand. To achieve this, 

the interviewees emphasized the need for strong collaboration between all stakeholders in the building sector. 

Measurements, observational surveys, and case studies of existing buildings confirmed that thermal discomfort 

in residential buildings and challenges with building design, have a significant effect on the building occupants’ 

wellbeing. The research developed a framework for the design of energy-efficient residential building, which is 

expected to enhance sustainability, particularly in the building sector. The framework was produced based on the 

findings from the research data and the review of relevant literature. It involves an integrated process focused 

on bridging the gap between building stakeholders achieving sustainability in buildings. Ultimately, the frame- 

work is hoped to guide professionals in the design of energy-efficient buildings and assist institutions on policy 

guidelines. 

1. Introduction 

Studies have shown that energy consumption of buildings surpasses 

other sectors at in different regions of the world [1–3] . The negative im- 

pact of energy consumption of buildings has a significant effect on the 

environment and people’s wellbeing. Smith [4] maintained that the ad- 

verse effect of climate change on the building sector is broadly acknowl- 

edged as a reality and one of the major challenges facing humanity. 

These effects include a rise in temperature, thermal discomfort, energy 

poverty and flash flooding. The global temperature is rising as a result 

of increasing atmospheric carbon dioxide concentration. The increase 

in energy demand of buildings leads to the need for deliberate adoption 
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E-mail addresses: writeeto@yahoo.com (E.T. Ochedi), ahtaki@dmu.ac.uk (A. Taki). 

of smart strategies towards mitigating the effect of climate change and 

high-energy consumption in the context the building sector. 

Energy efficient appliances, sustainable urban and building design 

have been suggested as measures to reduce energy demand and con- 

sumption [ 5 , 6 ]. There is an urgent need to adopt these measures in 

Nigeria, especially in the design of buildings in order to reduce high- 

energy demand and consumption. 

This study evolved to produce a systematic and context-based frame- 

work for designing energy efficient residential buildings in Nigeria fo- 

cusing on improving indoor thermal comfort, reducing energy demand 

and consumption of buildings. The specific objectives are, to investigate 

the concept of energy efficient residential buildings and its application 

on the study area, to evaluate the energy performance of existing resi- 
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dential buildings taking into account socio-cultural aspects and to pro- 

duce the proposed framework. 

The aim of this study has necessitated the adoption of a mixed meth- 

ods research approach in order to have a broader understanding of the 

factors that will guide the production of the proposed framework. This 

is intended to generate broad information concerning the research focus 

[7] . The quantitative method will serve as a check for the limitations of 

the qualitative method and the possible bias in the interpretation of data 

and the generalization of the findings by the inquirer. The qualitative 

method is necessary to balance the subjective view of the researcher 

alongside those of the smaller research groups [8] . The combination of 

different research methods allows for triangulation, which aids credible 

research outcomes [ 9 , 10 ]. 

This study used semi-structured interviews, case studies, measure- 

ments and observational surveys to generate data to guide the produc- 

tion of the framework for designing energy efficient residential buildings 

in Nigeria. While an interview approach was adopted to gather informa- 

tion from local practitioners (architects) and households, measurements 

and observational surveys were employed to collect data on existing res- 

idential buildings in the study area. Twenty-two buildings comprising of 

detached bungalows, semi-detached bungalows and bungalows in block 

of flats were surveyed. In addition, case studies of three residential bun- 

galow typologies from Lokoja were conducted to determine their perfor- 

mances, especially in terms of thermal comfort and energy consumption 

using natural ventilation. The three case studies were modelled using 

DesignBuilder as a Graphical User Interface (GUI) and simulated using 

EnergyPlus, whole building simulation engine. The simulation was con- 

ducted using hourly weather data of Lokoja, the study area for a period 

of 10 years purchased from Meteonorm. All the research approaches are 

aimed at generating relevant data that will inform the proposed frame- 

work for designing energy efficient residential buildings in Nigeria. 

2. Rationale for the development of the framework 

2.1. Building design and energy demand 

A significant aspect of the call for sustainable buildings is a call on 

building designers to devise ways of designing buildings that have little 

or no adverse effect on the natural environment and people’s wellbeing. 

Cowan et al. [11] argued that optimisation of building design is key 

to achieving the UK’s commitment to lowering GHG emissions up to 

80% by 2050. Excellent building design can leverage on the benefits of 

natural systems towards significant decrease in energy consumption of 

buildings. Prudent building design using appropriate passive and active 

technologies can greatly reduce energy demand, consumption and the 

contribution of greenhouse gas (GHG) emissions by the building sector. 

Correct design of the building envelope can considerably improve 

energy efficiency and help to realise heating and cooling targets [12] . A 

study by Al-Tamini [13] showed that the extent to which non-renewable 

energy resources are required for building services is determined by 

building design. Okba [14] , who argued that proper design of the build- 

ing envelope could lower the total cooling load on buildings thereby 

reducing overdependence on air conditioning, corroborated this view. 

Other studies have shown that careful design of the building facades 

can decrease energy demand of buildings [15–17] . In line with this ar- 

gument is the opinion of Latha et al. [18] that proper building design 

using the building envelope is key to reducing the heating and cooling 

load in buildings. 

The design of buildings can have both positive and negative impacts. 

Poor building design can contribute greatly to the increase of the build- 

ings’ energy consumption. Sustainable architecture presents suitable de- 

sign solutions to reduce the negative impacts of buildings on the envi- 

ronment without compromising building users’ comfort [19] . Akande 

[20] argued that many residential buildings in some climatic regions 

were not suitable for users due to poor design, which do not consider 

the local climate. 

To reduce energy demand and consumption in buildings, designers 

must design buildings that satisfy the three pillars of sustainable de- 

velopment of environmental protection, social equity and economic vi- 

ability. The ultimate goal of sustainable development is for humanity 

and nature to coexist harmoniously and designers have the capacity to 

contribute to its realisation through sustainable design practices and 

knowledge sharing [21] . 

The relevance of building design on thermal comfort, energy con- 

sumption, people’s wellbeing and CO 2 emissions, amongst other things 

is the major factor that forms the basis for the development of this frame- 

work. The framework is intended to guide designers in achieving the 

benefits of the adoption of energy efficient building strategies. 

2.2. Challenges with the design of buildings 

Buildings in Nigeria are characterised by post-modern building el- 

ements influenced by the influx of foreign materials, especially from 

China [22] . Akande [20] argued that many residential buildings in some 

climatic regions in Nigeria were not suitable for users due to poor de- 

sign, which do not consider the local climate. Examples include lack of 

proper ventilation in functional spaces and lack of shading devices on 

external windows. External shading, for instance, has been recognised 

as an important means of enhancing building energy efficiency in hot- 

humid climates [23] . Hence, there is an urgent need to encourage the 

design of buildings that are responsive to the local microclimate. 

Energy efficiency in buildings is a new concept in Nigeria and Lokoja 

in particular. To confirm this, the first Building Energy Efficiency Guide 

(BEEG) for Nigerian was released in 2016, while the Nigerian Build- 

ing Energy Efficiency Code (BEEC) was first launched in August 2017. 

Therefore, little or no efforts have been put in place to make design of 

buildings energy efficient in the Nigerian building sector. GIZ [24] re- 

vealed that the techniques for designing energy efficient buildings are 

beyond the skills and expertise of majority of architects in Nigeria. 

The incorporation of energy efficient measures into subsequent hous- 

ing intervention will no doubt improve people’s wellbeing and the hu- 

man environment. A framework for the design of energy efficient resi- 

dential buildings in Nigeria is expected to significantly reduce the chal- 

lenges with climate and decrease energy consumption of buildings. 

2.3. Housing deficits 

Nigeria faces an acute shortage of housing stock with up to 16 mil- 

lion of housing deficits. There is a plan by “The transformation Agenda 

of the Government of Nigeria ” to reduce this deficit by building a mil- 

lion houses annually [22] . There is a strong link between an increase in 

population, growth in building construction and energy consumption. 

Construction of buildings is growing fast in Africa due to increase in an- 

nual population growth rate. For example, Nigeria with its population 

projected at over 140 million over a decade ago has an annual popula- 

tion growth rate of 3.7% for urban dwellers and rapid urbanisation is at 

50% for the major cities [25] . 

Previous housing units in Nigeria have been built with little or no 

sustainable measures taken into consideration. This research is intended 

to guide and create awareness in Nigeria on the need to incorporate en- 

ergy efficient sustainable approaches to the design and construction of 

subsequent intervention in housing provision. This is necessary to re- 

duce future retrofit of residential buildings which might be built in the 

future without energy efficiency design measures. To prevent further 

impact of buildings on the environment, the goal to overcome hous- 

ing deficits must involve sustainable approaches. A framework for the 

design of energy efficient residential buildings in Nigeria is expected to 

significantly reduce thermal discomfort challenges and downsize energy 

consumption by buildings. 
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3. The methodology 

3.1. Interview with architects and householders 

Structured and semi-structured interviews were employed to collect 

data from architects in Lokoja, Nigeria. The interview instruments for 

both groups of architects and householders have two sections: section A 

involved structured questions for demographic data about the respon- 

dents while section B comprised of semi-structured questions aimed at 

generating data on existing approach to housing development and rele- 

vant data that will guide the development of the proposed framework. 

The areas covered by the interview instrument include current approach 

to the design of residential buildings, thermal comfort in residential 

buildings, views on how to achieve energy efficiency in buildings and 

limitations to the design and realization of energy efficient buildings. 

The interview with households centred on information about energy 

need, energy consumption, thermal comfort and views on traditional 

and modern buildings. 

The study adopted non-probability sampling for the selection of 

respondents for interviews involving both architects and household- 

ers. Non-probability sampling is time and cost effective compared with 

probability sampling [26] . The latter was also impractical since par- 

ticipants are not equally likely to be selected due to the nature of 

inquiry. 

Of about 30 registered members of the Nigerian Institute of Archi- 

tects (NIA) in Lokoja, Nigeria, the interview involved twelve practicing 

architects from academics, parastatals, private practice and government 

ministries. The architects were selected using non-probability sampling 

considering their years of experience and involvement in building de- 

velopment processes. Lokoja has a population of 77,516 in 1991, which 

increased significantly to 195,261 in 2006 [27] . Considering the pop- 

ulation size of Lokoja in 2006 and using average household size of 5 

persons in Nigeria [28] , there is approximately 39,000 households in 

Lokoja. This population will require a survey of nearly 380 household- 

ers. Since it was not practical to survey such a large sample due to cost 

implication, research period and other constraints, the survey was tar- 

geted at selected householders as representative samples. Hence, the 

householders interview focused on sample size of 22 comprising of three 

building types, which form the majority of residential buildings in the 

study area. The 22 households were selected from different locations in 

Lokoja. The selection of respondents depended majorly on their build- 

ing type, availability and ability to provide data regarding the interview 

questions. 

There are different residential building typologies in Lokoja. These 

include bungalows in detached, semi-detached and multifamily. Oth- 

ers include detached and semi-detached duplexes. Bungalows represent 

a larger percentage of residential buildings in Lokoja. Hence, the re- 

searcher expects that it would be important to focus on recruiting re- 

spondents from this building type than any other building type. Fig. 1 

shows the percentage distribution of households by type of housing unit 

for Kogi State in 2007. 

Fig. 1 , which is based on the 2006 population census in Nigeria, 

shows that house on a separate stand form the larger part of housing 

units in Nigeria. Although this classification is not clear and lead to 

some misunderstandings, the researcher is of the view that this clas- 

sification refers to detached bungalow residential buildings. Multifam- 

ily or row houses are also assumed to be in this classification. Hence, 

the researcher is of the view that the selected case studies are typ- 

ical of the majority of buildings in the study area. The three case 

studies were selected randomly from different locations in the study 

area. 

Both the interviews involving architects and householders were anal- 

ysed using content analysis, an objective and organized way of identify- 

ing and describing phenomena [ 29 , 30 ]. Content analysis is a technique 

for reducing long textual data into lesser content categories using cod- 

ing rules [31] . It aims to achieve a compressed and elaborate descrip- 

tion of a phenomenon. The outcome of content analysis are concepts 

or categories, which describes the phenomenon. Content analysis is a 

means of testing theoretical issues for improved understanding of data 

[32] . 

Content analysis was used in this research to explore contextual data 

collected from architects and householders in the study area. It aids 

the researcher to condense the large volumes of data from all the in- 

terviewees and present them in a collaborative manner. Although con- 

tent analysis is a flexible approach, there are no easy guidelines for the 

analysis of data, which makes it a challenging task for researchers. The 

process of content analysis, especially the deductive approach was ap- 

plied to interview transcript for this study leading to the analysis and 

findings. 

3.2. Measurement and observational survey 

Prior to each interview, which was conducted in the buildings oc- 

cupied by the 22 householders, measurements and survey of the build- 

ings were carried out. These were necessary to gather information on 

temperature, humidity and building information to aid the modelling 

and simulation of case studies, the production of the framework for de- 

signing energy efficient residential buildings and for comparison with 

existing data on climate and buildings. Moreover, this could also help 

to validate the information from the interviewees on energy demand 

and thermal comfort in existing residential buildings. Temperature and 

humidity were measured using Bosch PTD1 Digital Thermometer and 

Hygrometer, which measures humidity, surface, and room temperature. 

Building orientations were measured using a compass while floor to ceil- 

ing height of buildings and other relevant distances were determined 

using Bosch GLM 40 Professional laser measure. The observational sur- 

vey centred on building orientation, landscaping, floors, external walls, 

windows, ceilings and roofs. 

3.3. Case studies 

Three residential building types were selected to represent the var- 

ious building typologies in the study area. These are detached, semi- 

detached and block of flats. The three case studies were modelled in 

DesignBuilder while EnergyPlus was used to analyse them using hourly 

weather data of Lokoja for a period of 10 years. 

3.4. Simulation 

EnergyPlus was adopted for simulation as its code offers opportunity 

for performing different time steps [33] . The dynamic thermal simula- 

tion of the selected case studies was necessary to determine their perfor- 

mances, especially in terms of energy consumption and thermal comfort. 

This is intended to inform the production of the proposed framework 

for designing energy efficient residential buildings. The simulation re- 

sults in terms of thermal comfort and energy signatures are intended to 

guide design decisions based on existing literature and research data, es- 

pecially relating to building occupants’ behaviour and comfort require- 

ments. 

3.5. Simulation of selected buildings 

Simulation study of three bungalows, one each of detached, semi- 

detached and block of flats or row houses were conducted were con- 

ducted. Figs. 2–4 show the selected buildings while Figs. 5 and 6 show 

DesignBuilder 3D models and the annual simulation results of the de- 

tached bungalow. 

3.6. Assessment of monthly performance of existing and improved buildings 

This section compares the monthly performance of the existing build- 

ing with the improved building in terms of the operative temperature 
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Fig. 1. Distribution of households by type of housing unit for 

Kogi State in 2006, Source: Based on data from NPC (2009). 

Fig. 2. A view of the detached bungalow. 

Fig. 3. A view of the semi-detached bungalow. 

and solar gains. The semi-detached bungalow is selected as a case study 

for simulation study in this regard. The simulations were conducted 

by changing the building materials, especially in terms of the build- 

ing envelope. Figs. 7 and 8 show the DesignBuilder 3D model and an- 

Fig. 4. A view of the semi-detached bungalow. 

nual simulation results of the semi-detached bungalow. Table 1 shows 

the summary of the material and construction specification for floor 

walls and roofs used for modelling and simulation of the semi-detached 

bungalow. 

Table 2 shows the operative temperature, solar gains and savings for 

both the existing and improved buildings. Figs. 9 and 10 show the com- 

parison between the existing and improved buildings operative temper- 

ature and solar gains, respectively while Figs. 11 and 12 show monthly 

simulation results of existing and improved buildings, respectively. 

4. Discussion of major findings 

This section presents the summary of the findings from the analysis of 

the data collected for this study to provide insight into the study context 

and relevant factors to consider in the development of the proposed 

framework. 

Fig. 5. DesignBuilder 3D models of the de- 

tached bungalow. 
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Fig. 6. Annual simulation result of the detached bungalow. 

Table 1 

Material and construction specifications for the semi-detached bungalow. 

Building 

elements 

Material Finishing U-Value 

Floor 150 mm Concrete slab Ceramic tiles 2.602 W/m 

2 K 

Wall 225 × 450 × 225 mm Hollow 

lightweight concrete block 

25mm Cement plaster, painted 

cream colour 

1.867 W/m 

2 K 

Roof Uninsulated pitch roof Oxblood colour, long span 

aluminium roofing sheets 

3.447 W/m 

2 K 

Fig. 7. DesignBuilder 3D model of the semi-detached bungalow. 

4.1. Energy shortage, electricity demand and consumption 

The researcher’s survey of 22 dwellings confirmed intermittent sup- 

ply of power from the national grid. Of the 22 households interviewed, 

19 relied on both the national grid and generators to power their me- 

chanical cooling systems, as it was thermally uncomfortable to stay in- 

side buildings without the use of cooling systems. Households that can- 

not afford electrical generators and/or other means of energy stay or 

sleep outside, especially during the hot season. 

It is obvious that there is an urgent need to devise means of cutting 

down energy demand and consumption in all sectors, especially the res- 

idential sector. This could reduce the challenges arising from energy 

shortage and its related problems. Energy efficiency approach to the de- 

sign of residential buildings is one of the means of achieving this. Hence, 

there is an urgent need to develop a framework that will guide profes- 

sionals to design buildings that can improve indoor thermal comfort and 

are energy efficient. 
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Fig. 8. Annual simulation results of the semi-detached bungalow. 

Table 2 

Comparison between the existing and improved buildings operative temperature and solar gains, respectively. 

Month Existing building 

operative 

temperature (°C) 

Improved building 

operative 

temperature (°C) 

Savings (°C) Existing building 

solar gains (kWh) 

Improved 

building solar gains 

(kWh) 

Savings (kWh) 

January 34.06 32.76 1.30 2042.21 1464.16 578.05 

February 35.43 34.17 1.26 1680.08 1205.12 474.96 

March 35.55 34.25 1.30 1666.43 1175.19 491.24 

April 34.71 33.39 1.32 1558.02 1103.14 454.88 

May 34.09 32.76 1.33 1655.57 1207.48 448.09 

June 32.80 31.51 1.29 1608.49 1175.98 432.51 

July 31.91 30.64 1.27 1526.40 1114.34 412.06 

August 31.52 30.27 1.25 1421.90 1019.85 402.05 

September 31.79 30.49 1.30 1465.61 1030.31 435.3 

October 33.02 31.69 1.33 1689.52 1202.37 487.15 

November 34.23 32.85 1.38 1982.56 1422.31 560.25 

December 34.43 33.10 1.33 2141.14 1528.34 612.8 

Fig. 9. Comparison between the existing and improved building monthly oper- 

ative temperature. 

4.2. Current approach to the design of buildings 

Interviews with both professionals and householders, and the obser- 

vational survey of existing buildings in the study area established the 

adoption of design approach, building materials and construction tech- 

niques, which are not suitable for the microclimate. To achieve the ben- 

efits of building design with regard to energy, comfort and other factors, 

building design should be based on the microclimate. However, the data 

from professionals, householders and the observational survey showed 

that most of the buildings in the study area were designed without con- 

sidering the microclimate. Building envelopes do not reflect the features 

that will counteract the environmental factors. The reasons for this as 

revealed by design professionals in Lokoja include challenges with the 

design of buildings, use of building materials that are not responsive to 

the microclimate and lack of awareness on energy efficient buildings. 

Since poor design can contribute greatly to energy consumption and 

thermal comfort in buildings, designers need to be prudent in their de- 
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Fig. 10. Comparison between the existing and improved building monthly solar 

gains. 

sign of buildings bearing in mind the local and microclimate and other 

relevant factors. This will not only make life better for building users 

but will improve the environment. The specific design and construction 

variables, which were identified in Section 4.10 is expected to feed into 

the development of the framework to improve the design of buildings 

for comfort and energy efficiency. 

4.3. Thermal comfort in buildings 

Thermal comfort is a very important factor to be considered in the 

design of high standard buildings in order to provide comfortable indoor 

environment and therefore, good health and wellbeing of the occupants 

[34] . The findings from data collection showed that most building users 

were not comfortable in their buildings. A study by Ifatimehin et al. 

[35] confirmed this with respect to the harsh and hot weather of Lokoja, 

especially from March to May. The outdoor temperature is over 30 °C 

for the majority of the year, especially during the day making it difficult 

for people to be comfortable in their buildings. The lowest and highest 

indoor temperatures measured during the survey of 22 households were 

28.7 °C and 40.6 °C, respectively. Those who argued that they were com- 

fortable in their buildings attributed their reasons to larger windows, 

use of mechanical means and adequate ventilation. Design profession- 

als maintained that to improve thermal comfort and reduce energy con- 

sumption in buildings, design approach should consider the climate of 

Lokoja. 

All the architects interviewed agreed with the statement that Lokoja 

residents might find it difficult to live in their houses without mechani- 

cal ventilation especially during the hot season. Moreover, building sim- 

ulation study on three residential buildings in Lokoja revealed that it 

will be difficult for people to live in existing buildings that relied only 

on natural ventilation. The lowest and highest temperatures recorded 

for case study 1 (existing building) in August and March were 31.01 °C 

and 35.27 °C, respectively. 

Although it may be difficult to eliminate the use of mechanical means 

in buildings due to the simulation results of existing residential build- 

ings, appropriate design of buildings will discourage excessive use of 

energy-intensive mechanical means of cooling. This study focuses on 

achieving this through the proposed framework. 

4.4. Specific measures for the design of energy efficient residential buildings 

Architects interviewed in Lokoja mentioned that there should be con- 

siderations of the minimum requirements for ventilation in residential 

buildings due to the hot climate of Lokoja. These include the provision of 

adequate windows for functional spaces and cross ventilation. The min- 

imum requirements were not observed in most buildings due to poor 

enforcement processes. This has led to overdependence on mechanical 

means of cooling using electric generators, which are highly unsustain- 

able. The reasons for lack of specific measures towards achieving energy 

efficiency in residential buildings include lack of awareness and policy 

Fig. 11. Monthly simulation results of the existing building. 
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Fig. 11. Continued 

on energy efficient buildings, challenges with the design of buildings 

and clients’ requirements. 

To realize energy efficiency in buildings, there is need for proper 

policy, legal and regulatory framework. The proposed framework aims 

to provide guidance for professional designers, researchers and policy 

makers on how to advance energy efficiency in buildings. 

4.5. Building envelope and energy efficiency 

The observational survey of existing residential buildings in Lokoja 

showed a lack of energy efficient building design features. Unsustain- 

able design features noticed on buildings include poor orientation and 

zoning of functional spaces, inefficient windows and lack of shading de- 

vices, inadequate headroom or ceiling height, use of dark colours on 

both internal and external walls and use of dark colour roofs. 

To make residential buildings sustainable and energy efficient, the 

building envelope should clearly portray features of passive solar design 

or bioclimatic architecture. Ahmadi et al. [37] referred to bioclimatic 

architecture as a means of taking advantage of local climate of a place 

to achieve thermal and visual comfort in buildings. These are lacking 

now, a reason for research into enhancing comfort and reduced energy 

use in buildings in Nigeria. 

4.6. Use of traditional building materials 

The trends in the Nigerian architecture cover three main eras, the in- 

digenous/traditional, tropical architecture and contemporary architec- 

ture. Different ethnic groups, religions and cultures in Nigeria who are 

living in different climatic zones are identified with diverse traditional 

architecture [24] . The various traditional building materials employed 

in the construction of traditional buildings include locally sourced tim- 

ber, thatch, palm front, palm leaves and mud bricks. Despite some chal- 

lenges with the traditional building materials, findings from architects 

and householders in Lokoja revealed that traditional buildings are very 

good at improving indoor comfort. 

The years spanning from early 1930s to the end of 1960s witnessed 

climate response design, which culminated into a global phenomenon 

referred to as “Tropical Architecture ” in Asia and Africa along the 

colonies of the British Empire. This trend led to the production of en- 

ergy conscious and climatic responsive design [ 36 , 38 ]. The traditional 

and tropical architecture approaches to the design of buildings that are 

highly sustainable has been overshadowed largely, if not completely by 

contemporary architecture. 

There is hope of revisiting traditional architecture, especially the use 

of mud bricks and its other alternatives. Design professionals and house- 

holds in the study area argued that the use of traditional building mate- 

rials could only be possible after relevant modifications to enhance their 

aesthetics. This will require research into improvement of the aesthetics 

aspect of local building materials and the implications of local building 

materials on energy efficient buildings. In addition, they suggested the 

incorporation of traditional building materials into contemporary archi- 

tecture owing to its several advantages, which include security, thermal 

capacity and sustainable features. GIZ [24] contended that tropical ar- 
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Fig. 12. Monthly simulation results of the improved building. 

chitecture could be incorporated into modern architecture with new in- 

terpretations using modern materials. 

4.7. How to achieve energy efficiency in buildings 

GIZ [24] identified three levels of bioclimatic design, energy efficient 

systems and renewable energy. Out of these three, bioclimatic design or 

passive design approach is the foundation and starting point for energy 

efficient buildings. This is important as majority of Nigerian household- 

ers are not economically stable and see energy efficiency in buildings as 

an entirely new concept. 

Design professionals in Lokoja revealed that to achieve energy effi- 

ciency in buildings, the various stakeholders in the building industry, 

especially design professionals, government and clients must collabo- 

rate as they have relevant roles to play. These roles include designing 

buildings based on the microclimate, proper policy and regulations and 

creation of awareness for the acceptance of energy efficient buildings. 

The design approaches suggested by architects in the study area were in 

agreement with passive design techniques. 

4.8. Challenges to realizing energy efficiency in buildings 

Globally, there are many barriers to efficient use of energy. After 

a review of existing literature on this subject, Weber [39] identified 

four typologies. These are institutional barriers, obstacles conditioned 

by the market, operational barriers and behavioural barriers. A study 

conducted by Schleich [40] outlined some barriers to achieving energy 

efficiency. This includes lack of accurate information, hidden costs, risk 

and uncertainty and access to capital. 

Some of the barriers to energy efficiency in buildings pointed out 

by architects in the study area include lack of relevant policies, lack of 

effective regulatory bodies, lack of awareness, lack of interest by gov- 

ernment, clients and builders, corruption and lack of interest in local 

technologies and building materials. The barriers to realizing energy ef- 

ficiency in buildings and other sectors suggest that efforts in this regard 

should not focus on technical aspects only, but also on the social context 

where the majority of these challenges lies. 

4.9. Need for a framework for the design of energy efficient buildings 

Despite the efforts, which are minimal at reducing energy consump- 

tion and improving people’s wellbeing in Nigeria, design professionals 

lack a detailed framework for designing energy efficient buildings to- 

wards realizing these objectives. This points to the need for the devel- 

opment of a framework for designing energy efficient buildings. 

Interviews with architects in the study area showed that this study 

would serve as a guide for the design of energy efficient buildings. They 

added that it would create awareness and awaken the interest of profes- 

sionals in this regard. Hence, it is hoped that the proposed framework 

would serve as a relevant tool, especially for design professionals for 

designing energy efficient buildings. 

4.10. Specific design and construction variables 

To achieve energy efficiency in buildings, there is the need to iden- 

tify specific design and construction variables that will aid comfort and 

decrease buildings energy consumption. Appropriate adoption of these 

passive design and construction strategies could enhance comfort and 

energy efficiency in buildings. These variables will be discussed under 

building form, building orientation, floors, walls, fenestration and roofs. 

4.10.1. Building form 

A proper analysis of any chosen site for an energy efficient building 

should precede any chosen form. This will help designers to maximize 

site benefits and overcome its challenges. Appropriate analysis of energy 

sources on site using passive design techniques will aid energy efficiency 

392 



E.T. Ochedi and A. Taki Energy and Built Environment 3 (2022) 384–397 

in buildings. The areas to focus on during analysis should include sun 

paths, wind direction, vegetation and access road(s). 

The observational surveys of residential buildings in the study area 

revealed that majority of residential buildings have rectangular shape. 

One of the reasons identified for this is the size of plot. The researcher 

was not able to determine the ratio of length to width of these buildings. 

Nevertheless, to improve energy efficiency in buildings in hot humid 

climates, it is recommended that designers should strive to achieve the 

ratio of length to width of 1:1.7 in previous studies [ 38 , 41 ]. 

4.10.2. Building orientation 

In hot and humid climates, buildings should be designed so that the 

short sides face East and West [42] and they should avoid or minimize 

placement of windows here [ 13 , 41 ]. This will reduce heat gain and cool- 

ing demand. Hence, it is important for every design to be tested for the 

most suitable orientation. 

There are situations where it may not be possible for buildings to 

take advantage of the best orientation. For instance, there are locations 

where buildings must be made to face the access road. This may be 

due to challenges with land allocation processes. Where this is the case, 

designers can employ the concept of zoning. Functional spaces should 

be placed based on when and how long they are used with respect to 

climatic factors and sun paths. Gut and Ackerknecht [43] maintained 

that the arrangement of spaces in buildings should be based on their 

functions and when they are used during the day. Moreover, functional 

spaces like bedrooms should be located on the eastern side of the build- 

ing, which is coolest in the evening. Living room(s) and other rooms, 

which can be used almost throughout the day, should be situated on the 

north side. Auxiliary spaces like kitchen and store can be located on the 

western side. Buildings can be made more energy efficient if they are 

planned to take advantage of solar radiation and the prevailing wind 

direction [44] . 

Interviews with householders further revealed the need for zoning 

of functional spaces. The interviewees lamented that the movement of 

the sun caused overheating in different part of their buildings making it 

difficult for them to use those spaces. Most of them complained bitterly 

about the bedrooms, which were affected by the evening sun making 

them difficult to use. Zoning using passive design principles can help to 

minimize the challenges with the effect of the sun. 

4.10.3. Floors 

On-ground concrete slab is the most popular floor construction 

method for bungalow residential buildings in Lokoja, the study area. 

More than one floor residential buildings use a combination of on- 

ground and suspended concrete slab for floor construction. This was 

confirmed from observational survey of existing buildings. The exten- 

sive use of on-ground concrete slab may be due to its advantages, which 

include thermal comfort because of its thermal capacity, durability and 

resistance to insects and rodents. 

Concrete has high thermal mass and the potential of enhancing cool- 

ing in buildings especially when prevented from the effect of solar radi- 

ation. An uninsulated on-ground concrete slab has surface temperature 

that is almost the same as the near constant earth temperature. If the 

slab is protected from solar radiation, the heat absorbed during the day 

can dissipate thereby improving indoor thermal comfort. To maximize 

the advantages of concrete floor slab, the concrete floor must be in con- 

tact with the building interior. Hence, floor finishes like carpet that can 

insulate should be discouraged. Clarke et al. [45] posited that build- 

ing designers should encourage the use of tiles fixed using cement or 

cement-based adhesives and polished concrete to enhance the cooling 

of the floor. Smith [46] advocated that the use of stone rocks (granite 

and marble) for flooring would provide cool indoor temperature. 

Building simulations conducted on case studies from the study area 

revealed that on-ground concrete slab finished with slab might be more 

suitable for residential buildings in Lokoja. Other floor construction tem- 

plates tested in comparison with on-ground concrete slab in Design- 

Builder, which can be more expensive show little or no improvement 

regarding operative temperature and solar gains. Hence, designers can 

stick to the use of on-ground floor slab finished with tiles or polished to 

taste, which is the most popular floor construction method in Nigeria, 

and Lokoja in particular until further research reveals a better option. 

4.10.4. Walls 

Walls are important building elements that can have significant ef- 

fect on energy consumption and thermal comfort in buildings. The sig- 

nificance of walling materials on thermal comfort and energy consump- 

tion in buildings have been extensively studied [47–51] . 

Chiraratananon and Hien [50] maintained that high thermal mass 

walls are expensive in tropical climates. Hence, low thermal mass con- 

struction is more preferred to reduce energy consumption and improve 

thermal comfort in buildings in tropical regions [41] . These arguments 

seem to support the use of lightweight walling materials for buildings 

in Nigeria. 

Observational survey of existing buildings in Lokoja, the study area 

confirmed that lightweight concrete block is the most popular wall con- 

struction material. They come in both solid and hollow design. They are 

produced in different sizes but have the same length and height. The 

most popular ones are 225 × 450 × 225 mm and 150 × 450 × 225 mm in 

width, length and height, respectively. The extensive use of lightweight 

blocks in the study area might be in favour of the argument for low 

thermal mass for hot and humid tropical climates. 

4.10.5. Fenestration 

Fenestration refers to opening in buildings, most notably doors and 

windows. Doors and windows are used to generate energy performance 

data at their surface level for simulation. Hence, doors and windows are 

treated the same in terms of energy performance simulation. Windows 

and other building elements connected to it are relevant to sustainable 

architecture. Specific areas to consider in the design of fenestration for 

energy efficient buildings based on the study of 22 bungalow residen- 

tial buildings in Lokoja include window-to-wall ratio (WWR), window 

glazing and external shading. 

WWR is an important design factor for improving energy efficiency 

in buildings as window area can have significant impact on both heat- 

ing and cooling loads [52] . The Building Energy Efficiency Code (BEEC) 

for Nigeria, which was launched in 2017 recommended 20% WWR for 

buildings in Nigeria. It is advisable to test WWR using building energy 

performance modelling or building energy efficiency calculator for com- 

pliance with relevant factors, which include ventilation and daylighting 

prior to its adoption for the design of residential buildings. The obser- 

vational study of 22 bungalow residential buildings in Lokoja showed 

that most of the residential buildings might not have been designed us- 

ing WWR concept. This was evidenced as functional spaces of different 

sizes observed have the same sizes of windows. 

An appropriate window glazing selection bearing in mind the micro- 

climate can have significant effect on energy demand and thermal com- 

fort in buildings. Observational survey of existing residential buildings 

in Lokoja showed that single-glazed, clear glass is what is predominantly 

used for window glazing. Few households that use reflective or tinted 

glass confirmed that were adopted for privacy and aesthetics purposes 

and not for their energy performance qualities. Moreover, the simula- 

tion of existing buildings revealed that single-glazed, tinted glass might 

be more suitable for window glazing for the study area. Single-glazing, 

tinted glass performed better than single-glazing, clear glass and double- 

glazing clear glass during the simulation. 

Despite the relevance of shading devices, interviews with architects 

and households and observational survey of existing buildings in the 

study area revealed that most buildings do not have shading devices. 

Shading devices, which were provided for few buildings were inade- 

quate for the control of solar radiation. What is popular in Lokoja and 

Nigeria at large is the provision of “window dressing ”, which are majorly 

for aesthetics purposes. Simulation of existing buildings in the study 
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area showed that the combination of both overhang and side fins will 

be more appropriate for proper control of solar radiation. Previous study 

has shown that use of overhangs and horizontal shading for North and 

South wall and a combination of horizontal and vertical shading for East 

and West facades can reduce thermal discomfort in buildings [42] . 

4.10.6. Roof 

A well-designed energy efficient roof can help to improve indoor 

comfort conditions, reduce energy consumption and energy bills due to 

decrease in cooling loads. 

Observational studies of existing residential buildings in Nigeria and 

Lokoja in particular showed that the most widely adopted roof con- 

struction method for residential buildings is that of a pitched roof. In 

the past, residential buildings were constructed majorly with corrugated 

iron sheets. With the advent of long span corrugated aluminium roofing 

sheets, stone-coated aluminium stepped roofing tiles and other roofing 

materials, corrugated iron sheets are almost becoming outdated. 

The choice of roof type by building owners in the study area is more 

of a personal choice in terms of aesthetic and affordability than for their 

effects on energy consumption. Often building owners are unaware of 

the implication of the colour of roof on the thermal performance of 

buildings. Hence, they are not too mindful of the colour of roof as long 

as it improves the aesthetic quality of buildings and is affordable by 

certain class of people in the study area. 

Roof insulation can also be employed in roof construction to reduce 

both heating and cooling loads. This is important as nearly 60% of ther- 

mal energy leakage takes place through buildings’ roof structure [53] . 

Sanjay and Chand [53] revealed that polyurethane insulation layers 

could reduce cooling load by more than 50% compared with similar 

roof structure without insulation. A study conducted by Halwatura and 

Jaysinghe [54] for the tropical climate of Sri Lanka using expanded cel- 

lular polyethylene resulted in at least 10 °C reduction of soffit tempera- 

ture. 

The relevance of roof insulation was confirmed by the simulation of 

existing buildings in Lokoja conducted earlier in this study. An insulated 

roofing system, pitched roof energy code standard-medium weight (data 

modified when load to file) with an R-Value of 4.739m2-K/W and U- 

Value of 0.211W/m2-K performed better in terms of energy demand 

and thermal comfort compare. with uninsulated 25 mm aluminium roof 

having an R-Value of 0.290m2-K/W and U-Value of 3.447W/m2-K. 

Roof shading, eave and ridge vents have been identified as means of 

reducing heat gain and enhancing thermal comforts in buildings [55] . 

Appropriate eave size should be provided to shade buildings elevations. 

These approaches were popular with the tropical architectural style of 

the past but have been abandoned to contemporary architecture. The 

major focus of Nigerian contemporary architecture is on aesthetics and 

adoption of foreign architectural styles, which are not suitable for the 

study area. 

The newly published BEEC for Nigeria recommended metal roof tile 

having 50mm insulation and U-Value of 0.72 W/m 

2 K for buildings in 

Nigeria. 

Building and ceiling height are other factors that can affect ther- 

mal comfort and energy consumption in buildings. For the simulation 

of bungalow residential buildings in the study area, an increase in ceil- 

ing or building height showed significant effect on operative tempera- 

ture and solar gains. Increasing the ceiling and entire building height 

by 0.5 m led to a reduction of the annual operative temperature by 

0.13 °C and an increase in solar gains by 598.10 kWh. The decrease in 

the annual operative temperature showed that increase in the ceiling 

and building heights could lead to reduction in energy demand due to 

decrease in temperature, especially in tropical climate. The increase in 

solar gain may be due to exposure of additional surface of the building 

envelope (0.5m high) to the effect of solar insolation. Hence, an increase 

in building height, especially bungalow residential building should be 

compensated by adequate shading of the building envelope to reduce 

solar gains. 

There were no specific comments regarding roof materials and con- 

struction techniques from the interviews with both architects and house- 

holders in the study area. The survey of existing buildings in the study 

area revealed that insulation is not included in the construction of roofs. 

Few buildings incorporated the use of ridge vents but do not have an 

eave vent. Studies have shown that a combination of eave and ridge 

vent can remove hot air from the roof space thereby, improving ther- 

mal comfort. 

4.11. Findings from modelling and simulation study of three selected 

buildings 

This section outlines the findings from the three case studies based 

on the simulation results. 

• Orientation: No single orientation is suitable for all buildings. This 

was evidenced in case study 1–3 studied. The best orientation for 

case study 1 was 270 0 with the building facing the North axis. 

The operative temperature and solar gains were at their lowest at 

33.22 °C and 22,062.20 kWh compared with other alternatives con- 

sidered. The best orientation for both case studies 1 and 2 occurred 

at 90 0 with the buildings facing the East direction. Hence, every 

building should be tested at the design stage for the most suitable 

orientation. 
• Functional Spaces: Functional spaces in a particular building may 

have different performance in terms of thermal comfort. For the 5 

functional spaces studied in case study 1 to include 3 bedrooms, 

living, dining and kitchen, results showed different performance re- 

garding operative temperature and solar gains. It can be deduced 

from the results that for better performance of functional spaces, de- 

sign should not just focus on the entire building but also consider 

individual spaces. 
• Floor: The use of concrete slab finished with tiles seem to be more 

suitable for the buildings studied as other floor materials and finishes 

showed little or no improvement regarding operative temperature 

and solar gains. 
• Walls: Materials with higher U-Value were more favourable for 

buildings especially in terms of operative temperature than those 

with lower U-Value. For instance, brick cavity single leaf construc- 

tion with dense plaster has U-Value of 2.184 W/m2-K that led to 

a reduction in the annual operative temperature of case study 1 by 

0.33 °C. On the other hand, brick cavity with dense plaster with 

a U-Value of 1.562W/m2-K reduced the operative temperature by 

0.31 °C. Moreover, brick cavity with full mineral insulation having a 

U-Value of 0.537W/m2-K led to an increase of 0.28 °C in the annual 

operative temperature. 
• Glazing: The use of double glazing as template and glazing type did 

not favour the case studies. For case study 3, their use led to an 

increase in the annual operative temperature by 0.3 °C (33.62 –

33.65) and a reduction in solar gains of 1,965.94kWh (39,496.48 

– 37,530.54). This is less compared with a reduction in annual op- 

erative temperature and solar gains by 0.11 °C and 7,091.62 kWh, 

respectively using single leaf, no shading as glazing template. The 

use of single glazing, no shading as the glazing template and single 

Ref-A-L Tint 6mm as glazing type for the 3 case studies led to a re- 

duction in both the annual operative temperature and solar gains. 

Their use led to 0.19 °C reduction in annual operative temperature 

for case study 1 and 5,091.93 kWh reduction in annual solar gains 

for case study 2. 
• Shading: The use of window shading had little or no effect on the 

operative temperature. For instance, using single glazing, internal 

blinds as glazing template, Low-E (e2 = 2) clear 6mm as glazing type 

and drape close weave light for window shading did not affect the an- 

nual operative temperature. Moreover, using blinds with minimum 

slats as window shading device for case study 1 increased the annual 

operative temperature of the building by 0.01 °C. Though this had a 
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negative effect on the operative temperature, the annual solar gains 

for the building reduced by 160.01 kWh. The use of a combination of 

overhang and fins had significant effect on both the operative tem- 

perature and solar gains. Its use led to 0.14 °C decrease in annual 

operative temperature of case study 2 and 720.73 kWh reduction in 

annual solar gains of case study 3. 
• Ceiling: The use of different types of ceiling materials did not affect 

the operative temperature and solar gains of the case studies. In- 

creasing the height of the building and the ceiling led to a reduction 

the annual operative temperature and increase in the annual solar 

gains of the 3 case studies. For example, by reducing the height of 

case study 1 by 0.5 m, the annual operative temperature reduced by 

0.19 °C while the annual solar gains increased by 407.50 kWh. 
• Lighting: The simulation results showed that lighting has marked 

effect on energy consumption in buildings. The use of Low emitting 

diode (LED) instead of incandescent GLS, which is mostly used in 

the study area for case study 3 led to a reduction in annual operative 

temperature by 0.93 °C. The general lighting for the building reduced 

by 80% approximately. 

5. Framework development 

This study adopted a holistic approach for the development of the 

conceptual framework for designing energy efficient residential build- 

ings in Nigeria. It was developed based on the process identified for 

achieving energy efficient residential buildings in a chosen climate, 

which has been revealed through the methodology adopted. 

The decision to develop the framework was borne out of the knowl- 

edge gap discovered from the review of literature regarding energy effi- 

cient residential buildings in hot humid climates, especially in the study 

context. 

To design the framework, there was the need to explore relevant re- 

quirements. Hence, architects and householders were interviewed for 

important data that informed the development of the framework. The 

interview with architects in Lokoja provided information regarding the 

design approach of existing residential buildings, challenges and possi- 

ble ways of achieving energy efficiency in buildings. On the other hand, 

building occupants provided data on energy demand, thermal comfort 

and challenges with existing buildings. Other areas include their pref- 

erences in terms of building materials and the design of buildings. The 

findings from interviews, measurements and observational surveys and 

case studies of existing residential buildings informed the development 

of the framework. Hence, the framework is a product of both objective 

and subjective data relating to the design of energy efficient buildings. 

5.1. An overview of the stages of the framework 

The framework for the design of energy efficient residential buildings 

for Lokoja is in four stages. These are the alignment and context stage, 

specification stage, design stage and simulation stage. The stages are se- 

quential leading to the outcome, which is the proposed energy efficient 

residential building that meets relevant benchmarks, standards and de- 

sign requirements. Design professionals in the study context can com- 

mence their design process from the specification stage by first identi- 

fying the building design, materials and construction specifications that 

satisfy their chosen project. Where there is a change of context, it is rec- 

ommended that the whole stages in the framework should be followed 

with relevant modifications to suit the objectives. These stages are pre- 

sented in the next section. Fig. 1 shows the proposed framework. 

5.1.1. Alignment and context stage 

The alignment and context stage are the basis for the entire frame- 

work. The goal of this stage is to identify evidences and relevant data 

that show that the research intervention might meet the desired aim 

and become a useful tool to the study area. This stage comprises of four 

units. These are case studies, measurement and observational survey, 

data from building professional and data from householders. 

The case study is highly significant in conducting research involv- 

ing practice-based fields like architecture and planning [56] . Designers 

rely on comparison between existing cases and the actual design condi- 

tions [57] . Hence, multiple case studies of existing residential buildings 

in the study context were conducted to determine their performances, 

especially in terms of thermal comfort and energy consumption. The 

study of the selected cases showed that it would be difficult to produce 

a robust framework without a study of existing buildings. The study re- 

vealed relevant data that can feed into the design of an energy efficient 

residential building scheme. Relevant findings have been documented 

in the previous section. 

Another aspect of the data collection stage is the measurement and 

observational survey. This was required to measure some relevant com- 

fort variables in residential buildings. Moreover, it was essential to val- 

idate existing climate and building information data in the study area. 

It was a means for the researcher to observe building elements and sur- 

rounding in terms of comfort, energy demand and consumption. For this 

study, measurement and survey of 22 households covering three build- 

ing typologies were conducted. These are detached, semi-detached and 

block of flats in bungalows. 

The data collection stage also involves interviews with building pro- 

fessionals aimed at: 

• Identifying challenges with existing residential buildings in terms of 

microclimate, energy, functional spaces, building elements, comfort 

etc. 
• Suggesting possible ways of making residential buildings energy ef- 

ficient. 
• Identifying possible limitations to energy efficient building develop- 

ment. 

In addition to the data gathered from building professionals, it was 

necessary to seek relevant data from householders and building users. 

Hence, 22 householders were interviewed from the study area. The areas 

covered by the interview include: 

• Comfort, energy need and energy consumption in existing residential 

buildings. 
• Views on traditional buildings, modern buildings and traditional 

building materials in terms of comfort and other factors. 
• Prospects regarding future building development. 

The data collected from stage 1 of the framework were then eval- 

uated based on project context, microclimate, energy challenges and 

best practice in similar climates. These are expected to feed into the 

specifications that will inform the design of energy efficient residential 

buildings. 

The argument presented in this section shows that it will be difficult 

to design energy efficient residential buildings for a particular climate 

without the study of the context, collection and analysis of data from 

measurements, observational survey and interviews with professionals 

and buildings’ occupants. 

5.1.2. Specification stage 

This stage aimed at identifying relevant building design, materials 

and construction specifications that will guide the design of the pro- 

posed energy efficient residential building. This is required to determine 

the fundamental criteria and target performance levels that are required 

for an energy efficient design. The specifications should be informed 

by the factors outlined in stage 1 of the framework. The design factors 

include the building form, organization of functional spaces, building 

orientation, shading devices, window sizes and placement and land- 

scaping. This research showed that specification regarding the design 

elements should hinge especially on the microclimate and passive de- 

sign techniques. Moreover, building design, material and construction 

specifications should strive to strike a balance between best practices, 
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economic conditions of the people and availability of building materials 

and construction expertise. 

Interviews with building occupants revealed that it is necessary to 

include local building materials in the design of modern buildings due 

to their cooling capacity. Hence, building materials specifications for 

energy efficient buildings should consider the inclusion of local build- 

ing materials and their implications on comfort, energy, cost of energy 

efficient buildings and other relevant factors. 

Building design, materials and construction specification for this re- 

search were informed by best practices form similar climate, findings 

from case studies, observational surveys and interviews with architects 

and householders in the study area. 

At the end of this stage, the specifications for building design, ma- 

terials and construction elements is evaluated leading to the design of 

the proposed energy efficient building. The basis for evaluation should 

include availability of materials and construction expertise, efficiency 

and cost implication and suitable local alternatives. 

5.1.3. Design stage 

Building design is key to energy efficiency improvement and the real- 

ization of buildings’ heating and cooling targets [12] . The consumption 

of non-renewable energy is determined to an extent by building design 

[13] . Hence, the design stage is key to achieving comfort and reduc- 

ing energy demand and consumption in buildings. The design stage of 

the framework is where design professionals are expected to use design 

trainings and expertise bearing in mind stage one (alignment and con- 

text stage) and two (specification stage) to produce a well-articulated 

design that incorporates appropriate energy efficient design techniques. 

Design solutions based on client’s requirements should consider thermal 

comfort, energy demand among other factors. 

Design approaches towards achieving energy efficiency in buildings 

have been discussed in chapter two under the factors that affect en- 

ergy consumption in buildings, chapter five under research data anal- 

ysis, chapter seven under discussion of major findings from analysis of 

research and specific design and construction variables. 

Architectural design process as practiced in the study area and other 

similar climates where the framework can be adopted should be applied 

to the design stage. 

5.1.4. Simulation stage 

The design of buildings is an iterative process starting from the pre- 

liminary design stage to the final detailed design stage. The use of com- 

puter simulation tools is vital to realizing the most appropriate design 

elements and approaches. Building simulation is an auxiliary tool for 

the design of energy efficient buildings [58] . 

The simulation stage involves the modelling of the proposed energy 

efficient residential building based on the design, materials and con- 

struction specifications identified in stage two and applied to the de- 

sign in stage three. Proper templates and specifications are applied to 

the building model before running the actual simulation to determine 

the building performance based on several simulation modules, which 

include sun paths analysis, daylighting, cooling and dynamic thermal 

simulation. The performance of the building based on the simulation 

results should be analysed to determine whether it satisfy relevant stan- 

dards and requirements. Where the simulation results did not meet the 

design requirements, the design should be modified and re-simulated 

until appropriate standards are satisfied. If the simulation results are 

satisfactory based on the design objectives, then the design is accepted 

as a proposed energy efficient building scheme. 

6. Conclusion 

This study was informed by the gap identified in literature regarding 

the need for a framework for the design of energy efficient residential 

buildings in Nigeria. The adoption of a mixed method research design 

including interviews, case studies, measurement and observational sur- 

vey and measurement, defined the research investigations and findings 

These findings informed the development of the proposed framework, 

which is the main aim of this study. This methodology is unique and 

has not been found to be used in any study, especially on energy effi- 

cient residential buildings that adopted a combination of these research 

methods. 

Practice elements are key to achieving energy efficiency in buildings. 

The elements of practice, which include technologies, engagements, in- 

stitutionalized knowledge, explicit rules and expertise [59] could be 

used to shape practices. Hence, the researcher strongly recommends 

the adoption of the proposed framework for the design of buildings in 

Nigeria. Design professionals should be encouraged to use relevant de- 

sign approaches, building materials and construction specifications to 

eliminate high-energy consuming building elements, materials, fittings 

and means. Building design should focus on approaches, techniques and 

measures that will improve energy efficiency in buildings without dis- 

regarding users’ comfort. The study showed that majority of clients or 

building owners are not aware of the effect of their design requirements 

and building expectations on comfort, the environment and energy con- 

sumption. Hence, there is need for strong awareness creation on the 

realisation of energy efficiency in buildings. 

Earlier in this manuscript, it was revealed that energy efficiency mea- 

sures are the least expensive means of improving the state of energy 

in Nigeria now and in the future [42] . Hence, it will be unsustainable 

to embark on future housing development without incorporating these. 

The findings from this research have shown that policy makers have 

not done enough to promote the delivery of energy efficient residen- 

tial buildings in the study area. Relevant policies will no doubt improve 

investment into energy efficiency in buildings by stakeholders. For in- 

stance, investment in awareness creation on energy efficient buildings 

and developing concrete strategies to determine actual household en- 

ergy bills. Moreover, there is an urgent need to adopt long term energy 

efficiency strategies beginning at the early state of building projects 

aiming at promoting environmental protection, economic and social 

sustainability. This should focus on ensuring that energy efficiency 

concepts are valued, practiced and rewarded at all stages of building 

projects 

This study has revealed that there is limited data on energy ef- 

ficient buildings in Nigeria. This paper would provide relevant data 

that can be used by institutions for the formulation and implemen- 

tation of effective policies regarding energy efficient buildings. Fur- 

thermore, the research will enhance the understanding of profession- 

als in building industry concerning the design of energy efficient resi- 

dential buildings. The proposed framework is flexible. Hence, it can be 

adopted for different climates with little or no modification. The find- 

ings from this research and the research output are expected to con- 

tribute greatly to energy efficient residential building development in 

Nigeria. 

The proposed framework will improve knowledge regarding energy 

efficient residential buildings, particularly in hot humid climates. More- 

over, it can help teaching and learning on energy efficient buildings. 

The methodology adopted for this study can help researchers to con- 

duct similar research in other climates thereby contributing towards 

research development in this field. The adoption of the research out- 

put and the consequential savings that will accrue from energy bills will 

help to improve wealth creation, economic prosperity and regeneration. 

Reduction in energy bills and use of electric generators through intelli- 

gent design and change of building occupants’ behaviour could improve 

people’s wellbeing, quality of life and level of productivity. Furthermore, 

it can aid the formulation of relevant policies in this regard and help to 

advance societal welfare and cohesion. The reduction of cooling loads in 

buildings through the adoption of energy efficient measures will reduce 

energy consumption leading to significant reduction of CO 2 emission 

and pollution. 
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