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a b s t r a c t

Wind catchers used in various countries in Middle East and North Africa in order to improve indoor air environ-

ment and to reduce reliance on cooling load. However, nowadays they are used across the globe with modern

shapes and advanced techniques. The study focuses on investigating new and innovative shapes of wind catch-

ers to improve air speed indoors which will elevate indoor comfort and air quality in buildings. The study used

computer modeling CFD and a real model experiment to conduct the study. The study highlighted that curved

shapes have highest pattern of wind speed driven, especially curved shape with double inlets. In addition, the

study showed that octagon shape has the lowest pattern of wind speed driven because of its various sides which

prevent air to flow easily inside the tunnel.

1. Introduction

Even though the perception of natural ventilation is linked to cool-

ing and thermal comfort in buildings, it has some other advantages such

as indoor air quality [1–3]. They emphasized the significance of using

natural ventilation for more reliable and healthy indoor environment

regardless of the microclimate of building, which prevents the incident

of sick building. Pollutants which may affect indoor of buildings comes

from different sources indoors outdoors, however, most of which comes

from outdoors owing to the fact of plurality of sources due to various

activities. As a result, exchange of air is required even in cold regions.

The usage of wind tower, or as it is called wind catcher in the Mid-

dle East, is quite common in there as well as in North Africa and Iran.

The appearance of such configuration is due to the function of wind

catcher in hot regions for air velocity increase and evaporative cool-

ing with the presence of water [4]. Today, wind catchers can be seen

almost everywhere across the globe for air movement and evaporative

cooling. Mainly, wind catchers can be classified based on the number

of inlets regardless of the shape of tower. The variation in number of

inlets can aid to attract more air from different directions. However, it

also causes a disruption with respect to various pressure incidences. As

a result, it is advanced to have one inlet in wind catchers with proper

facing [5,6]. There is an abundant publication conducted on the impact

of number of openings to wind catchers. The work of Montazeri [6] in-

dicates that this type of inlet has a high potential to attract air, thus, it

∗
Corresponding author.

E-mail address: m.alwetaishi@tu.edu.sa (M. Alwetaishi).

requires proper coefficient in the inlet spot of the tower which is con-

nected to the direction of wind tower and available air speed. In terms

of two inlets openings of wind catchers, another work carried out by the

reference of [7] shows that this sort of configuration works in locations

where there are more than one direction of wind, but with such design

of wind catchers, angle of the two sides have to be determined carefully

as it will affect the performance of the tube of the tower. Another work

conducted by Montazeri [8] which investigated wind catcher with three

inlets. The work observed that the performance of wind catchers drops

significantly with more than two inlets due to disruption of pressure at

the inlets. Wind catchers can also be used for heating in cold regions.

Wind catcher can be utilized with the presence of solar system which

can produce a passive heating system which can store heat [9]. Water

can be used as well for evaporative cooling [10–13]. This technique re-

quires a hot and dry region to allow the system to work effectively. One

of the advanced techniques to use wind catcher is through underground

tunnel for passive cooling. It makes use of cooler ground temperature in

summer. However, such system required deep wind tunnel to be able to

reach temperature contrast from ground [14]. In addition to that, wind

catcher can contribute to improve the local mean age of indoor envi-

ronment. Local mean age is time average for air to travel from the inlet

point of the building to another point inside it [15]. As a result, it is

a very important indicator for the quality of indoor environment [16].

Wind catcher can aid to improve the mean age of air in building and

improving the indoor built environment quality.

https://doi.org/10.1016/j.enbenv.2020.06.009
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Fig. 1. Concept drawings of wind scoops. Source: [18].

However, wind catchers have some disadvantages to mention. Noise

is one of the list as direct connection with outdoor is exist [3]. Another

important factor which is been reported by Liddament [2] is the pres-

ence of heat transfer due to the evacuated tunnels of the wind catcher,

especially in harsh climate where is a massive temperature swing in

outdoors between summer and winter. Furthermore, dust is one of the

facts which can limit the usage of wind catchers [17], particularly in

hot regions where dust is common.

With regard to the most influencing element in the shape and open-

ings of wind catcher, many recent publications indicates that pressure

coefficient at wind catcher opening as well as air incident angle are

among the most effective variables [6,7,19,20]. Many factors can at-

tribute to pressure coefficient at wind catcher inlet such as incident an-

gle, orientation and shape of inlet. In addition to that [21] stated that

shape of wind catcher has to be improved to insure adequate pattern

and thermal comfort. Hosseini [22] stated that curved wind catcher can

increase airflow speed. However, it is also result in lowering air speed

pattern inside the room. In a study conducted by Esfeh [23] shows that

pattern of wind flow inside wind catcher significantly effect by shape

of wind catcher roof. The study reveal that curved roof of wind catcher

found to be more efficient in capturing higher air speed. In most of

recent publications regarding impact of shape on wind catcher perfor-

Table 1

Characteristics of wind catchers examined.

Name Model shape of towers

Triangle Curved with double inlets Curved with single inlets Sloped roof Octagon

Code TSh CSh CSSh SSh OSh

Design

Height 7m

Inlet area 5.2m2

Outlet area 6.6m2

Table 2

Equipment used in the study.

Tool/Equipment Manufacturer Purpose Range Resolution Accuracy Country

Anemometer TECPEL To measure air speed using wire 0.2 to 20 m/s 0.1 m/s ±(3%+1d) reading Taiwan

Air fan Living Accents To create air movement at a given speed – – – USA

CFD Fluent ANSYS Predict air pattern inside and outside objects – – – USA
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Fig. 2. Designed case study used as a model in all tested wind

catchers.

Fig. 3. Meshing view of building with attached tower (meshing element grid 225,760) (A), and 3D and 2D views of modeling in CFD (B).

mance, most of them focuses on the influence of design of inlet as well as

shape and size of horizontal cross [20,24,25]. The reference of [25] ex-

amined cross-ventilation in building considering impact of outlet open-

ings. The work indicates that there are three points contribute to wind

catcher performance air flow rate, age of air and air change efficiency.

The study also reveals that the use of opening closer to outlet leads to

increase in air flow rate. In addition to that, the combination of single

sided wind catcher along with an opening is more beneficial than tow

sided. The work of Dehghan [20] which studied three variables to con-

trol air flow in wind catchers which are inclined roof, curved roof and

flat roof. It was found that curved roof was more capable for capturing

more air than other elements. Another work has categorized some el-

ements to impact wind catcher performance such as height, width and

length [24]. Angle of inlet as well can be on primary important, the

study of Afshin [26] shows that air flow rate was found to be higher at

the angle of 90ᵒ. The study of Maryam [27] observed that the impact

of wind catcher height is greater than examined elements. However,

the work of Hosseini [22] is against this. He found that width of wind

catcher has greater influence on air flow. In the study he highlighted

that changing the width of WC from 2.5 m to 1.5 m can raise air flow

up to 50%. Regarding horizontal shapes of wind catchers, the study of

Zarandi [28] which examined various shapes of WC showed that cross

shapes are better compared to the rest such as H, K and I shapes.

It can be noticed that all above mentioned references considered

some variables to control wind catcher air flow such as incident an-

gle in inlet as well as horizontal cross design of WC, however, none of

them studied the impact of 3D design of WC considering curved towers.

Even though the work of Dehghani [29] which provide a new design of

wind tower review paper, covered only WT design with various sided of

inlets including cylindered WT design.

2. Significance of research

There are distinct reasons for modern shapes of wind catchers. They

can be used for creating positive and negative pressure around the inlet.

Nevertheless, it is very important to consider the way the such shapes are
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Fig. 4. Set-up experiment for air movement inside tower at different levels, model was created with a scale of 1:70.

Fig. 5. Distribution of air velocity inside building at low level (0.5 m), obtained from CFD.
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Fig. 6. Distribution of air velocity inside building at middle level (2.25 m), obtained from CFD.

Fig. 7. Distribution of air velocity inside building at high level (4.0 m), obtained from CFD.
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Fig. 8. Impact of air speed at different points levels inside tower with multi methods.

Fig. 9. Investigation of air movement inside designed tower with different configurations using CFD.

fitted into buildings [18]. The straightforward shape of wind catcher is

square. Complex shapes and designs can be created for several reasons.

The second point is in order to provide more dynamic shapes which can

confront more design of buildings. In addition to that such shapes may

help to provide different air pressure, hence, higher air speed at inlets

might be possible to achieve (see Fig 2 samples of wind scoops).

3. Methodology and experiment study

The research used CFD (ANSYS Fluent) to investigate the air flow pat-

tern in the designed wind catchers (Fig. 3). There are five designed wind

catchers based on basic shapes as well as complex shapes with curves to

study the influence of such objects to deliver the air from outdoors into

indoors (Table 1). With regard CFD, the work used boundary conditions

for air velocity inlet and outlet, turbulence intensity of 6% for normal

wind and 12% in oblique one. Beside, a real experiment work is con-

ducted in the lab (Fig. 4), to compare its findings with CFD. The set-up

of the experiment work conduced in the lab using advanced air fan and

professional anemometer to measure air velocity in towers. The study

uses the non-uniformity of external wind field. Air speed is measured

in three different points inside the tower during experimental work in

top, bottom and at the middle point. In terms of air speed at middle of
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Fig. 10. Distribution of air movement inside designed tower

with different configurations using CFD.

tower, working on assumption based on the two other knows points as

well as results of CFD.

4. Discussion and results

The study aims to investigate the air movement inside the given

building in three different levels at 0.5 m (Fig. 5), 2.25 m (Fig. 6) and

4 m (Fig. 7). The first level indicated present the level where human usu-

ally be (Fig. 2), hence, it is very crucial to consider this level. It is clear

that the CSh provide the maximum pattern of air speed which nearly

reached 2.0 m/s. The reason behind this is clear which is first due to the

double inlets of the wind catcher design. Moreover, the curvy shape aids

to let the air flow easily inside the tunnel of the wind catcher. Similarly,

the shape of CSSh has a very comparable performance to consider at the

same level. However, it has less peaked figures compared to CSSh shape.

As a result, it is recommended to add more inlets to the wind catcher

to maximize the advantage of gathering more of air speed at the outlet

points in the wind catcher. This will aid to higher air speed at inlets.

It can be noted that OSh performed with minimum results of air speed

with maximum of indoor air speed of only 1.0 m/s. This shows that

it is recommended in designing wind catcher to minimize the number

of sides which will lead to lessening of air speed. For instance, curved

shapes are recommended with respect to complex shapes while triangle

is recommended with regard to sample shapes. When moving to higher

levels (Figs. 6 and 7), the higher you move, the lower air speed would

be. This is understandable due to the location of inlet which is at the

bottom of the wall. The study shows clearly that curved shapes of wind

catcher provide dynamic movement of the air at outlet points which will

aid to maximize air speed at inlets inside buildings.

Another study conducted in this research support similar findings.

Fig. 8 shows air speed at different levels inside towers using two differ-

ent methods, CFD and real measurements in the lab. The findings show

appropriate compatibility. The set up study conducted using profes-

sional anemometer with wire along with professional fan which comes

with ANSYS evaporative cooling technique. The study reveal that curved

wind shapes provided highest air speed acceleration due to its dynamic

shape with more than 3.5 m/s of air speed at highest rate. On the other

hand, triangle shapes provided lowest performance with only 2.0 m/s

of air speed at highest rate. For more complex shapes configurations

which aim to suggest more dynamic shapes. The shape that has low-

est pattern which is Osh is taken into further investigation in order to

maximize its performance with same shape concept (Fig. 8). This design

based on pyramid shape technique which aims to get the tunnel of the

tower wider and narrower at certain points. Shape (A) in the figure rep-

resents the default design while shape (C) indicates a pyramid shape and

(E) indicate overturned pyramid. There are several zones which can be

considered across all towers Zone 1, 2, 3, 4 and 5. In shape A the pattern

of air speed is neutral almost along the tunnel with little speed acceler-

ation in zone 1. However, no air speed higher than 1.2 m/s expect at

inlet point (A3), see Fig. 9. Shape E shows lowest performance with air

speed of less than 1.0 m/s along the tunnel. In contrast, shape C has the

highest air speed rate with 1.75 m/s along the tunnel especially at zone

2. This study shows that even though the shape of the wind catcher

is fixed, the design and its configuration are very important to insure

better outcomes of the wind catcher, see Table 2.

5. Conclusion

This work presents new and innovative designs of wind catchers to

investigate its performance to deliver air from outdoors to indoors, there

are five design configurations examined which are based on the type and

complexity of wind catchers. The study used two different methods; the

first one is CFD and also a real experiment model. The study reveals

that octagon shape has the lowest pattern of wind speed riven due to its
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various sides which prevent air to flow easily. This is not only applied to

octagon, but it is rather to any shape of wind catcher which has numer-

ous numbers of sides. In the other hand, curved shapes generally have a

highest pattern of wind speed driven, especially curved shape with dou-

ble inlets. Such shapes enhance dynamic air flow due its shape which air

to flow naturally. Curved shapes can increase air speed at inlet points

by 0.5 m/s compared to other shapes in the study. It is recommended to

provide double inlets at high level of wind catchers to boost air flow by

wind catcher’s inlets. It has to be mentioned that overturned pyramid

is beneficial to increase air flow at inlet points even with wind catchers

shapes such as octagon. It aid to increase air speed at the bottom of the

tower (Fig. 10). Such new technique of wind catcher is recommended

to be used in buildings where indoor air speed is essential such as work

places and kitchens [30]. This will not only improve air speed indoors

which will eventually improve thermal comfort, but it would rather de-

velop indoor air quality as well.
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In most countries, buildings are responsible for significant energy consumption where space heating and air

conditioning is responsible for the majority of this energy use. To reduce this massive consumption and decrease

carbon emission, thermal insulation of buildings can play an important role. The estimation of energy savings

following the improvement of a building’s insulation remains a key area of research in order to calculate the

cost savings and the payback period. In this paper, a case study has been presented where deep retrofitting

has been introduced to an existing building to bring it closer to a Passivhaus standard with the introduction of

insulation and solar photovoltaic panels. The thermal performance of the building with its improved insulation

has been evaluated using infrared thermography. Artificial intelligence using deep learning neural networks is

implemented to predict the thermal performance of the building and the expected energy savings. The prediction

of neural networks is compared with the actual savings calculated using historical weather data. The results of

the neural network show high accuracy of predicting the actual energy savings with success rate of about 82%

when compared with the calculated values. The results show that this suggested approach can be used to rapidly

predict energy savings from retrofitting of buildings with reasonable accuracy, hence providing a practical rapid

tool for the building industry and communities to estimate energy savings. A mathematical model has been also

developed which has indicated a life-long monitoring will be needed to precisely estimate the benefits of energy

savings in retrofitting due to the change in weather conditions and people’s behaviour.

1. Introduction

With the ongoing increase in the world’s population and the use of

technology, worldwide energy demand is increasing [1]. However, the

reserve of fossil fuel, currently the most common source of energy, is

limited. Therefore, it is not only necessary to find alternative, ideally re-

newable, sources of energy but also it is important to develop strategies

for reducing energy consumption, particularly in buildings. The Paris

Agreement to mitigate the climate change impact sets the target of keep-

ing the global temperature increase below 2 °C of the pre-industrial stage

[2] with the aspiration to keep the temperature increase below 1.5 °C.

Moreover, the UK Government’s Climate Change Act (2008) [3] sets a

target of reducing greenhouse gas emissions to 80% of the 1990 level by

the year 2050. In view of achieving these targets, the Committee on Cli-

mate Change [4] recommended that policies should be implemented to

make new buildings highly energy efficient as well as to upgrade exist-

ing buildings’ thermal insulation. According to the UK Green Building

∗
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E-mail address: Amin.Al-Habaibeh@ntu.ac.uk (A. Al-Habaibeh).

Council [5], the infrastructure industry controls 16% of the UK’s to-

tal carbon emissions, and 37% of the UK’s total carbon emissions are

related to the use of infrastructure. Buildings consume 20% of overall

energy produced worldwide [6] and in the UK domestic energy con-

sumption is 27.2% of overall energy demand [7]. Space heating and

hot water is responsible for 80% of overall household energy consump-

tion [8] and heating of residential buildings in the UK is responsible

for about 17% of energy related CO2 emission [9]. The UK Government

is going to adopt strategies for limiting greenhouse gas emissions from

the built environment to half of the 1990 level by 2050 [10]. In gen-

eral, it is more effective to reduce the energy demand than to increase

the amount of energy production, both economically and environmen-

tally [11]. Therefore, it is necessary to focus on developing strategies to

reduce energy consumption in buildings and, in particular, in existing

buildings.

Insulation plays an important role in this case by reducing heat loss

through the building elements, and consequently reducing the burning

of natural resources, such as gas and coal, for electricity generation [12].

https://doi.org/10.1016/j.enbenv.2020.06.004
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The effectiveness of insulation depends on the climate, type of insula-

tion and material used for insulation. In warm regions, space cooling

is the central focus during summer, whereas space heating in winter is

the major concern in cold climatic regions. Kim and Moon [13] have

found that if the U-value of a wall is decreased from 0.57W/m
2
K to

0.14W/m
2
K by improving wall insulation, it could reduce energy con-

sumption by 25.5% for space heating in cold climate areas in the USA.

However, in warm climate areas in the USA, reduction in energy con-

sumption for cooling due to the similar improvement of wall insulation

is around 0.14%. Observing the thermal performance of Irish buildings,

Byrne et al. [14] have concluded that cavity wall insulation can reduce

heat flux through walls by 50% to 52%; and additional external insula-

tion may reduce the heat flux further by 48–60%. In the same way, Lee

et al. [15] have observed that insulation significantly reduces energy

consumption for heating; however, the reduction in energy consump-

tion for cooling depends on the internal heat gain as highly insulated

buildings with limited ventilation tend to overheat in summer. Berger

et al. [16] demonstrated that additional external insulation in Austrian

buildings increases the cooling energy demand in summer slightly; how-

ever, the large reduction in heating energy demand in winter outweighs

this. On the other hand, Fang et al. [17] have found that external walls

made of hollow bricks and insulated with 30mm extruded polystyrene

reduce the energy consumption by 23.5% for air-conditioning compared

to uninsulated solid walls in a tropical climate during summer. Derradji

et al. [18] also have given evidence of external insulation being more ef-

fective in reducing energy consumption for cooling during summer than

heating during winter in Algeria. Therefore, it can be concluded that in-

sulation plays an important role in reduction of energy consumption

during both hot summer and cold winter periods in almost all climatic

regions although, the effectiveness of insulation varies at different cli-

mate zones.

Depending on the building’s surface where the insulation is applied,

it can be classified as external insulation or internal insulation. Kossecka

and Kosny [19] have showed that external insulation is more effective

than internal insulation in different climate zones in the USA. Kolaitis

et al. [20] also have found that buildings with external wall insulation

of 80mm Expanded Polystyrene consume 4–10% less energy than build-

ings with internal insulation of the same thickness and material in the

same weather conditions. They have also stated that, considering the

space cooling only, the energy consumption with internal insulation is

marginally less than the energy consumption with external insulation of

similar thickness. However, for space heating the energy consumption

with internal insulation is substantially larger than that with external

insulation. On the contrary, Wang et al., [21] have presented that in-

ternal insulations are the most suitable type to reduce energy consump-

tion during winter and summer in residential buildings of Chongqing

city in China. Reilly and Kinnane [22] also have shown that internally

insulated building envelopes of Passivhaus standard consume 10% less

energy than that of an external insulated building envelopes of the same

standard. Although some researchers [21, 22] got analytical results in

favour of internal insulation, it has the drawback of reducing available

space inside buildings. Furthermore, considering thermo-physical prop-

erties of wall insulation, such as time lag and decrement factor, external

insulation has been found to have a better performance than internal

insulation and cavity wall [23]. Considering the heat storage property

of insulation material, Long and Ye [24] have found that external wall

insulation has significant influence on energy consumption conversely,

internal insulation has almost no influence in this case. Turning to dy-

namic insulation, Menyhart and Krarti [25] have demonstrated that dy-

namic insulation in an external wall is also useful to reduce energy con-

sumption for cooling and heating; however, it is more appropriate in

the regions where there is a high temperature fluctuation between win-

ter and summer. Other than wall insulation, floor and loft insulation

also assists in reducing energy consumption. Although floor insulation

may increase the cooling energy demand during the summer period,

it significantly reduces the heating energy demand during winter, and

eventually the net energy savings for both heating and cooling is around

5.5 kWh/m
2
/year [26].

As part of the available technology, infrared thermography has been

successfully used for the last five decades to monitor building’s ther-

mal performance [27]. Infrared thermography is a method of identify-

ing heat radiation from any object. According to Stephan Boltzmann’s

law the net heat transfer due to radiation can be expressed as:

𝐸 = 𝜀𝑘
(
𝑇
4 − 𝑇

4
𝑐

)
(1)

where E is the net heat transfer, 𝜀 is the emissivity, k is the Stephan

Boltzmann’s constant, T is the surface temperature and Tc is the sur-

rounding temperature respectively. The value of k is usually taken as

5.67×10−8 W/m2
K
4
. The assumption for Eq. (1) is that the object will

behave as either a black body for emissivity equal to 1 or a grey body for

emissivity less than 1; however, we assume that the object will not be-

have as a non-grey body. It has been assumed that the emissivity value

will be constant within the working temperature range and within the

spectral range of the camera, which is 7.5–13𝜇m [28]. In general, the

emissivity of a brick wall, doors and windows ranges between 0.85 and

0.95 [29]; however, the emissivity of a low emission glass window is less

than 0.07 [30]. An infrared image of a building can reveal heat losses

through the building’s envelope. For a given building, if the inside tem-

perature is higher than the outside temperature, there will be a net heat

transfer to the outdoor environment in the form of radiation and con-

vection. In the case of a higher outside temperature and lower inside

temperature, the mechanism is reversed. The convection heat flux can

be quantified by multiplying the temperature difference between sur-

face and environment with the heat transfer coefficient of convection as

expressed below [31]:

𝐻 = 𝛼
𝑐

(
𝑇
𝑠
− 𝑇air

)
(2)

where H is the convection heat flux, 𝛼c is the heat transfer coefficient

of convection, Ts is the surface temperature and Tair is the environ-

mental temperature. An infrared camera captures the infrared radiation

emitted from a surface, which is the combination of three emissions

namely: emission from that surface, reflection of the surroundings from

the surface and emission form the atmosphere. Combining these three,

the surface temperature Ts can be calculated by using the following

expression [32]:

𝑇
𝑠
=

4

√√√√𝑊tot −
(
1 − 𝜀

𝑠

)
𝜏atm𝑘

(
𝑇ref

)4 −
(
1 − 𝜏atm

)
𝑘
(
𝑇atm

)4

𝜀
𝑠
𝜏atm𝑘

(3)

whereWtot is the total radiation received by the camera, ɛ s is the emis-

sivity of the surface, 𝜏atm is the transmittance of the atmosphere, k is

the Stephan Boltzmann’s constant, Tref is the reflective temperature and

Tatm is the atmospheric temperature. As the value of 𝜏atm is close to 1,

the effect of atmospheric temperature is negligible.

An infrared image of a building in the UK is shown in Fig. 1, with

clear sky and an average ambient temperature of about −1 °C. The areas
of higher surface temperatures shown in the image expose the poor qual-

ity of wall and window insulation as well as air infiltration between the

roof and the walls. Furthermore, the warmer structure of the chimney

represents heat losses due to the flow of hot air through the chimney,

which may be caused by the flue gas from a gas fire. Infrared thermog-

raphy has a wide range of applications in buildings and they range from

evaluating thermal bridging, air leakage, and missing insulation to de-

tection of hot and cold pipes [33]. It is typically useful for measuring

a building’s thermal performance even in non-steady conditions [34].

The infrared radiation propagates through air for a short distance and

hence, it is easier to measure a building’s wall surface temperature than

with any other methods [35]. In-situ measurement of building heat dis-

persion using infrared thermographic is a very simple and useful tool

for quick assessment of building’s thermal performance [36]. Albatici

et al. [37] have argued in favour of using infrared thermography for con-

ducting quick thermal performance surveys of existing buildings prior
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Fig. 1. An infrared image of a building in Nottingham UK.

to adopting an investment policy for energy retrofitting. Al-Habaibeh

and Siena [38] have utilised infrared thermography to estimate the en-

ergy savings in buildings due to improved insulation. Al-Habaibeh et al.

[39] have also showed the use of thermography to compare the heat loss

through openings of different door designs. Bienvenido-Huertas et al.

[40] have used infrared thermography for characterising the thermal

performance of a building façade. Furthermore, it could also be used

to investigate transient temperature response behaviour over the time

[41].

Different Artificial Intelligence (AI) based techniques have been used

in the prediction of energy consumption in buildings, and amongst those

methods the Artificial Neural Network (ANN) is the most widely used

one [42]. ANN is a mathematical model that mimics the biological ner-

vous system to process information. It consists of several neurons organ-

ised in different layers namely input layer, output layer and one or more

hidden layers. The input layer process input data for the network and

the output layer delivers the results. The hidden layer(s) are mainly re-

sponsible for learning the characteristics of input data and the relation-

ship between inputs and outputs. The neurons are composed of weights,

biases and a transfer function. The network learns the desired feature

from given training data sets and uses the knowledge later on to pro-

cess unknown inputs. ANN can be used to predict energy consumption

patterns of a pre-retrofitted building to compare the energy savings af-

ter retrofitting [43]. In terms of predicting energy consumption due to

space heating in commercial buildings, ANN has been found to achieve

94% precision [44]; while for predicating cooling load, it drops down

to 90% [45]. Furthermore, using a complex network architecture by

combining different types of neural networks, the prediction accuracy

of heating energy demand could be as high as 98% [46]. Although there

are software available to forecast energy consumption in buildings with

reasonable accuracy [42] [43], ANN can provide a simpler solution for

prediction with less input data and similar accuracy. For instance, Ben-

Nakhi and Mahmoud [47] have used a regression neural network to

predict hourly cooling load and found very strong agreement with the

prediction made using a building energy simulation software namely

ESP-r. In another study for predicting daily energy consumption, Neto

and Fiorelli [48] found that ANN can produce very close results to the

estimation made by the energy simulation software EnergyPlus. Martel-

lotta et al. [49] have also conducted analogous study to predict hourly

energy usage of houses modelled on EnergyPlus software, and in 92%

cases, they found ANN’s prediction accuracy is over 95%. Similar out-

come has been found while comparing the ANN result of cooling load

prediction with TRNSYS software [50]. The work of Naji et al. [51] has

also reinforced the fact that ANN produce close prediction to the esti-

mation made by EnergyPlus software for residential buildings’ energy

consumption. The advantage of ANN for predicting buildings’ energy

consumption over the conventional statistical methods is its capability

of mapping complex relationship between inputs and outputs without

the requirement of any prior knowledge about the input-output rela-

tionship [52]. Modelling heat losses through a building’s wall contains

a non-linear and complex relationship amongst the parameters. ANN

based thermal model is found to have a very good capability of nonlin-

ear fitting in such complex cases [53].

Literature has shown significant success of using ANNs in energy con-

sumption prediction; however, limited research has been found in rela-

tion to integrating infrared thermography with neural networks to pre-

dict future energy consumption. Therefore, this paper includes a novel

research where infrared thermography of a deep retrofitted building is

combined with deep learning neural networks to estimate the future ef-

fectiveness of wall insulation in terms of energy savings. The key aspects

of this research work are:

• Evaluating the thermal wall characteristic of insulated and uninsu-

lated buildings using infrared thermography.

• Estimating energy savings due to retrofitting of a building with wall

insulation.

• Predicting future heat losses through walls in insulated and uninsu-

lated buildings using ANN from infrared data and historical weather

data.

• Evaluating the performance of ANN against calculated heat losses

through walls in insulated and uninsulated buildings.

The next sections of this paper include the methodology of the re-

search work followed by a case study in Section 3. Later in Section 4 the

results of infrared thermography and the ANN analysis are presented

and discussed. The limitation of the study is stated in Section 5 followed

by the concluding remarks in Section 6.

2. Methodology

In this work, a deep retrofitted building in the UK is studied using

infrared thermography and temperature sensors to examine the thermal

performance of the building due to improved insulation. It is then com-

pared with the thermal performance of a standard building in the same

area to estimate the energy savings of the retrofitted building. Fig. 2

shows the flow chart of the methodology used for this case study. At the

beginning, several infrared images of the retrofitted building are cap-

tured to analyse the thermal performance. Infrared images of a nearby

non-insulated building are also captured for comparison. FLIR E25 ther-

mal camera is used to capture the infrared images and those images are

taken on 28th and 29th March at 11:15 pm and 9:30 am respectively.

The ambient temperature values are found to be 9 °C and 7 °C, and the

indoor temperatures are measured at 19 °C and 20 °C respectively. The

early morning (6 am) temperature is found approximately to be 4 °C.

Then, the wall temperature values are extracted from infrared images

of both insulated and uninsulated walls. The total heat dissipated from

the external wall surface due to convection and radiation is calculated

by combining Eqs. (1) and (2),which is expressed as in Eq. (4) below

[54].

𝑃 = 5.67𝜀tot

((
𝑇
𝑖

100

)4
−
(
𝑇out

100

)4
)

+ 3.8054𝜈
(
𝑇
𝑖
− 𝑇out

)[
W∕m2] (4)

where P is the total thermal power, 𝜀tot is the emissivity on the entire

spectrum, 𝜈 is the wind speed, Ti is the wall surface temperature and

Tout is the external environment temperature. The coefficient of con-

vection is replaced with wind speed according to Jurges’ equation [54].

Considering a common brick wall, the emissivity value is assumed at

0.93 [55]; and the average wind speed is assumed to be 2m/s in this

case based on past studies [38,56]. If 1W/m
2
heat is radiated for one

hour, this will be equivalent to 1Wh/m
2
. Therefore, the total heat loss
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Fig. 2. The flow chart of the proposed method-

ology.

in any given month i through an area of one per square metre of a wall,

Pi , can be expressed as:

𝑃
𝑖
= 𝑃 × 24 ×𝐷 (5)

Where D represents the number of days in a month. In order to predict

future heat losses ANN is used in this paper and the heat losses obtained

using Eq. (5) to validate the prediction. The advantage of ANN is that

rather than calculating future heat losses using forecasted temperature

in Eq. (4), the future heat loss can be estimated quickly and thereby

eliminating the uncertainty associated with the temperature forecast.

The above calculation can be extended to determine monthly heat losses

for N years using historical climate data of that locality.

2.1. Optimum number of years to monitor a building

The variation in total heat losses in different years will depend on

the variation in weather conditions and occupant’s behaviour leading

to the question of what should be the optimum number of years (N) a

building should be monitored to estimate energy savings.

To address this, let Ei be the energy consumption of a building in a

year, where energy consumption can mathematically be expressed as a

function of weather and people’s behaviour assuming the building char-

acteristic is fixed.

Hence : 𝐸
𝑖
= 𝑓 (𝑤, 𝑏); where w is the weather condition and b is peo-

ple’s behaviour.

Let,
∑𝑁

1 𝐸
𝑖
is the energy consumption overN number of years; hence,

the average of annual energy consumption will be

∑𝑁

1 𝐸𝑖

𝑁
.

If we choose to take another number of yearsM such that𝑀 = 𝑁 + 𝑘,

where k is an integer and k≥0; then average of annual energy consump-

tion will be

∑𝑀

1 𝐸𝑖

𝑀
.

when N reaches its optimum value then the addition of further years

will not change the average annual energy consumption; or simply

∑𝑁

1 𝐸
𝑖

𝑁
=

∑𝑀

1 𝐸
𝑖

𝑀
(6)

Hence
𝑀

𝑁
=

∑𝑀

1 𝐸
𝑖

∑𝑁

1 𝐸
𝑖

=
(
𝐸1+𝐸2+𝐸3+…………+𝐸

𝑀

)

(
𝐸1+𝐸2+𝐸3+…………+𝐸

𝑁

) (7)

Let, M=N{+}k where k is the number of additional years, this
gives:

𝑁+𝑘
𝑁

=
(
𝐸1+𝐸2+𝐸3+…………+𝐸

𝑁
+𝐸

𝑁+1+𝐸𝑁+2+…………+𝐸
𝑁+𝑘

)

(
𝐸1+𝐸2+𝐸3+…………+𝐸

𝑁

)

=
∑𝑁

1 𝐸
𝑖
+
∑𝑘

𝑁+1 𝐸𝑖

∑𝑁

1 𝐸
𝑖

(8)

Simplifying Eq. (8) leads to:

1 + 𝑘

𝑁
= 1 +

∑𝑘

𝑁+1 𝐸𝑖

∑𝑁

1 𝐸
𝑖

(9)

Subtracting 1 from each side in Eq. (9):

𝑘

𝑁
=

∑𝑘

𝑁+1 𝐸𝑖

∑𝑁

1 𝐸
𝑖

(10)

Re-arranging Eq. (10) leads to:

𝑘∑

𝑁+1
𝐸
𝑖
=
(
𝑘

𝑁

) 𝑁∑

1
𝐸
𝑖

(11)

Hence from Eq. (10), as k and N are finite numbers, this makes the

equality in the equation is highly unlikely as it is almost impossible to

get identical weather condition and occupants’ behaviour due to the

stochastic and probabilistic nature of the variables to satisfy Eq. (10) .

Since by definition ∶ 𝑀

𝑁
= 𝑁 + 𝑘

𝑁
(12)

If M→∞ then N→∞ as k is a constant and hence,

lim
𝑁→∞

𝑁 + 𝑘

𝑁
= lim

𝑁→∞

𝑁

𝑁
+ 𝑘

𝑁

𝑁

𝑁

= lim
𝑁→∞

1 + 𝑘

𝑁

1
= 1 (13)

Hence from (12) an (13) this leads to
𝑀

𝑁
= 1 or simply:

𝑀 = 𝑁 (14)

From (14) it can be concluded that as long as we have any finite number

of years of monitoring the energy consumption of a building, it is not

possible to guarantee equality of Eq. (8) given the changing nature of

weather and people’s behaviour. Therefore, from Eq. (8), k should be

equal to zero. Hence only infinite number of years to monitor a build-

ing is the only guarantee to accurately quantify the energy savings and

payback period.
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Fig. 3. The implemented ANN architecture.

2.2. The implemented approach

The current case study utilises eight years of mean historical tem-

perature data of each month (from 2010 to 2017) extracted from the

online sources [57] and [58]. The calculated heat loss data is split into

two parts. First part is used for training and validating the ANN model,

and the second part is used to compare the difference between ANN pre-

diction and calculated heat losses. The first part of data set is randomly

divided as 70% for training, 15% for validation and 15% for testing,

which is the suggested settings of training and validation using Matlab

software. The ANN predicts monthly heat losses for exactly the same

number of years as the second part of data. The training and prediction

is repeated for 25 times to avoid overfitting and the mean value of 25

prediction is used to estimate the error. The error and percentage errors

are calculated using Eqs. (15) and (16), respectively.

𝑒 =
12∑

𝑖=1

(
𝑌
𝑖
− 𝑃

𝑖

)
(15)

𝑒
𝑝
= 𝑒

∑12
𝑖=0 𝑃𝑖

× 100% (16)

Here e is the error, ep is the percentage error, Y is the ANN predicted

heat loss and P is the calculated heat loss from Eq. (5). To identify the

overall performance of the ANN with different training data sets, the

whole process of ANN training and prediction is repeated six times by

gradually increasing the training data set from two to seven years. As a

result, the ANN predicts heat losses for year three to eight. For example,

when the ANN is trained with heat losses data from 2010 to 2011, it

predicts heat losses for year 2012 to 2017; when the ANN is trained

with heat losses data from 2010, 2011 and 2012, it predicts heat losses

for year 2013 to 2017 and so on.

Fig. 3 represents the ANN architecture used in this research work.

The input and the output layers contain 12 neurons each as the input

data set is composed of numerical representation of the months of the

year, for several past years, and the output provides the respective heat

losses of all those months for future years.

To determine the best architecture of the ANN, the average perfor-

mance is evaluated using 1–5 hidden layers, containing 12, 18, 24, 30,

36, 42 and 48 neurons respectively within the hidden layers. Fig. 4-

a represents the average performance of the ANN containing 1–5 hid-

den layers and Fig. 4-b represents the average performance of the ANN

with 12, 18, 24, 30, 36, 42 and 48 neurons respectively in each hid-

den layer. Absolute Percentage Error (APE) has been considered as the

performance measure of ANN which is presented in Eq. (17).

APE =
∑12

𝑖=1
||𝑌𝑖 − 𝑃

𝑖
||

∑12
𝑖=0 𝑃𝑖

× 100% (17)

The first four years’ (2010–2013) data is used to train the network

and the following four years’ data (2014–2017) is used to evaluate the

performance for both insulated and uninsulated walls. As mentioned

above, the training and evaluation is conducted 25 times to average the

variation in different iterations. It has been found as shown in Fig. 4-a,

the APE drops significantly in the region between 1 and 3 hidden lay-

ers. Then the drop is minor between 3 and 4, then he error is found to

improve for the 5 hidden layers ANN. It can be argued that 5 hidden lay-

ers could be the best option. However, the calculation time significantly

increases in case of four and five layers. Therefore, three hidden layer

architecture will be the best compromise in this case. Fig. 4-b shows that

there is no significant change in APE with the increase of neurons in the

hidden layers. However, as the number of neurons in the hidden lay-

ers are increased, the calculation time significantly increases. Previous

studies have shown that doubling the number of input neurons for the

hidden layers would achieve the best performance [59] and [60]. Based

on the above analysis and review of past studies, the ANN with three

hidden layers and 24 neurons in each layer has been carefully chosen in

this study. Hyperbolic tangent sigmoid transfer function is used in the

neurons of hidden layer and, Levenberg–Marquardt back-propagation

algorithm is used for training the network. In this paper the ANN are

used to predict the future thermal performance and Eq. (4) is used to

validate the prediction using real data.

3. The case study

An early 19th century house in the UK has been deep retrofitted

in accordance with Greening the Box
R○
design concept to reduce the

energy cost as well as the dependency on fossil fuel, aiming to minimise

greenhouse gas emissions to zero [61]. The location of the house in

aerial view is shown in Fig. 5-a, and Fig. 5-b and -c shows the plan

of the first floor and ground floor. The entrance to the house from the

street is on the north-east side. There is a solar photovoltaic array with

the capacity of 5.5 kWp on the roof of the house, which consists of nine

panels, as shown in Figs. 5-a and 6-a.

As a part of the refurbishment, all bedrooms are relocated to the

ground floor; and the kitchen, office and living room are moved to the

first floor. The south elevation of the house in Fig. 6-a shows that the

ground floor of the two-storied building is well below the adjacent street

level and the first floor is slightly below street level. Fig. 6-b shows the

entrance of the house from the east side. The house initially had an

oil-fired central heating system which has been replaced with an under

floor electric heating system and a wood burning secondary fireplace.

The solid walls of the house, before retrofit, had no insulation. To

improve the insulation of the building 200mm thick Styrofoam
TM
A has

been externally applied to the external walls as well as underneath

the concrete slab of ground floor [61]. Styrofoam
TM
A is an extruded

polystyrene foam and has very good insulating capability (R-value circa

6.45 m
2
K/W).

The cross section of the original wall brickwork and thickness of

new cladding and wood batten holding the cladding in place is shown

in Fig. 7. The thickness of the solid walls was approximately 330mm

before refurbishment resulting in a total thickness of over 500mm post-

refurbishment (Fig. 8). In order to achieve net positive solar gain, the

cumulative window area on the south elevation is increased from 3.9 m
2

to 9.3 m
2
and on the north side is reduced from 11.3 m

2
to 6.1 m

2
[64].

Therefore, the net glazed area is increased by 0.2 m
2
which is an in-

crease of only 1.32% from the initial glazed area. All the new windows

are fitted with double glazed glass. After retrofitting, the thermal per-

formance of the house is monitored using infrared thermography.
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Fig. 4. The average performance of the ANN with different number of hidden layers and neurons within each hidden layer.

Fig. 5. (a) Location of the house and roof top solar panel [source: Google map], (b) First floor layout, (Reproduced from [62]) (c) Ground floor layout. (Reproduced

from [63]).

Fig. 6. (a) South elevation of the house with entrance to the house from street level on the right hand side; (b) house entrance from the east side.
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Fig. 7. A cross-section in one of the walls showing the external insulation.

4. Result and discussion

4.1. Discussion on infrared thermography result

The infrared images of the building have shown a significant im-

provement in thermal performance due to the insulation. The visual

image (Fig. 9-a), and the infrared image (Fig. 9-b), taken from the east

side of the house, shows the position of a chimney and heat loss through

it. The bright colour of the chimney signifies the high heat loss through

the chimney with infrared radiation reaching saturation. In contrast, the

dark colour of the wall section shows that there is less heat loss through

the wall section.

According to the temperature scale on the right hand side of the

infrared image, the temperature of the chimney is around 12 °C and the

temperature of the wall section is around 5 °C. However, more detailed

analysis shows that the temperature at the top portion of the chimney is

about 30.6 °C and the temperature of the darkest part of wall is 3.6 °C.

These discrepancies are due to image saturation.

Figs. 10 and 11 show the heat loss through the walls and windows

from the north elevation. Different sections on the visual image are

shown with rectangular frames and the corresponding infrared image

of each section is indicated.

The image in Fig. 10 is taken from the north-east side of the house

and Fig. 11 from the north-west. The bright colour of the windows in the

infrared images shows the higher heat loss through the windows, and the

temperature of the window glazing is about 9 °C according to the tem-

perature scale shown on the image. On the other hand, the insulated wall

sections are darker in colour than the windows, which indicates lower

heat losses through the wall section. The wall temperature is around

5 °C according to the scale shown in Fig. 11. Fig. 12 includes visual and

infrared images taken from the south-east corner of the house, and the

infrared image reveals the heat losses through the wall and windows.

Again, the bright colour of the windows represents high heat losses and

the dark colour of the insulated wall section represents lower heat losses.

The temperatures, according to the scale given, of the window and the

wall sections are approximately 9 °C and 5 °C, respectively.

Fig. 13 includes the visual as well as infrared images of different sec-

tions of the house taken from the south side. As in the previous infrared

images, the high heat losses through the door, windows, gaps around

the door frame and chimney are represented in bright colour and the

darker colour of the insulated wall sections represent lower heat losses.

The temperature of the gap around the door frame is approximately

12 °C and the temperatures of the door and window sections are ap-

proximately 9 °C according the scale shown on the right hand side.

The wall temperature varies from 4 °C to 5 °C, on an average, in dif-

ferent places according to the same scale although the lowest tempera-

ture is found to be 3.6 °C by the infrared image. Comparing the bright

and dark sections of the infrared images and interpreting the respec-

tive temperatures from the scale associated with those images it can

be clearly recognised that the externally insulated wall significantly re-

duces heat losses.

In order to compare the thermal performance of the insulated wall

with that of a wall of similar construction without insulation, the pixel

by pixel temperature values are extracted from the infrared images of

an uninsulated building and the insulated building. The IR image of

the standard building is taken from a nearby building and at the same

time as of the retrofitted building. These values are plotted in 3D, next

to each other, Fig. 14, using Matlab. The temperature profile reveals

that the uninsulated wall’s surface temperature is around 10 °C and the

insulated wall’s surface temperature is around 4 °C. Here the average

temperature of all points in the wall sections are considered.

To further distinguish the thermal performance of the uninsulated

building and insulated building, the temperature profiles of both walls

are constructed along a line as shown in Fig. 15. Line AB is constructed

on the infrared image containing a section of the standard building and

line CD is constructed on the infrared image containing a section of

the insulated building. The temperature values at every pixel along the

lines AB and CD are extracted using Matlab. These temperature values

are then plotted against every pixel. Fig. 15 also shows the plotted curve

of surface temperature against pixel position along line AB (red) and CD

(blue), respectively. The temperature profile of line AB shows that the

wall surface temperature mostly remains between 9 °C and 10 °C. The

window-glazed section’s temperature is around 11 °C. However, there is

a sharp rise in temperature between pixels 150 and 200 possibly due to

Fig. 8. The post-refurbishment wall thickness as seen from the inside.
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Fig. 9. An infrared image showing heat loss through chimney compared to the insulated wall; (a) visual image and (b) infrared image from the east side.

Fig. 10. Thermal images of different portions

of walls and windows (infrared and visual im-

age from the north-east side).

air leakage around a window’s opening. The temperature of that portion

is 14 °C; and it is assumed that the wall sections are homogenous and

hence the average wall temperature is considered. Comparing with the

early morning ambient temperature (4 °C) it is clear that the wall and the

window of the standard building are radiating more heat. Conversely,

wall surface temperature of the insulated building, which is close to

ambient temperature, establishes the fact that there are very minor heat

losses through the wall.

As the surface temperatures of the doors and windows of the in-

sulated building are higher than the ambient temperature, it will be

expected that the heat losses in the insulated building occur mainly

through doors and windows. In contrast, the temperature profile of line

CD indicates that the wall surface temperature of the insulated building

remains between 4 °C and 6 °C and, the double-glazed window section’s

temperature is between 8 °C and 9 °C. The typical temperature values of

wall and window sections extracted from different infrared images are

summarised in Table 1.

To further understand the effect of insulation during summer, the

internal and external temperatures of the house are recorded from 4th

June to 10th June 2011. The internal temperature profiles of the three

Table 1.

Typical temperature values of wall and window sections extracted from different

infrared images.

Elevation of

image

Wall temperature

(°C)

Window

temperature (°C)

Insulated

Building

East 5 9

North east 5 9

North west 5 9

South east 5 9

South 4 9

Uninsulated

Building

– 10 11

bedrooms, kitchen, living room and office are shown with the exter-

nal temperature profile for the above mentioned seven-day period in

Fig. 16-a to -f, respectively.

The maximum temperature, minimum temperature, average temper-

ature and the range of variation in temperature for each case are shown

in Table 2. It is found from the table that, in spite of the large variation
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Fig. 11. Thermal images of different portions

of wall and windows (infrared and visual image

from north west side).

Fig. 12. The heat loss through windows (infrared and visual image from south east side).

in external temperature, the internal temperature shows a lower diurnal

variation in all rooms. Fig. 16-a, b and c shows that all three bedrooms

have lower variation in temperature than the living room, office and

kitchen. This is for three reasons. Firstly, the ground floor rooms are

less exposed to solar irradiation and, as a result, the heat gain is lower

than the upper floor.

Table 2 also reveals that the maximum and minimum temperatures

of all three bedrooms are lower than those rooms on the first floor. Sec-

ondly, the bedrooms are likely to be occupied during the night only

(typically about 8 h), with sleeping occupants, and therefore the in-

ternal heat gain is low. Fig. 16-d–f shows the temperature variation in

the kitchen, living room and office respectively. They have higher fluc-

tuation in internal temperature compared to the bedrooms. The high-

est variation in temperature is found in the kitchen and this is most

likely because of cooking activities. The living room and office tend to

be mostly occupied during the daytime and evening hours, hence the

internal heat gain is higher than those of the bedrooms. A third possible

reason is the natural buoyancy of warm air, which means that the first-

floor rooms will tend to be warmer than those on the ground floor. In

addition, the larger area of windows could also influence the heat gain

during daytime. Furthermore, the temperature variation in bedroom 1

and bedroom 2 are slightly higher than that of bedroom 3 as bedroom

1 and bedroom 2 are south facing (Fig. 5-c) and hence more exposed to

solar irradiation. This could be also a reason for the higher temperature

in the upper floor as the three rooms in the upper floor have more ex-

posure to the external environment within the south side (see Fig. 5-b).

With the large variation in external temperature, the overall variation

in internal temperature remains small and this indicates that insulation

of the heavy masonry significantly contributes to maintain a steady in-

ternal temperature. It is observed in Fig. 16-b and -c that the internal

temperature of bedroom 2 and bedroom 3 remain lower than the exter-

nal temperature in the afternoons of 4th and 5th June. Hence, it can be

said that a well-designed insulation in some cases could prevent houses

from being extra warm in summer months as well. Using the maximum

values of wall temperature from Table 1 in Eq. (4), the estimated heat

losses through the uninsulated wall is about 45.62W/m
2
and the esti-

mated heat losses through the insulated wall is about 7.61W/m
2
. The

data in Table 1 shows that at 4 °C ambient temperature, the insulated

wall surface temperature is 5 °C and the uninsulated wall surface tem-

perature is at 10 °C. Assuming the room temperature to be at 20 °C for

both buildings throughout the year, the external wall temperature of

353



A. Al-Habaibeh, A. Sen and J. Chilton Energy and Built Environment 2 (2021) 345–365

Fig. 13. Thermal imaging of different portions

of walls and windows (Infrared and Visual im-

age from south side).

Fig. 14. The 3D temperature profile of a standard building versus the insulated deep-retrofitted building.

354



A. Al-Habaibeh, A. Sen and J. Chilton Energy and Built Environment 2 (2021) 345–365

Fig. 15. Temperature profiles across the two

buildings.

Table 2.

The maximum, minimum and average temperatures of external environment,

bedroom 01, bedroom 02, bedroom 03, kitchen, living room and office, from

4th to 10th June 2011.

Rooms Maximum

temperature

(°C)

Minimum

temperature

(°C)

Average

temperature

(°C)

Range of

variation ( °C)

External 20.34 5.88 13.54 14.46

Bedroom

01

20.92 18.87 20.03 2.05

Bedroom

02

20.20 18.38 19.36 1.82

Bedroom

03

19.31 17.76 18.63 1.55

Kitchen 22.27 17.71 19.98 4.56

Living

Room

22.11 19.07 20.73 3.04

Office 23.58 19.16 21.56 4.42

both walls will be similar to the ambient temperature when the ambi-

ent temperature rises to 20 °C in summer. It is assumed in the analysis

that double-glazed windows have the same performance for both build-

ings and there will be no air-conditioning.

The walls’ temperature for both buildings relative to different am-

bient temperatures can be obtained by using interpolation within this

range as shown in Fig. 17. The outdoor temperature varies day to day

as well as at different times during the same day. To even out this vari-

ation, the hourly temperature of each day for a whole month is aver-

aged and that monthly average temperature is used in this study. Con-

sidering the average temperature for each month during that year ex-

tracted from historical temperature data of that locality, and estimat-

ing wall temperature for both buildings from Fig. 17, the net differ-

ence in heat losses between the two buildings are estimated in Table 3

using Eq. (5).

As the total heat loss through a building’s wall depends on the size

and shape of that building, heat loss per square metre has been consid-

ered to compare between insulated and uninsulated walls. Table 3 shows

the heat loss through walls of the insulated and uninsulated building

for each month as well as the difference in heat losses between the two

buildings. According to Table 3, the energy savings due to retrofitting

for 1 m
2
of wall area is 177.10 kWh. Therefore, the energy savings for

a typical three bedroom house with 120 m
2
of wall area exposed to ex-

ternal environment will be 177.10 kWh∕m2 × 120m2 = 21, 252 kWh. This
implies around £2741.51 per annum of savings in electricity bills at a

rate of 12.90 pence/kWh excluding VAT or, around £612.06 per annum

of savings in gas bills at a rate of 2.88 pence/kWh excluding VAT for

the household during winter [66].

4.2. . ANN prediction of heat losses and energy savings

The predicted heat losses for the years 2015, 2016 and 2017 by the

ANN, that has been trained with the calculated heat losses of years 2010

to 2014, are shown in Fig. 18. Fig. 18-a, c and e represents the calculated

and predicted output of the ANN for the heat loss profiles through the

insulated wall for the years 2015, 2016 and 2017 respectively. Fig. 18-b,

d and f represents similar profiles of heat losses through the uninsulated

wall for the above-mentioned years. It has been found from Fig. 18-a

and b that the ANN predicted the heat losses at higher levels than the

calculated heat losses in December 2015 for both types of wall. The local

historical temperature map, as in Fig. 19, shows that 2015 has experi-

enced a warmer December than the previous 5 years; hence, the calcu-

lated heat losses in December 2015 are less than that of the past 5 years.

As ANN learns the features of the training data, it predicts higher heat

losses than the calculated values based on the past 5 years of training

data. However, 2016 and 2017 experienced cooler December than 2015,

and the ANN predicted heat losses of those periods at a closer level. Now,

the ANN is trained with heat losses data of years 2010 to 2015 and the

prediction is made for years 2016 and 2017 for both types of walls, as

shown in Fig. 20. The predicted profiles have shown a significant drop

in heat losses in December 2016. However, with the inclusion of heat

losses data from year 2016 for training, the predicted heat losses for De-

cember become very close to the calculated heat losses, see Fig. 21. It is

also noticed that in all profiles of Fig. 18 that there is a small peak in the
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Fig. 16. The external and internal temperature profiles of

the building from 4th June to 10th June 2011: (a) external

temperature vs bedroom 01, (b) external temperature vs bed-

room 02, (c) external temperature vs bedroom 03, (d) ex-

ternal temperature vs kitchen, (e) external temperature vs

living room, (f) external temperature vs office. (reproduced

from seminar presentation of “Greening The Box
TM
– Retrofit

of Hard to Treat Housing” by John Chilton and Amin Al-

Habaibeh at Nottingham Trent University [65].

profiles of ANN predicted heat losses in August. According to Fig. 19,

the average temperature in August in 2015 and 2016 is found higher

than the average of the previous 5 years. As a result, the calculated

heat losses in year 2015 and 2016 are less than those of the previous 5

years during August. This is not reflected in the ANN prediction of heat

losses because ANN depends on the data pattern of the training data

set. The temperature in August of 2017 is found to be near the average

temperature in August of the years 2010 to 2014; and hence, the ANN

predicted similar heat losses in August when compared to the calculated

values (see Fig. 18-e and f). The inclusion of further heat losses data from

years 2015 and 2016 for training has altered the situation, where the

predicted heat losses are closer to the calculated heat losses for the year

2016 and less than those for the year 2017 (Figs. 20 and 21). There are

further aberrant predictions found in September 2017 as in Fig. 21. This

is due to adding the heat losses data from the year 2016 in the training

data set. The month of September in 2016 is found to be the warmest

amongst all Septembers from year 2010 to 2016. Hence, the calculated

heat losses for September 2016 is the least amongst all other Septembers
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Fig. 17. The relationship between the external

ambient temperature and external wall temper-

ature.

Table 3.

The estimated heat loss through insulated and uninsulated walls in different months of a typical year.

Month Average external

temperature (°C)

External wall temperature (°C) Heat loss (kWh/m
2
) for whole month Difference in heat loss

(kWh/m
2
) for the month

Insulated building Uninsulated building Insulated building Uninsulated building

Jan 4.50 5.47 10.31 5.49 32.91 27.42

Feb 7.00 7.81 11.88 4.16 24.93 20.77

Mar 7.40 8.19 12.13 4.46 26.76 22.30

Apr 12.70 13.16 15.44 2.50 15.00 12.50

May 13.20 13.63 15.75 2.41 14.44 12.03

Jun 14.90 15.22 16.81 1.75 10.48 8.73

Jul 16.00 16.25 17.50 1.42 8.49 7.07

Aug 16.20 16.44 17.63 1.34 8.07 6.73

Sep 15.60 15.86 17.25 1.51 9.04 7.53

Oct 13.00 13.48 15.63 2.48 14.87 12.39

Nov 10.50 11.09 14.06 3.25 19.52 16.27

Dec 6.80 7.63 11.75 4.67 28.03 23.36

Total 35.44 212.54 177.10

in that period. The ANN replicates this feature in the prediction of heat

losses for 2017′s September; and hence, elicit noticeable differences.

From the analysis of above figures, it has been found that ANN pre-

dictions of heat losses for both insulated and uninsulated walls show

good agreement with the calculated heat losses in most of the cases,

though there are some nonconformities in some predictions. These non-

conformities arise due to the variation in the calculated heat losses data,

which is not exactly featured by the training data sets. Furthermore, the

position of predicted curves in Figs. 18, 20 and 21 versus the training

data confirms that there is no overfitting in the prediction process.

Fig. 22 represents the comparison between the calculated yearly heat

losses and ANN predictions of yearly heat losses with different training

data sets for the insulated and uninsulated walls. As data from 2010

to 2011 are used for training, no predictions are possible for those two

years. The highest number of predictions are made for 2017 as this is

the only year that is not included in the training process. It is noted in

Fig. 22 that the ANN predicted heat losses are slightly higher than the

calculated ones in 14 out of 21 cases for each wall type, which signi-

fies the tendency of ANN to overestimate the heat losses in this case.

However, one consistency that is also noticed from both figures that

if the ANN overestimates the heat loss for the insulated wall, it also

overestimates the figure for the uninsulated wall; and similarly for the

underestimation process. This is also noted in Fig. 23, which shows the

percentage error (ep) in the prediction made by the ANN with different

training data sets. The direction of the error is the same in each case

for both walls. Fig. 23 also reveals that the range of error for the in-

sulated wall is −13% to +15%, and for the uninsulated wall is −14%
to +17.5%. The uninsulated wall has higher error range than the insu-

lated wall, as the heat losses for the uninsulated wall are much higher.

Considering the highest limit of error range, it can be said that the ANN

can predict heat losses through building’s wall with at least 82.5% ac-

curacy regardless of the wall type and training data size. However, the

pattern of percentage error is not conclusive enough to identify the type

of wall. Fig. 24-a represents the absolute values of percentage error (|ep

|) in each year’s predictions for the insulated and uninsulated walls and

Fig. 24-b represents the average |ep | per year of the predictions made

by the ANN with different training data sets. From these two figures, it

is observed that there is no correlation between the prediction error and

the size of the training data set. For instance, if we consider year 2017

in Fig. 24-a, the percentage error of the ANN trained with three years

of data is higher than that of the ANN when trained with two years of

data. However, the percentage error of the ANN trained with five years

of data is less than that of the ANN when trained with four years of

data. The percentage error again rises when the ANN is trained with six

years of data followed by a drop when it is trained with seven years

of data. Fig. 24-b also conveys similar information as the absolute per-

centage error per year is found higher for the ANN when trained with

three years of data than for the ANN trained with two years of data. On

the other hand, the absolute percentage error per year becomes less for

the ANN trained with five years of data than for the ANN trained with
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Fig. 18. The comparison between calculated heat loss and ANN simulated heat loss through the insulated and uninsulated wall for years 2015, 2016 and 2017.
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Fig. 19. The historical monthly average tem-

perature map from year 2010 to 2017 of that

locality.

Fig. 20. The comparison between the calculated heat loss and ANN predicted heat loss through the insulated and uninsulated wall for years 2016 and 2017.
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Fig. 21. The comparison between the calculated heat loss and ANN simulated heat loss through the insulated and uninsulated wall for the year 2017.

Fig. 22. The comparison between the calculated yearly heat losses and ANN predictions of yearly heat losses with different training data set for (a) insulated wall;

and (b) uninsulated wall.
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Fig. 23. The percentage error in the ANN predicted yearly heat losses with different data set for (a) insulated wall; and (b) uninsulated wall.

four years of data. Again, the percentage error per year rises when the

ANN is trained with six years of data. It is also noticed that the abso-

lute percentage error for the uninsulated wall is higher than that of the

insulated wall in majority of cases.

Due to global warming, ambient temperature prediction tends to be

less accurate, and this phenomenon influences the prediction of the en-

ergy loss because heat losses of a building have a direct relationship with

ambient temperature. Considering the change in ambient temperature

by ±1 °C, the percentage error in the ANN prediction is summarised in

Fig. 25-a and b for the insulated and uninsulated walls respectively. If

the environmental temperature decreases or increases by 1 °C, then the

actual heat loss will be more or less than that of normal situation respec-

tively. Hence, it is revealed from the above figures that the percentage

error in prediction of the ANN ranges between −20.68% and +29.68%

for the insulated wall and between −20.48% and+33.32% for the unin-

sulated wall. Again, the percentage error is higher for the uninsulated

wall than that of the insulated wall because of the higher level of heat

losses. Considering the effect of global warming, the minimum accuracy

of the ANN prediction will drop from 82.5% to 66.68% in case of ±1 °C
change in ambient temperature. It is worth mentioning that monitoring

a building for a year or more before and after retrofitting to estimate

the benefits could be time consuming and expensive. Particularly with

the variation in weather conditions and people’s behaviour, as we have

seen mathematically. Therefore, in this paper the proposed approach

has utilised a simplified and a rapid method to evaluate the benefits

using key parameters, infrared thermography and deep learning neu-

ral networks. This should provide a tool to encourage the owners of

non-insulated buildings to assess the benefits of insulation to improve

thermal insulation.

5. Limitations and assumptions of the simulation technique

Buildings go through complex environmental and weather condi-

tions as well as significant variation in occupants’ behaviour. Given

such complexity, it will be difficult to provide exact figures about en-

ergy savings regardless of the efforts used in the simulation and real

data analysis. Therefore, the authors acknowledge such limitations and

have assumed some average values of the environmental parameters to

estimate energy savings. For example, wind speed and direction vary

greatly over time; and hence an average value estimated from previous

studies have been used. The effect of thermal bridges is ignored, as nor-

mally the area of any thermal bridging will be small when compared

to the area of whole wall to influence the overall heat loss. Hence the

effect of thermal bridges is not considered during this comparison pro-

cess. An assumption is made that heating will be switched on when the

ambient temperature below 20 °C. This might have its own limitations

since during summer, the temperature falls below 20 °C at night but the

heat losses in most cases are offset by daytime solar gain. Therefore, in

most cases no space heating is used in the UK during that period of the

year. We have assumed heating will be on at any time when the ambi-

ent temperature is below 20 °C for the payback period calculations. As

discussed in this paper, mathematically the number of years should be

infinite (i.e. life-time monitoring to achieve accurate comparison for the

effect of insulation and the payback period).

6. Conclusion

Tomeet the goal of the UK Government’s Climate Change Act (2008),

reduction in energy consumption should have priority over the reduc-

tion in carbon emission at the source of energy production [67]. Heat-

ing and air-conditioning is responsible for the major part of energy con-

sumption in buildings. Insulation can play a significant role in improving

thermal performance of buildings by restricting heat losses and reducing

energy consumption for heating and air-conditioning. The key conclu-

sions of this work are as follows:

• As demonstrated by the estimated monthly heat losses given in

Table 3, there is a potential for annual energy savings of about 80%

for the retrofitted and externally insulated building when compared

to an equivalent uninsulated building.

• Infrared thermography is a very effective tool in evaluating build-

ings’ thermal performance. The results of the case study presented

in this paper show a very good agreement with that.

• It is demonstrated from the weeklong monitoring of indoor and out-

door temperatures that insulation could aid in maintaining a steady

indoor temperature during summer as well as during the heating

season.

• The novel use of ANN combined with infrared thermography data is

found to be capable of predicting future heat losses with over 82%

accuracy regardless of wall type and training data size.

• The heat loss predictions can be used to estimate future energy sav-

ings due retrofitting; and consequently, rationalise the investment

on retrofitting in terms of savings on energy bills. Hence the sug-
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Fig. 24. The percentage error in the ANN predicted yearly heat losses through insulated and uninsulated wall, (a) absolute values of percentage error; and (b)

averaged absolute value of percentage error per year.
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Fig. 25. The percentage error in the prediction of the ANN if the temperature is changed by ±1 °C, (a) insulated wall; and (b) uninsulated wall.

gested novel approach provides a tool for rapid analysis of energy

savings for communities.

• The use of infrared thermography combined with ANN can support

architects and energy consultants to rapidly evaluate the effective-

ness of wall insulation for a particular locality without using expen-

sive energy simulation software.

• In order to accurately estimate the energy savings from insulation,

this paper has provedmathematically that a life-longmonitoring will

be needed.

Simplicity and practicality of this novel approach to characterise

buildings’ energy performance is the key objective of this paper. Real

buildings in real world are affected by variable wind speed, variable sun
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position and people’s behaviour. Hence, monitoring the same building

over several years will most likely to lead to different results in any case.

Using a simplified model with some given assumptions will provide suf-

ficient information and data estimation about the potential performance

of a building and enable modelling the main factors that influence its

thermal behaviour. In this way, it will produce a reasonable comparison

in relatively a short period of time by focusing on the insulation factor.
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a b s t r a c t

The use of phase changing materials (PCMs) for energy storage has been in the focus of scientific research for a while, primarily focusing on building cooling/heating

applications due to favourable melting temperature ranges. In this paper we simulated the suitability of encapsulated Paraffin Wax on a small scale in a low

temperature thermal energy storage system using COMSOL Multiphysics. Heat absorption and heating dynamics were analysed for different inlet designs and

velocities, and the thermal gradient was evaluated across the tank geometry in a number of charging scenarios. Results show that paraffin wax proves to be a good

storage medium based on its fast charging and good latent heat absorption. The study found that although an addition of a second inlet to the system yields higher

final temperatures and improves the heat transfer rate, it does so minimally and therefore is not notably beneficial. Both designs follow the same heating dynamics

independently on the final temperatures. Lastly, higher or lower velocities benefit the system based on the design.

1. Introduction

Energy storage is an essential component of any renewable energy

system due to the intermittent character of these technologies. In times

of high demand, where the sun is not shining and the wind is not blow-

ing, the existence of a backup energy supply with easy and fast access is

necessary. Heating and cooling demands account for almost half of the

final energy consumption globally and since majority is based on the use

of fossil fuels, it contributes to 40% of global carbon emissions [1]. Ther-

mal Energy Storage (TES) system can be generally split into low grade

and high grade. High grade energy storage allows for efficient transfor-

mation and utilisation of energy, typically employed in power systems

or electricity generation. There is a lot of unexplored potential in stor-

ing heat combined with renewables, thus, low grade TES are presented

as a potential solution. The aim of this study is to evaluate paraffin’s

suitability as a phase changing material (PCM) for two 2D tank designs

using numerical methods in the software COMSOL Multiphysics.

The majority of research focuses on sensible heat and latent heat, or

the combination of the two. Sensible heat is denoted by the system being

added or subtracted heat without the presence of a phase change. The

materials store the heat energy in their specific heat capacity per degree

changed, in this case per degree increased [2]. It can be expressed as the

following:

Q = m ∗ Cp ∗ ΔT (1)

Where Q is the total energy [kJ], m is mass [kg], Cp is specific heat

capacity [kJ/kgK] and ΔT is the change in temperature [K].
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Sensible heat stored is therefore proportional to density, volume, spe-

cific heat and change in temperature. Storage medium can be further

categorised into liquid (water, mineral oils, molten salts, etc.) or solid

(rocks, concrete, sand, etc.). Liquid mediums favour buoyancy and help

create a thermal gradient, but cause leaking and vapour pressure issues.

Solid ones do not have these issues and are low cost, yet have lower

heat transfer efficiency [3]. Sensible systems generally offer advantages

such as high thermal conductivity and low cost, making them ideal for

domestic usage [4].

In terms of their operating temperatures, they depend mainly on the

application of the TES and the available space. Refrigeration cycles and

cooling systems range from roughly -20°C to 10°C. Common temper-

ature ranges for medium temperatures lie between 20°C and 90°C and

are typically implemented in small scale or domestic systems. Operating

temperatures usually do not surpass 100°C [5,6]. These require different

materials to those employed in the high temperature systems [7]. For

example, thermal energy storage paired with concentrated solar devel-

opment utilises molten salts with operating temperatures ranging from

approximately 300 to 500°C [8]. Although molten salts are commonly

used working fluids in sensible heat systems, they do they can also be

used as storage materials when melted. Phase change, however, is com-

monly associated with latent heat systems.

Latent heat systems focus on heat absorption at the phase change of

the material, where they absorb energy as their latent heat of fusion.

Advantages of latent heat systems include the high energy density and

narrower operational temperature range [9]. They usually combine well

with low temperature applications as these require less volume for a

higher output and low-grade systems tend to have more limited space
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[10]. For charging, which is the focus of this study, the medium state

changes from liquid-gas (evaporation), solid-liquid (melting) and solid-

solid [3]. For solid-solid, the internal molecular arrangement of the solid

turns from a crystalline structure to an amorphous after it reaches phase

transition temperature [11].

Although liquid-gas systems have higher latent heat phase transition,

they also carry large changes in volume and pressure, which adds to the

cost and complexity of the system. Solid-liquid have previously proved

to be the economically attractive solution and they experience small

changes in volume of 10% or less. Solid-solid is becoming more popular,

its interest is increasing, yet its opportunities and applications are still

being discussed, which limits the amount of experimental data available

[11]. The general equation for such systems is as follows:

Q = m
[
Cp1 ∗ ΔT + L + Cp2 ∗ ΔT

]
(2)

Where Q is the total energy [kJ], m is mass [kg], Cp1 is specific heat

capacity of the first phase [kJ/kgK], L is the latent heat energy [kJ/kg],

Cp2 is specific heat capacity of the second phase [kJ/kgK] and ΔT is the
change in temperature [K].

From a materials perspective, latent heat systems include organic

ones (paraffins or fatty acids), inorganic (salt hydrates, low melting met-

als) and eutectics [12]. Fatty acids and paraffins are used in low grade

systems and there is significant research done about their favourable

properties as TES materials. Paraffins are suited due to their flexibility

in extending their polymer chains for different melting temperatures, be-

cause they are safe, non-reactive and they have little to no supercooling

[13]. Fatty acids tend to have higher latent heat of fusion, good chemi-

cal stability, and are sustainable as they are derived from vegetable and

animal oils [14]. Nevertheless, they are flammable and roughly three

times more expensive than paraffin [15].

Sharma et al. [16] comment on the suitability of capric acid, lau-

ric acid, myristic acid, palmitic acid and stearic acid as PCMs for a

2D theoretical model using a shell and tube heat exchanger. They state

fatty acids have favourable properties such as melting congruence, good

chemical stability and non-toxicity.

Fauzi et al. [17] combine various fatty acids to create two kinds

of eutectic mixtures to be cycle tested experimentally for their ther-

mal reliability. The mixtures are myristic acid/palmitic acid/sodium

myristate (MA/PA/SM) and myristic acid/palmitic acid/sodium palmi-

tate (MA/PA/SP), and the authors claim these show good perfor-

mance applicable for TES in domestic usage such as domestic water

heating.

Kant et al. [18] studied the performance of five different fatty acids

(capric acid, lauric acid, myristic acid, palmitic acid and stearic acid)

in aluminium containers for a 2D numerical simulation based on finite

element analysis in COMSOL Multiphysics. Their results show reports in

terms of melting fraction, temperature variation and transition of solid-

liquid interface. They conclude that the maximum energy is stored by

stearic acid and the minimum for capric acid under the same boundary

conditions.

Nazir et al. [19] prepare a total of ten mixtures of fatty acid based

eutectics for solid-liquid low to moderate temperature latent heat TES.

They combine Palmitic acid, myristic acid, stearic acid, lauric acid and

commercial PureTemp68 to create materials with lower operating tem-

perature and higher latent heat. Results reveal the melting points range

from 27 to 75°C approximately, with the latent heat ranging from 127 to

210kJ/kg, making them suitable for solar water heating, thermal man-

agement in buildings, space heating applications etc.

In regards to paraffin, Pagkalos et al. [20] compare and evaluate

the use of PCM A44 (a paraffin) and water as thermal energy storage

materials using a numerical approach. The domain created is a 2D ax-

isymmetric computational one, simulated in ANSYS. The parameters in-

vestigated were the energy stored inside the material, the temperature

of the HTF and the temperature of the storage medium. Results show

the PCM A44 stores approximately 4 times more energy than water, yet

water charges the system roughly 3 to 3.9 times (depending on the tube

length) faster than the paraffin.

He et al. [21] investigate the performance of a water TES tank with

encapsulated paraffinwax in a packed bed design compared to a conven-

tional water TES tank. They have an experimental setup which consists

of a cylindrical tank with a conical bottom which is 1.1m in height and

has a 0.9m diameter. Results indicate larger energy storage density with

the added PCMs, but longer charging time. Furthermore, when operat-

ing at the same flow rate, the stratification was also worse for the PCM

tank, yet the influence of flow rate on a PCM filled tank was greater,

which can be useful in applications with small flow rate.

Kousksou et al. [9] present an analysis of six paraffin types, with

air as a working fluid, for a cylindrical tank. They conclude that the

efficiency of the system increases with increasing the inlet velocity and

decreasing the melting temperature of the PCMs.

Aldoss et al. [22] also provide a study involving the combination of

three paraffin types with increasing melting temperatures in a packed

bed. These paraffins are waxes denoted as PCM40, PCM50 and PCM60

based on their phase change temperatures. They propose the use of

multi stage PCM designs to increase the performance of the system and

conclude that, whilst adding a second stage to the TES significantly in-

creases the melting temperature distribution in the charging process,

three or more stages provide a less significant improvement. From a

practical and economical point of view it is deemed inadvisable.

Focusing on the design of the system itself, these can fall under three

main categories: single-tank, two-tank and heat exchangers. Commonly

used heat exchangers include shell and tube ones [23,24], where some

are enhanced with fins [25]. Single and two-tank can contain fluid ma-

terials in them or can be packed solid or encapsulated materials. A

two tank system will use both tanks for separate hot and cold storage,

whereas the single tank can use a thermocline to divide the hot and

cold sections, or be used only for one (heating/cooling) and recharged

as needed. The majority of research is done regarding cylindrical tanks

[4,21,22,26], but some have been known to use rectangular tanks too

[27,28]. Amongst other publications, there are a significant amount of

studies regarding two-tank TES [29,30], but some authors argue that

using a single tank over a two-tank system can positively decrease and

save up to 35% of the system’s capital costs [31,32].

For systems including tanks, an important parameter is the ratio

between the length (L) or height (H) and diameter (D). Yang et al.

[32] state cycle efficiency is improved with larger length ratios and

higher tanks, adding that the tank height will directly influence temper-

ature transition and output temperatures. They also add that a shorter

tank will have a sharper temperature gradient and heat exchange zone

compared to a taller tank. Angelini et al. [33] in their 14m height and

23.7m diameter tank design, found that stratification is improved in a

high aspect ratio tank of height over diameter.

Klein et al. [34] consider various aspect ratios of 1, 2, 3, 4 and 5 (L/D)

for their single tank packed bed. For each of these, four particle diame-

ters (10, 16, 25 and 50mm) are also simulated. They conclude that for

each analysed storage configuration the level of stored energy increased

when increasing the aspect ratio and decreasing the particle diameter.

Talukdar et al. [35] look into PCM for a finned heat exchanger TES in

an energy backup system. They investigate several thicknesses (4.5cm,

5.0cm, 5.5cm, 6.0cm, 6.5cm and 7.0cm) for the PCM pack and model

3D computational fluid dynamics (CFD) simulation for both charging

and discharging. They find that a pack of 6.5cm thickness with a higher

number of fins solidifies faster, and has higher energy storage capacity

and heat flux during melting.

Zanganeh et al. [36] assess the effect of operational and design pa-

rameters, such as diameter to height ratio, cone angle and particle di-

ameter, on the performance of a thermocline TES based on a packed

bed. The tested angles are 0, 10, 20 and 30° (all for a tank height of

25m), the different selected diameters are 10, 25 and 40mm (again for

a 35m height tank) and the aspect ratios include 0.5, 0.75, 1, 1.25,

1.5, 1.75 and 2. The tank height for the different ratios varies from
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Fig. 1. The two design types which are analysed

in this paper.

Fig. 2. Three positions across the tank where the temperature

will be recorded.

approximately 20 to 50m, whereas the diameters range from 25 to 40m

roughly. They conclude that increasing the tank cone angle lowered the

final discharge outflow temperature but raised the thermocline, allow-

ing a smaller height. Decreasing the rock diameter resulted in a strong

increase in pumping losses but a decrease in the drop of the final out-

flow temperature. Increasing the D/H ratio decreases the pumping losses

but caused the final discharge outflow temperature to drop and thermal

losses to increase.

This investigation focuses on the effect of the inlets on the heat dis-

tribution across the length of the tank for three different positions. The

choice for a single cylindrical tank was due to it decreasing the cost of

the system compared to other designs. Paraffin was chosen as the stor-

age medium due to its vast flexibility in terms of melting temperatures

and the cost advantage over the fatty acids. A square tank with an aspect

ratio of 1 was investigated, as there is a limited amount of research done

on such systems. The PCM size of 25mm diameter was based on the ar-

ticle by Dong et al. [37] where the macroencapsulation for octadecane

paraffin was carried out in a hollow steel ball of 22mm outer diameter.

2. Methodology

In this study we explored the possibility of a solid-liquid setup, with

paraffin as the material, for a latent heat thermal energy storage system.

Water was chosen as the heat transfer fluid (HTF) due to its suitable ther-

modynamic properties and the system operating temperature range. A

packed bed design containing PCMs in encapsulated spheres was sim-

ulated, and the heating dynamics and influence of the various thermal

and design parameters were evaluated.

2.1. System parameters

The system consists of a 2D symmetrical single cylindrical tank do-

main, of 0.5m in height and diameter, packed with a set of 19 × 17

encapsulated spheres containing the selected PCM. The tank frame is

0.025m thick and the capsule is considered thin and negligible, with

the sphere radius of 0.0125m. The HTF enters the system at a constant

temperature of 90°C. The inlet velocities studied were 0.1m/s, 0.05m/s

and 0.01m/s. The system initially starts with still water inside the tank

at an ambient temperature of 20°C.

The main area of interest is the heating dynamics of the system and

how it is affected by tank design, HTF velocity and PCM material prop-

erties. Two different designs were analysed, shown in Fig. 1, where the

PCMs are denoted as the blue square, the inlet is the top light blue line

and the outlet is the bottom green line. Design A consists of a single inlet

and outlet, both 0.12m in length. Design B consists of two inlets and a

single outlet, all with dimensions 0.12m.

The temperatures were monitored at three selected positions: at the

centre sphere, the top left sphere and the bottom left sphere, and the

overall thermal gradient was recorded across the tank, as shown in

Fig. 2.

The system mesh is generated by the software and was set to be

extremely coarse and physics controlled, with approximately 138,000

mesh elements (mostly triangular prisms), as shown in Fig. 3.
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Fig. 3. Physics generated 2D system mesh (COMSOL Multi-

physics).

Table 1

Selected PCM for the study and its relevant properties [38].

Phase Changing

Material (PCM)

Melting point

(T
m
)°C

Latent Heat of Fusion

(L) kJ/kg

Density

Solid / Liquid

(𝝆
s
/𝝆

l
) kg/m

3

Thermal Conductivity

Solid / Liquid

(k
s
/k

l
) W/mK

Specific Heat Capacity

Solid / Liquid

(c
ps
/c

pl
) J/kgK

Paraffin Wax 55.55 190.0 825/755 0.230/0.200 2200/2100

2.2. Boundary conditions and assumptions

The 2D simulation is run in COMSOL Multiphysics for 30 simulation

minutes at 1 minute intervals. The model uses the “Laminar Flow” and

“Heat Transfer in Fluids” physics, alongside the “Nonisothermal Flow”

multi-physics. The mesh was approximately 140,000 mesh elements,

mostly triangular prisms. The heat transfer problem was solved using

the heat equation for non-uniform isotropic mediums and Fourier’s law:

𝜌𝐶
𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶

𝑝
𝑢 ⋅ ∇𝑇 + ∇ ⋅ 𝑞 = 𝑄 + 𝑄

𝑝
+ 𝑄

𝑣𝑑
(3)

𝑞 = 𝑘∇𝑇 (4)

Where 𝜌 is density, Cp is the heat capacity at constant pressure, T

is temperature, t is time, u is velocity, q is the heat flux, Q is the heat

source, Qp is heat pressure work, Qvd is heat viscous dissipation and k

is the thermal conductivity.

The boundary conditions in the wall are no slip and the tangential

velocity is equal to zero. The inlet is a fully developed velocity profile,

whilst the outlet boundary condition is set to pressure, where initial

pressure is zero and the model suppresses backflow. The HTF is mod-

elled as laminar and incompressible, and materials are assumed to be

homogeneous and isotropic. There are no heat transfers or losses due to

radiation and the outside of the tank is perfectly insulated. Lastly, the

spheres are modelled as circles that do not undergo deformation.

The tested PCM was Paraffin Wax. The relevant properties are pre-

sented in Table 1:

2.3. Model validation

This model was validated using data from the publication by Elouali

et al. [39] as shown in Fig. 4. The figure below shows the plot for a

single phase model packed bed solid storage design, which uses pebbles

as the storagemedium. The COMSOLmodelled system shows results that

are in good agreement with Elouali et al. with the average deviation in

temperatures being 5%.

3. Results and discussion

3.1. System design

As the HTF enters the tank, the spheres closest to the inlet will nat-

urally heat up the fastest. Hence, the fastest charging positions are the

top ones, for both designs (seen in Fig. 5). Nonetheless, all spheres will

all commence heating up and absorbing heat as sensible heat, as shown

by the constant increase in temperature seen in the lines between 0 and

7 minutes (approximately). After this, the phase change of the paraffin

happens, where it absorbs the latent heat as denoted from the horizontal

line from 7 to 17minutes (approximately). Finally, the system again fur-

ther absorbs sensible heat and curves as it reaches the HTF temperature
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Fig. 4. Model validation carried out based on the work

carried out by Elouali et al.[39].

Fig. 5. Temperature vs time graphs for both designs at a velocity of 0.1m/s.

of 90°C. This happens for all positions and for both designs, meaning

the heating dynamics are not affected by these parameters.

The difference in temperature between the top, centre and bottom

spheres after 30 minutes is almost negligible. Again, this is the same for

both designs, A and B, where the charging time is essentially the same

and the difference in temperatures has a maximum difference 5°C with a

minimum of 1°C. Also, Design B reaches higher final temperatures than

Design A, except these temperatures are in very close proximity to each

other, which make the difference almost irrelevant. This therefore con-

cludes that the extra inlet is not advisable, as the single inlet is simpler

and more cost effective design.

Fig. 5 below shows both designs, for a set velocity of 0.1m/s, for all

positions. Furthermore, the velocity profiles were different between one

design and the other as can be seen in Figs. 6 and 7, where it is seen

that the addition of the second inlet allows for faster flow and increased

velocity on the system and between the encapsulated PCM.

Table 2

Final temperature reached by spheres for all simulations.

Final temperature reached after 30minutes (°C)

Velocity Design (A) Design (B)

Top Centre Bottom Top Centre Bottom

0.1m/s 89.149 88.984 89.014 89.164 89.000 89.064

0.05m/s 89.117 88.857 88.807 88.869 88.616 88.675

0.01m/s 88.845 87.833 86.07 89.752 88.387 88.102

3.2. Effect of inlet velocity

Higher inlet velocity results in faster charging of the system and

steeper heating dynamics (Figs. 8 and 9). The lag is more significant

in the bottom sphere than the top sphere, where the top sphere lines

are almost superimposed at the end of the 30 minutes. From 0.1m/s

to 0.05m/s the delay is not important, but when decreased further to

0.01m/s, it really compromises the charging of the bottom sphere. There

is an approximately 2 minute lag in the system before latent heat, and

a final lag of roughly 5 minutes after latent heat. For the top sphere,

the lag only accounts for a minute before and after phase change, but

exists nonetheless. After the 30 minutes, the sphere that was the closest

to reaching the HTF temperature was the top sphere at velocity 0.01m/s

for Design B, with a percentage of 99.72%. The one that was furthest

from the goal was the bottom sphere at velocity 0.01m/s for Design A

with a percentage of 95.63% (as shown in Table 3).

Changing the inlet velocity from maximum to minimum across the

tested range in Design A led to a final temperature decrease of ~0.3°C

for the top sphere, just under ~1°C for the centre sphere, and ~3°C for

the bottom sphere (as shown in Table 2). For Design B, this difference

was larger at ~0.7°C for the top sphere, ~1.3°C for the centre sphere

and ~1.1°C for the bottom sphere. The largest difference happens for

the centre sphere for Design B and for the bottom sphere for Design A.

Furthermore, the differences are closer in terms of percentage in Design

B but are more extreme for Design A. These differences, however, are

minimal and can be classified as negligible for both designs.

In terms of heat absorption, as shown in Table 4 and Table 5, lower

inlet velocities compromise the total heat absorption for Design A, but
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Fig. 6. Velocity profile for design A for an inlet velocity of 0.1m/s and zoom-in of centre sphere.

Fig. 7. Velocity profile for design B for an inlet velocity of 0.1m/s and zoom-in of centre sphere.

Table 3

Final temperature reached over maximum HTF temperature for all simu-

lations.

Final temperature percentage difference (%)

Velocity Design (A) Design (B)

Top Centre Bottom Top Centre Bottom

0.1m/s 99.05% 98.87% 98.90% 99.07% 98.89% 98.96%

0.05m/s 99.02% 98.73% 98.67% 98.74% 98.46% 98.53%

0.01m/s 98.72% 97.59% 95.63% 99.72% 98.21% 97.89%

again work best for Design B. The same pattern mentioned above about

the final temperatures is repeated for the total heat absorption; the max-

imum heat absorption was again the top sphere at velocity 0.01m/s for

Design B with a percentage of 99.85% (2225.52J), whereas the mini-

mum was the bottom sphere at velocity 0.01m/s for Design A with a

Table 4

Total final internal energy for all simulations (calculated with Eq. (2)).

Total final internal energy (J)

Velocity Design (A) Design (B)

Top Centre Bottom Top Centre Bottom

0.1m/s 2217.23 2214.96 2215.38 2217.44 2215.18 2216.06

0.05m/s 2216.79 2213.22 2212.53 2213.38 2209.91 2210.72

0.01m/s 2213.05 2199.14 2174.91 2225.52 2206.76 2202.84

percentage of 97.58% (2174.91J). The total difference in heat absorbed

between the highest and lowest was 50.61J, a value that again can be

considered negligible.

The data suggests that the change in velocity could benefit or hinder

the system based on the design and that there is no pattern linked to

lower/higher velocities equalling a better performing system. Further-
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Fig. 8. Temperature vs time graphs for all velocities, for Design A, for the bot-

tom sphere.

Fig. 9. Temperature vs time graphs for all velocities, for Design A, for the top

sphere.

Table 5

Total final internal energy percentage difference between all simulations.

Total final internal percentage difference (%)

Velocity Design (A) Design (B)

Top Centre Bottom Top Centre Bottom

0.1m/s 99.48% 99.37% 99.39% 99.48% 99.38% 99.42%

0.05m/s 99.46% 99.30% 99.26% 99.30% 99.15% 99.18%

0.01m/s 99.29% 98.66% 97.58% 99.85% 99.01% 98.83%

more, the addition of a second inlet provides a higher heat transfer rate

throughout the tank which causes less extreme temperature differences

between the top and bottom spheres. This is probably due to the HTF

entering and spreading across the tank in a more distributed manner.

4. Conclusion

From the presented study, the following conclusions can be derived:

• Although an addition of a second inlet to the system yields higher

final temperatures and improves the distribution of the HTF, allow-

ing a better heat transfer rate, this change was marginal. Therefore,

it is considered unfavourable.

• There is no one rule in regards to velocity, as a higher velocity or

lower velocity at the inlet improves the heat transfer rate and allows

higher temperatures and higher heat absorption depending on the

design.

• Paraffin has proven to be a suitable material with favourable prop-

erties as a TES system, with benefits such as fast charging and good

latent heat absorption.
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In the crowded metro station, it is important to forecast the changes of environmental parameters for the normal

operation of metro and the safety of passengers in the future. Artificial Neural Network (ANN) has a good perfor-

mance on processing time series data. In order to accurately predict environmental parameters, this paper uses

ANNmethod to build the forecasting model of environmental parameters. The forecasting model uses the external

environment parameters of the station as input variables. Finally, the accuracy of the model is verified by the field

data collected from the metro station. The results show that the mean relative error of the proposed method is

within 10%. The forecasting model based on ANN in this paper can accurately forecast the internal environment

parameters of the metro station in the future period and is of great significance of emergency prevention and

decision-making.

1. Introduction

Metro is one of the most effective ways to solve the problem of ur-

ban traffic congestion. However, the increasing number of passengers

brings some environmental problems [1–3]. The environmental param-

eters in metro station can be used to study the thermal environment

of metro station and evaluate the thermal comfort of human. Xin con-

trolled the temperature in the station hour by hour through the reason-

able difference between outdoor and internal thermal indexes, and the

thermal environment in the station is simulated to explore the require-

ments of passengers for comfort [4]. Therefore, it is necessary to ana-

lyze the changing trend of environmental parameters in metro station

and develop a relatively accurate model to forecast the environmental

parameters of metro station [5].

In recent years, a data-based modeling method has been widely used

[6–9]. In previous researches, many scholars have investigated the pre-

diction of environmental parameters [10–13]. Kamal et al. [14] stud-

ied the effectiveness of the ANN model in the prediction of ambient

air quality. Bodri et al. [15] used the ANN to predict the Surface Air

Temperature (SAT) for six hours up to one day. Zhang processed the en-

vironmental parameter data through wavelet de-noising and studied the

prediction of thermal environment parameters by using BP model [16].

However, the BP neural network training back-propagation algorithm

has the disadvantages of slow convergence speed and long learning time

[17], and cannot respond to the changes of environmental parameters

quickly. The results of Kim et al. [18] showed that the Recurrent Neu-
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ral Network (RNN) has better modeling performance and higher inter-

pretability than other data-driven prediction models in indoor air qual-

ity prediction, and it also proved the significant role of key variables

selection. Lim et al. [19] proposed a new method of key variables selec-

tion and established a prediction model of indoor environmental param-

eters by using these key variables. Qu et al. [20] put forward a modeling

method based on sliding time window Random Vector Functional Link

Neural Network (RVFLNN), which solved the problem of slow calcula-

tion speed with mass data. Their research improves the prediction speed

while ensuring the prediction accuracy. All of these researches have

good ability of nonlinear and dynamic system modeling and they can

achieve accurate prediction of indoor environmental parameters. How-

ever, in the metro station environment, due to the outdoor atmosphere,

passenger flow and many other factors, the performance of the above

method is not very ideal. Therefore, for the special environment of metro

station, this paper proposes a forecasting method based on neural net-

work to achieve the purpose of accurately forecasting the environmental

parameters.

2. Field data collection and processing of metro station

2.1. Testing instrument

CPR-KA air quality monitor is used for field data collection of metro

station, as shown in Fig. 1. The equipment adopts pump suction sam-

https://doi.org/10.1016/j.enbenv.2020.08.006
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Fig. 1. Integrated comprehensive monitoring equipment.

Table 1

Detailed parameters of equipment.

Parameters measurement range resolution

SO2 0 ∼ 2000ppb 1ppb

NO2 0 ∼ 2000ppb 1ppb

VOC 0 ∼ 10ppm 1ppb

PM10 0 ∼ 0.5mg/m3 0.001 mg/m3

Temperature -50 ∼80°C 0.1°C

RH 0∼100%RH 0.8%RH

pling mode, which pump suction rate is 300ml/min and data recording

interval is 2 min. 6 kinds of parameters are monitored in total. The mea-

surement range and resolution are listed in Table 1.

2.2. Measured metro station and date

(1) The non-transfer station is selected as the test station, and the plat-

form is full height platform screen doors. The test lasts for 7 days,

during the tests, the monitoring equipment is placed in the middle

of the platform, with a height of 1.2m from the ground, as shown in

Fig. 2.

(2) In order to analyze the change of environmental parameters and in-

fluence factors, we collected the passenger flow of the station and

departure frequency of the metro vehicles (provided by metro oper-

ation company), atmospheric meteorological data (outdoor air tem-

perature, outdoor relative humidity, from ChinaMeteorological Data

Network: http://data.cma.cn/) and atmospheric environment data

(outdoor PM10, outdoor NO2, outdoor SO2, from the historical air

quality data: http://beijing.sinaapp.com/).

The red dot in the left figuremarks the location of the equipment, and

the right figure shows the site photo of the station. The above test inter-

val is 2 min, including 6 kinds of internal environmental parameters and

7 kinds of external influence parameters. All data is preprocessed, in-

cluding replenishing the missing value, processing the abnormal value,

normalization and de-noising, to ensure the reliability of data.

3. ANN forecasting method for metro environment

3.1. Forecasting method based on ANN

The implementation process of the forecasting method based on ANN

contains four steps.

Step1:Environmental data collection and pre-processing

The environmental data includes two parts: the internal environ-

mental data and the external atmospheric environmental data. The in-

ternal environmental data is obtained through multi-parameter field

collection at the metro station. The external atmospheric environment

data of the subway station is acquired from China Meteorological Data

Network (http://data.cma.cn/) and air quality historical data network

(http://beijingair.sinaapp.com/). For the internal and external environ-

mental data, a series of preprocessing, including standardization, de-

noising and other operations, is carried out to ensure the reliability of

the test data.

Step2:Variable selection

The internal environmental variables to be predicted in this paper

are VOC, SO2, NO2, PM10, TEM and RHU, which are denoted as {𝑌
𝑖
}𝑁
𝑖=1,

where N=6. Correspondingly, the input variables are 7 kinds of exter-
nal environmental parameters, including passenger flow, departure fre-

quency of the metro vehicles, outdoor air temperature, outdoor relative

humidity, outdoor PM10, outdoor NO2, outdoor SO2, which are denoted

as {𝑋
𝑗
}𝑀
𝑗=1, where M=7.

Step3:Model training

After the Step2, the external input variables of the model are de-

termined. And these selected variables are used as the inputs of ANN

model. According to different environmental parameters in metro sta-

tion, the corresponding forecasting model is trained. The partition ra-

tio of training data set and test data set is 7:3, and the number of

network layers and nodes are adjusted according to different predic-

tion parameters. During the training process, the error between the

input network training data of each group and the real value is cal-

culated, and the stochastic gradient descent algorithm is used to opti-

mize the network parameters until all the training samples participate in

the training. Finally, the optimal network structure and parameters are

obtained.

Step4:Prediction

In the prediction process, the structure and parameters of the model

are the same as those of the training. The model inputs the value of

external variables and outputs the value of predicted variable of the

next moment.

3.2. Principle of ANN Forecasting Method

The structure of ANN network model constructed in this paper is

shown in Fig. 3. The network consists of input layer, hidden layer and

output layer. The number of nodes in the input layer is 7, corresponding

to 7 external input variables. In the hidden layer, the number of layers

is set to 1, and the number of nodes is adjusted according to different

prediction variables to achieve the best result of prediction. The num-

ber of nodes in the output layer is 1, corresponding to one of 6 predic-

tion variables. The network is optimized by stochastic gradient descent

(SGD). The number of iterations and learning rate are adjusted accord-

ing to the prediction variables. The setting of specific value is shown in

Table 2.
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Fig. 2. Location of equipment.

Table 2

Parameters for training ANN.

Parameters The number of nodes in the output layer The number of iterations learning rate

SO2 32 1 000 0.01

NO2 16 1 000 0.01

VOC 32 1 000 0.01

PM10 16 1 000 0.01

Temperature 32 1 000 0.01

RH 64 5 000 0.001

Fig. 3. The structure of ANN forecasting model.

4. Results and discussion

There are 2800 observations are collected through the field test of

the metro station. The data set is divided into training data set and test

data set according to the ratio of 7:3. In order to further verify the re-

liability of model in prediction, we carry out experiments with these

Table 3

The prediction MAE of environmental parameters.

VOC SO
2

NO
2

PM
10

TEM RH Mean

MAE 0.07 0.07 0.08 0.05 0.10 0.18 0.09

data, and use the mean absolute percentage error (MAE) to evaluate the

effect of the model, as shown in formula (1). The prediction curve of en-

vironmental parameters is shown in Fig. 4. The MAE value of prediction

results is shown in Table 3.

𝑀𝐴𝐸 = 1
𝑇

𝑇∑

𝑡=1

|||||

𝑌
𝑡
− 𝑌

𝑡

𝑌
𝑡

|||||
(1)

Where T is the number of forecast time points, 𝑌
𝑡
and 𝑌

𝑡
are the actual

and predicted value at time point t.

The predicted results of all environmental parameters are shown in

Fig. 4. The red solid line represents the actual value of environmental

parameters. The green line represents the predicted value. In the green

line, the part of solid line represents the predicted result of training set

and the part of dotted line represents the predicted result of test set.

The MAE value of the prediction results is shown in Table 3. The

closer the MAE value is to 0, the better the prediction performance of

the model is.

Therefore, it can be seen from Fig. 4 and Table 3 that among the six

predicted environmental variables in the station, the predicted error of

PM10 is the smallest with MAE of 0.05 and the predicted error of RH is

the largest with MAE of 0.18. The mean error of all predicted parameters

is 0.09.
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Fig. 4. The prediction curve of environmental parameters.

5. Conclusion

In this paper, a forecasting method for environmental parameters of

the metro station based on neural network is proposed, which can fit

the nonlinear relationship between external variables and internal en-

vironmental parameters of the station and predict the environmental

parameters in the future. The model is validated by the data collected

from the environment of the metro station, and the following conclu-

sions are obtained.

(1) The prediction results of the internal environmental parameters are

greatly affected by the parameters of neural network. Different net-

work parameters should be selected for different environments.

(2) The ANN model proposed in this paper has a mean relative error of

9%, which can accurately forecast the environmental parameters of

the metro station.
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Fig. 4. Continued
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Due to production particularity in industrial buildings, high concentrations of particulate matter are always im-

portant environmental issues. Long-term exposure to such hazardous environment may lead to respiratory and

cardiovascular diseases. Mechanical ventilation plays a vital role in reducing indoor particulate matter concen-

trations. However, the current industrial ventilation generally has the disadvantage of low ventilation efficiency

and high energy consumption. In this study, we proposed a ventilation design by integrating supply and exhaust

ventilation (i.e., SEV), and further investigated the effects of combined velocities on both indoor particles re-

moval and energy efficiency. Computational Fluid Dynamics (CFD) coupled with Discrete Phase Model (DPM)

was employed. The RNG k-𝜀 model was adopted to simulate airflow field. Lagrangian method was used to trace

particles’ dispersion processes. A series of cases were conducted under ventilated conditions with combinations

of different supplied velocities of 0.75, 1.12, 1.50 and 1.87 m/s, and exhausted velocities of 0, 0.28 and 0.56 m/s.

Temperature effects were not considered in this work. The quantification of combined effects of supply velocity

and exhaust velocity were investigated in terms of particle removal efficiency as well as energy saving. Results

showed that combined effects of supply velocity and exhaust velocity can improve the ventilation efficiency by

20%-40% compared to the conventional supply ventilation without exhaust velocity. Moreover, the reasonable

design of integrated velocities will save up to 70% energy while keeping the same ventilation efficiency of SEV.

These findings will be of great importance for energy-efficient design for industrial ventilation systems.

1. Introduction

The air pollutant emissions of industrial buildings may be 10 times

higher than those in residential buildings, along with varying particle

pollution sources and release mode [1,2]. However, the differences of

contaminants’ exposure limits/standards (to ensure healthy indoor en-

vironments) are very trivial for industrial standards, in comparison to

standards given for residential and commercial buildings [3]. There-

fore, it is very challenging to maintain well indoor air quality (IAQ) for

industrial buildings [4].

Industrial buildings can be divided into two categories in perspective

of energy consumption [5,6]. The first type of industrial buildings usu-

ally is those without intense heat or pollution sources, e.g., textile indus-

tries. Energy consumption is mainly from heating in winter and air con-

ditioning in summer. The second type of industrial buildings, ventilation

∗
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energy comprises the main energy consumption through the year, where

intense pollution or heat sources can usually be found. Such industrial

buildings are represented by metal smelting, machining plant etc. For

the second type of industrial buildings, as high values of the air change

per hours (ACH) are normally recommended to provide large volumes

of fresh air and to remove particles and other airborne contaminants

from the occupied zone [7], e.g., 10/h-15/h for factory buildings [8].

Considering the relationship of energy consumption and IAQ, different

countries have different ventilation standards for the same type of indus-

trial buildings. For China, ventilation energy consumption accounts for

more than 20% of the total building energy consumption. Moreover, the

efficiency of the ventilation system is still quite low for most industrial

buildings, not only leading to 80–90% of the yearly growth of industrial

energy consumption [9], but also resulting in higher concentrations of

particle pollutants, far exceeding the recommended standard value of

8 mg/Nm
3
for an existing steel plant [10]. Most indoor particles of the

industrial buildings can be dimensionally fine and very harmful, which

were mostly generated during the production processes [11]. It is very

hazardous for occupants to be exposed to such conditions for long time.

Numerous studies have revealed that airborne PMs are highly associated

with the incidence of respiratory and cardiovascular diseases and with

https://doi.org/10.1016/j.enbenv.2020.09.006
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Nomenclature

u velocity vector (m/s)

Γ
𝜙

effective diffusion coefficient

𝑠
𝜙

source term

𝑢
𝑎

fluid phase velocity (m/s)

𝑢
𝑝

particle velocity (m/s)

𝜌
𝑎

fluid density (kg/m
3
)

𝜌
𝑝

particle density (kg/m
3
)

𝜙 variable

𝐹𝑎
additional forces (N)

𝜇 molecular viscosity of the fluid (Pa⋅s)
𝑑
𝑝

particle diameter (μm)

𝐶
𝐷

drag coefficient

Re
𝑝

relative reynolds number

C
∗

locally averaged particle concentration (kg/m
3
)

Vs supply air velocity (m/s)

Ve exhaust air velocity (m/s)

increased mortality [12-14]. A recent study further suggests that every

10 mg/m
3
increase of long-term exposure to particulates in the air will

lead to the risk of lung cancer death increased by 9 % [15].

Mechanical Ventilation is indispensable for industrial buildings to

remove most of the particle pollutants by creating well-behaved air-

flow distributions, further reducing the human exposure under a high

concentration of particles [16-18]. Therefore, the design of a reason-

able airflow pattern is critical for the industrial buildings to obtain safe

and healthy environments with the low cost of energy. Air flow pattern

are determined by the design of ventilation system, e.g., size and po-

sitions of inlet & outlet, magnitudes and directions of supply velocity

[19-21] etc. Air flow pattern would directly impact on age of air and

affect the removal efficiency of indoor pollutants. Thus, it is suggested

that a well-designed ventilation system should be able to supply fresh

air directly to the workers’ operating zone while taking the particles di-

rectly away from the sources with a relatively short distance and time

[22].

Different ventilation systems would create different indoor airflow

patterns. Contemporarily, ventilation modes of industrial buildings can

be categorized into three groups includes Mixing Ventilation (MV), Dis-

placement Ventilation (DV), and Local Ventilation (LV) [23-25]. MV

and DV can be summarized as mechanical supply ventilation (MSV),

which are generally employed to control pollutant exposure in industrial

buildings as traditional ways [26]. Many studies have been conducted

to investigate the effect of supply ventilation on airflow pattern. For

instance, Zhou et.al [27] investigated the effect of supply air velocity

on the deposition of fine particles. The results showed that the supply

ventilation rates have a great influence on the airflow pattern, i.e., the

higher the supply air velocity was, the faster the particle concentration

decayed. Deng et.al [28] studied the influence of supply air velocity on

indoor pollutant (CO2) concentration and found that with the increas-

ing of supply air inlet velocities, the indoor airflow velocity magnitudes

become larger and the age of air turns out to be smaller. Moreover, this

will further influence the mixing and diffusion effects of indoor CO2,

especially influencing the turbulent diffusion effects [29]. On the other

hand, LV (one type of exhausted ventilation systems), is widely used as

an efficient way to remove particles by capturing airborne contaminants

into an exhaust hood before it enters the workspace, i.e., the contami-

nants are removed before dispersing into to the ambient space [30,31].

For LV system, it doesn’t provide fresh air to the occupied zone, leading

the air age of occupied zone is relatively large, but it can quickly cen-

tralize and remove indoor pollutants to satisfy the demand of pollutants

concentration standards [32].

Either supplied ventilation or exhausted ventilation system has their

own advantages, with the same target to reach relatively smaller age

of air and lower pollutant concentrations [33,34]. Existing studies have

shown that ventilation rates of either system can have large impacts on

contaminant removal efficiency. Wu et.al [35] applied stratified ventila-

tion system (without considering the exhaust fan) for a typical machin-

ing plant located in Inner Mongolia of China. They found that the strati-

fied ventilation could significantly reduce the PM10 concentration in the

breathing zone by nearly 9 times and the response time to half when

compared to conventionally-used displacement ventilation system. In

order to address the issue of poor ventilation efficiency and high energy

consumption of the industrial buildings, in current study, we proposed a

newly designed ventilation by coupling/integrated ventilation system of

supplied and exhaust ventilation (i.e., SEV) in a typical machining plant

(i.e., the second type of industrial buildings). Moreover, stratified ven-

tilation system was selected for the current study. It was expected that

both the age of air and the concentration of pollutants can be largely

reduced and maintain a low level by using newly proposed SEV design.

The quantification of combined effects of supply velocity and exhaust

velocity will be investigated from the perspectives of air flow pattern,

particle removal efficiency as well as energy saving. The findings will

further provide a reference for the design and control strategy of indus-

trial ventilation systems.

2. Methods

An industrial building (a typical machining plant [35]) was em-

ployed for this study. The integrated system of supplied and exhaust

ventilation (SEV) was considered, with supplied air inlet vents along

the horizontal plane at the height of the operating table and exhausted

outlet vents at the top of the plant. Numerical simulations were con-

ducted to investigate the combined effects of supplied velocity (of inlet)

and exhausted velocities (of exhaust). First, we conducted a series of

simulation cases under ventilated conditions with different supplied ve-

locities of 0.75, 1.12, 1.5 and 1.87 m/s (corresponding to different ACHs

of 4, 6, 8, 10), and different exhausted velocities of 0, 0.28 and 0.56 m/s

(corresponding to different ACHs of 0, 2, 4). Next, we compared the air-

flow pattern, indoor particle concentration as well as energy consump-

tion under those different ventilation conditions. Finally, we evaluated

the ventilation performance of SEV. The general structure of the work

is described shown in Fig. 1.

2.1. Description of ventilation chamber

The geometric dimension of the ventilation chamber is

22m × 5m × 5.5m(length × width × height) according to the size of

a typical machining plant [35], shown in Fig. 2. The area of the

operating zone (flat table) has the dimension of 14m × 2m × 1.2m.

The main processing zone is divided into four parts and each with the

released pollutant sources of particles. The size of three inlet vents

and six outlet vents are with the same size of 1m × 0.3m. And the

dimensions of two exhausted vents correspond to 1m × 0.6m.
The schematic description of SEV was shown in Fig. 3. And the gen-

eral pattern of the airflow is roughly presented in this figure. Two cate-

gorized cases of this design are considered, i.e., one is with exhaust fan

at the top of the industrial building, another is without, respectively pre-

sented in Fig. 3 (a) and (b). For two cases of design, they share the same

inlets and outlets (locations and numbers) while the only difference is

that whether there is exhaust fan or not. Based on the integrated SEV

design, we were able to investigate the influence of combined effects of

both supplied ventilator and exhaust fan on indoor air distribution and
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Fig. 1. The general structure of the current work.

Fig. 2. The geometry and detailed setup of the ventilated chamber (using SEV design), with three supplied inlets, six outlets, two exhausted outlets and four pollutant

generating sources.

removal of particles. Considering the effect of the initial forces (driven

by supplied velocities) and gravity forces of particles, the design of the

outlets were set as two parallel rows at the bottom.

2.2. Numerical method

In this study, two numerical models are adopted to simulate a series

of cases. RNG k-𝜀 model is used to simulate indoor airflow field. And a

Lagrangian particle trajectory tracking model is employed to trace parti-

cle behaviors within airflow field. These twomodels have been validated

in our previous work in a ventilated and floor-heated indoor environ-

ment [27]. These two models are described in the following.

2.2.1. Flow modelling and governing equation

Computational fluid dynamics (CFD) simulation has been a power-

ful tool and main research approach to simulate indoor air and pol-
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Fig. 3. Schematic description of supplied-

exhausted ventilation: (a) without exhaust fan;

(b) with exhaust fan.

Table 1

Relationship of supply air velocity and supply rate.

Inlet ACH=4 (h−1) ACH=6 (h−1) ACH=8 (h−1) ACH=10 (h−1)

ventilation rate (m3/h) 2420 3630 4840 6050

velocity (m/s) 0.75 1.12 1.50 1.87

lutant distribution efficiently [36–39]. Chen [40] studied eight dif-

ferent types of turbulence models to determine the most appropriate

model for indoor air flow computations, which proposed that the re-

normalization group (RNG) k-𝜀 model was the most accurate model

among the eddy-viscosity models tested. Therefore, in this study, the

Renormalization Group (RNG) k–𝜀model was employed to simulate the

three-dimensional airflow field. The basic (RNG) k-𝜀 governing equa-

tions are as follows.

𝜕

𝜕𝑡

(𝜌𝜙) + 𝑑𝑖𝑣(𝜌𝑢𝜙) − 𝑑𝑖𝑣

(
Γ
𝜙
𝑔𝑟𝑎𝑑𝜙

)
= 𝑆

𝜙
(1)

where, u is the velocity vector; 𝜙 represents each of the three air velocity

components (u, v, w),the kinetic energy of turbulence (k); the dissipa-

tion rate of kinetic energy (𝜀); Γ𝜙 is the effective diffusion coefficient for
each dependent variable; S

𝜙
is the source term of the general equation.

The equations are discretized into algebraic equations by the Finite

Volume Method (FVM). The second-order upwind scheme was adopted

for the discretization of the equations and the SIMPLE algorithm was

used to couple pressure and velocity. The Boussinesq model was em-

ployed to consider the buoyancy effect [41]. The flow was assumed

to be incompressible and the temperature was set to 300 K. Solutions

were converged until the residuals of all cells in the simulation domain

reached within 10
−5
.

2.2.2. Particle phase modeling and governing equations

After the steady state airflow was solved, a one-way coupling

Lagrangian random walk model of tracking particles was employed

in the particle trajectory computation. This model can provide

more detailed information about the particle motion compared to

Eulerian-Eulerian approach. This Euler-Lagrange model calculated the

continuous-Eulerian air phase first. After obtaining the airflow field, the

discrete particle phase was introduced, and its trajectories were tracked

and plotted. The following assumptions are made before calculation:

a) The heat and mass transfer between particle and fluid and between

particle and particle was neglected;

b) No particle coagulation in the particle deposition process;

c) All particles were solid in spherical shape.

The particle trajectory is determined by the particle force balance

equation, given as

𝑑 𝑢
𝑝

𝑑𝑡

= 𝐹𝐷

(
𝑢
𝑎
− 𝑢

𝑝

)
+

𝑔

(
𝜌
𝑝
− 𝜌

𝑎

)

𝜌
𝑝

+ 𝐹𝑎
(2)

where 𝐹𝐷
(𝑢

𝑎
− 𝑢

𝑝
) is the drag force per unit particle mass and FD is de-

fined using the spherical drag law; 𝑢
𝑎
is the fluid phase velocity and 𝑢

𝑝
is

the particle velocity; 𝜌
𝑎
is the fluid density and 𝜌

𝑝
is the particle density;

and 𝐹𝑎
is additional forces.

Table 2

Relationship of exhaust air velocity and exhaust rate.

Exhaust vent ACH=0 (h−1) ACH=2 (h−1) ACH=4 (h−1)

ventilation rate (m3/h) 0 1210 2420

velocity (m/s) 0 0.28 0.56

Table 3

The details of size and type of vents.

Vents Inlet Outlet Exhaust

Type Velocity inlet Outflow Velocity inlet

Size 1 m × 0.3 m 1 m × 0.3 m 1 m × 0.6 m

𝐹𝐷
is represented as follow equation:

𝐹𝐷
=

18𝜇 𝐶
𝐷
Re

𝑝

𝜌
𝑝
𝑑
2
𝑝
24

(3)

Here, 𝜇 is the molecular viscosity of the fluid, 𝑑
𝑝
is the particle diam-

eter. 𝐶
𝐷
is the drag coefficient and Re

𝑝
is the relative Reynolds number,

and is defined by equation as

Re
𝑝
=

𝜌 𝑑
𝑝

|||𝑢𝑎 − 𝑢
𝑝

|||
𝜇

(4)

2.3. Numerical set-up and boundary conditions

In this study, we simulated a total of 12 cases under different working

conditions with abovemodels. Simulations were carried out by changing

the supplied air velocities (0.75, 1.12, 1.5 and 1.87 m/s, corresponding

ACH equal to 4, 6, 8, 10) and the exhausted velocities (0, 0.28 m/s, 0.56

m/s, corresponding ACH equal to 0, 2, 4). It is particularly pointed out

that when the exhausted velocity is 0, there is no vent at the top of the

industrial building, and the top of room is just wall. The corresponding

ventilation parameters can be referred to Table 1 and 2. The inlet vents

were set as “velocity inlet”; six out vents were set as “outflow”; two ex-

haust vents were set as “exhaust fan”. All these sets were summarized

in Table 3. Pollutant sources of particle were defined as “surface” from

injections. The aerodynamic diameters of particles were 5μm based on

emissions of machinery plant [35], with the same initial velocity of 0.2

m/s. The duration of particle emission was 600 seconds and the mass

flow rate was 3 × 10
−6

kg/s. (cf. Table 4). At the boundaries of both

inlet and outlet, “escape” were given, when particles reached at these

boundaries, they would escape and result in the termination of trajecto-

ries [27]. The boundary condition of the floor was set as “trap”, which

indicates that the particle trajectories was to terminate after hitting a

rigid surface. “Reflect” were set to the boundaries of other wall, which
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Fig. 4. Velocity comparison of grid sensitivity analysis [(a) represented the line 1 of (11m,Y,1.45m) and (b) represented the line 2 of (6m,1.3m,Zm)].

Table 4

Particle parameters for studied cases.

Diameter (μm) Injection type Release time (s) Release intensity (kg/s)

5 Surface 600 3 × 10−6

means that particles would rebound off the boundary with a change of

momentum.

2.4. Locally averaged particles concentration

In this section, the locally averaged particles concentration C∗ was

used to represent the ventilation efficiency. C∗ was defined as bellow:

𝐶 ∗=
∑

𝐶
𝑖
𝑉
𝑖

𝑉

(5)

𝐶
𝑖
is the concentration of the ith grid particle in the breathing re-

gion,𝑉
𝑖
is the volume of the ith cell, Vis the total volume of breathing

zone.

In this study, the locally averaged over a volume of 22 m
3
was se-

lected(i.e., close to the breathing region [42]),which was significant

to occupant health. The definition of ‘breathing region’ is “the region

within an occupied space between planes’ height of 0.75 m and 1.8 m

above the floor”[42].

2.5. Grid independency analysis

ICEM was adopted to generate a structured hexahedral mesh for the

flow domain. The mesh density was distributed with finer mesh near

the walls, where high velocity gradients are expected, while a relatively

coarser structure is preferred in other regions. A grid sensitivity anal-

ysis test was conducted for three grid densities of 2584000, 3590256,

and 4500000 respectively. Two representative lines (i.e., LI: (11 m, Y m,

1.45 m) and L2: (6 m, 1.3 m, Z m)) were selected for velocity compari-

son of independence analysis shown in Fig. 4. It was found that the error

was controlled below 10%. Considering the computational cost and ac-

curacy, the density of 3590256 cells was selected for further numerical

simulations.

3. Results and discussion

3.1. Influence on the distribution of airflow velocity

Fig. 5(a) demonstrates the distribution of airflow velocity with the

streamlines of airflow along the xz-plane (Y = 2.5 m) under ventilation

conditions with different inlet velocities (i.e., 0.75, 1.12, 1.5 and 1.87

m/s, corresponding ACH equal to 4, 6, 8, 10) and without exhaust veloc-

ity (i.e., Ve=0 m/s). Fig. 5(b) shows the distribution of airflow velocity

along the xy-plane (Z=1.5 m). Due to the stratified ventilation design,
it was appreciated that most air flow in the operating zone was able to

travel directly from inlet vents to outlet vents. Moreover, the higher the

inlet velocity, the further the jet length, similar to the existing studies

[29]. In other region, the airflowwas relatively stable and the vortex was

smaller. It is obvious that the inlet supply velocity has strong impacts

on velocities inside the building. With the increasing of inlet velocities,

the magnitudes of indoor airflow velocities become larger. As shown in

Fig. 5(b), the higher the inlet velocity is, the greater the air velocity is in

the operating area (Z=1.5 m was included in this zone). This will further

influence the diffusion effects and distribution of indoor particles. As the

increase of ventilation rate, the Reynolds number increased gradually,

which would lead to the higher magnitudes of turbulence viscosity. The

resulting turbulent diffusion effects will be strengthened [29].

After the investigation of the influence of supplied air velocities on

the distribution of airflow, we now turned to look at the influence of

exhaust velocities on indoor airflow distribution. Fig. 6. shows the con-

tours of velocity with supplied inlet velocities (i.e., 0.75 m/s, 1.12 m/s,

1.5 m/s, 1.87 m/s) combined with different corresponding exhaust ve-

locities (i.e., 0 m/s, 0.28 m/s and 0.56 m/s) on the plane of Y = 2.5 m.
Comparing Fig. 6.(b) and (c) with Fig. 6.(a), it can be noticed that when

there are exhaust velocities at the top of the industrial building, updraft

streamlines could be formed, which was helpful to remove indoor par-

ticles above the operating zone.

3.2. Influence on the diffusion and distribution of particles

Since indoor airflow pattern could impact on indoor particles, we

now moved to the influence of SEV velocities on the diffusion and dis-

tribution of indoor particles at two important time steps, i.e., from the

early period (near the releasing time) of 100 s and end time of 600 s. As

shown in Fig. 7 , it can be seen that as time evolves, the particles diffuse

and spread from the source and the concentration of indoor particles

(beyond the source region) would be increased. Initially, most particles

are concentrated along the center of the releasing plane in the operating

area of the building. With the influence of different exhaust velocities,

the particle distribution and diffusion showed different performance.

Compared to the condition of with exhaust velocity equal to 0 m/s, the

indoor particle concentration was significantly reduced when the ex-

haust velocity was 0.56 m/s.

It is worthy to analyze the relationship of supplied air velocity and

exhausted velocity on indoor particle diffusion and distribution. Thus,
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Fig. 5. Contours of velocity with different inlet velocities (without exhaust velocity) on the plane

[(a): Y=2.5 m; (b): Z=1.5 m].

the locally averaged particles concentration C
∗
was represented the dis-

tribution of indoor particles concentration with different ventilation

conditions, shown in Fig. 8. It can be clearly seen that the concentra-

tion of indoor particles tends to increase with the evolution of time. One

reason is because of the continuous releasing of particles from the pol-

lutant source; it is also due to the fact that ventilation system was not

able to remove all indoor particles within short time period, resulting in

the continuous accumulation of residual indoor particles. It further in-

dicates and emphasizes the importance of well-performed design (with

high removal efficiency) of ventilation system. It can be also noticed

that with the same supply velocity, the lowest concentration of locally

averaged particles concentration C
∗
occurred with the exhaust velocity

of 0.56 m/s (the relatively larger magnitude). However, Fig.8(b), (c),

(d) demonstrated that when exhaust velocity is equal to 0.28 m/s (the

middle level of the exhaust velocity for the current study), the concen-

tration of C
∗
are higher than exhaust velocity of 0. Viewing the point of

this, it can be inferred that the combined effect of supply velocity and

the exhaust velocity is not always showing better performance to miti-

gate indoor particle concentration when compared to the case without

exhaust ventilation.

Fig.9(a) shows that when there is no exhaust velocity or 0 m/s, the

supply air velocity has the positive influence on the mitigation of par-

ticle concentration of C∗; the supply air velocity ranged from 1.12 m/s

to 1.5 m/s, the concentration of C∗ was slightly increased (maybe due

to numerical error). However, when the supply air velocity continue to

increase to the level of 1.87 m/s, the concentration of C∗ became de-

creased. In general, without exhaust ventilation, the general trend was

that the increase of air supply velocity lead to the decrease of concen-

tration of C∗. The similar trend goes to the case when exhaust velocity

equal to 0.28 m/s and 0.56 m/s in Fig. 9 (b) and (c). In summary, the

effect of supply air velocity would have proportional influence on lo-

cally averaged particles concentration C∗ when exhaust velocity equal to

zero. While, combined with the effects of the exhaust velocity, stronger

mitigation was affected for indoor particles concentration. More specif-

ically, similar magnitude range of exhaust velocities has identical im-

pacts, e.g., shown in Fig. 9 (b) and (c). The obvious mitigation effects

can be noticed when exhaust velocity varied from 0.28 m/s to 0.56 m/s.

Table 5

The details of the cases and groups.

Group

number (i)

Supplied velocity (m/s) Exhausted velocity (m/s)

0.75 1.12 1.50 1.87 0 0.28 0.56

1
√ √ √ √

2
√ √ √ √

3
√ √ √ √

4
√ √ √ √

5
√ √ √ √ √

6
√ √ √ √ √

7
√ √ √ √ √

Chinese standard regulation GB3095-2012 (Environmental Air Quality

Standard) states that the secondary requirements in non-operating con-

ditions should be PM10 < 150 μg/m
3
. Though the efficiency of this new

ventilation design are different under different conditions, indoor par-

ticles is far below amount threshold of the hazardous particles in in-

dustrial building, which indicates that the new ventilation design have

good performance on indoor particles removal efficiency.

3.3. Analysis of ventilation efficiency and energy consumption

We now turn to evaluate the influence of integrated velocity effects

on ventilation efficiency in terms of the locally averaged particle concen-

tration C∗ in the breathing region (ref. Eq. 5). The simulated 12 cases

were divided into seven groups (ref., Table 5), groups of one to four

according to four different supplied velocities (i.e., Vs=0.75 m/s, 1.12
m/s, 1.50 m/s, 1.87 m/s), each group with fixed supplied velocity but

different exhaust velocities (Ve=0 m/s, 0.28 m/s; 0.56 m/s); groups of
five to seven according to three different exhaust velocities, each group

with fixed exhaust velocity (Ve=0 m/s, 0.28 m/s; 0.56 m/s) but dif-
ferent supplied velocities (i.e., Vs=0.75 m/s, 1.12 m/s, 1.50 m/s, 1.87
m/s). Next, a normalized averaging concentration was used to evaluate

ventilation efficiency, which was defined as the inverse of ‘the minimal

locally averaged particle concentration C∗ of each case normalized by
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Fig. 6. Contours of velocity distribution with dif-

ferent inlet velocities and exhaust velocities on the

plane of Y = 2.5 m [(a): different supply veloc-

ities and without exhaust velocity (i.e., Vs range

from 0.75 m/s to 1.87 m/s, Ve=0 m/s);(b): differ-
ent supply velocities and exhaust velocity equal to

0.28 m/s (i.e., Vs range from 0.75 m/s to 1.87 m/s,

Ve=0.28 m/s); (c): different supply velocities and
exhaust velocity equal to 0.28 m/s (i.e., Vs range

from 0.75 m/s to 1.87 m/s, Ve=0.56 m/s)].

the corresponding C
∗
of belonging group’, and expressed as:

𝜂(𝑖, 𝑗, 𝑡)∗ =
𝐶

∗(𝑖, 𝑡)min
𝐶

∗(𝑖, 𝑗, 𝑡)
(6)

where, 𝜂(i, j, t)∗ represents the ventilation efficiency of j (if i=1,2,3,4,
j=1,2,3; if i=5,6,7, j=1,2,3,4) case in i group (i=1:7) at time t;C∗(i, t)

min represents the minimal locally averaged particle concentration C∗

of each group i at time t;C∗(i, j, t) represents the locally averaged particle

concentration C∗ j case of i group at time t.

Fig.10 (a) and (b) shows that when keeping the supplied air velocity

the same (i.e., groups of 1 to 4), the ventilation efficiency was firstly

increased with the increasing of exhausted velocity. When further in-
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Fig. 7. The distribution of indoor particles with the same supplied velocity (i.e., 0.75 m/s) and different exhaust velocities (i.e., 0, 0.28, 0.56 m/s) at the time of

100 s and 600 s.
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Fig. 8. The locally averaged particles concentration C
∗
under the condition of the same supply velocity and different exhaust velocities.[(a): the supply velocity is

0.75 m/s;(b): the supply velocity is 1.12 m/s; (c): the supply velocity is 1.5 m/s; (d): the supply velocity is 1.87 m/s].

Fig. 9. The locally averaged particles concentration C
∗
under the condition of the same exhaust velocity and different supply velocities [(a): the exhaust velocity is

0 m/s; (b): the exhaust velocity is 0.28 m/s; (c): the exhaust velocity is 0.56 m/s].
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Fig. 10. The ventilation efficiency ratio under the condition of the same inlet velocity and different exhaust velocity [(a): the inlet velocity was 0.75 m/s; (b): the

inlet velocity was 1.12 m/s; (c): the inlet velocity was 1.5 m/s; (d): the inlet velocity was 1.87 m/s].

creasing the supplied air velocity (larger than 1.50 m/s), the impact of

the exhaust velocity become weaker or even negative (Ve equal to 0.28

m/s), shown in Fig. 10 (c) and (d). Fig.10(c) demonstrates that there

existed a critical value of supplied velocity which was able to maximize

the combined effects of supplied velocity and exhausted velocity and

provide high ventilation efficiency. Nevertheless, for all the cases the

highest efficiency occurs with the highest exhaust velocity of 0.56 m/s,

corresponding to the largest indoor particles removal efficiency.

Next, we would focus on energy consumption of different ventila-

tion conditions. Different supplied velocities and exhausted velocities

result in different amount of energy [43]. For the second type of in-

dustrial buildings (i.e., the target object of this research), ventilation

energy consumption is the main energy consumption, and ventilation

energy consumption is mainly from the fan power [6]. The ratio of fan

power under different supplied or exhausted can be expressed as follow

[44]:

𝑁1

𝑁2
=
(
𝑛1
𝑛2

)3
=
(
𝑄1
𝑄2

)3
(7)

where, N is fan power, n is the fan speed, Q is Supply or exhaust air

volume for the fan.

Fig. 11 (a) shows that without exhaust ventilation, the general trend

was that the increase of supplied air velocity leads to the increasing of

ventilation efficiency. The similar trend can be found in Fig. 11 (b) and

(c). On the whole, when the exhaust velocity fixed, with the increasing of

supplied air velocity, the ventilation efficiency was increased. However,

considering the economic factor, we need to balance the ventilation ef-

Table 6

The comparison of energy consumption between different cases.

Case Ventilation efficiency Energy consumption

Ve=0.0 m/s Vs=1.12 m/s 0.80 N0

Vs=1.50 m/s 0.86 2.43N0

Ve=0.28 m/s Vs=0.7/s 0.80 N1

Vs=1.12 m/s 0.84 3.33N1

Ve=0.58 m/s Vs=0.75 m/s 0.99 N2

Vs=1.50 m/s 0.98 6.25N2

Vs=1.12 m/s 0.81 N3

Vs=1.87 m/s 0.80 4.76N3

ficiency and energy consumption. Fig. 11 (a) shows that the ventilation

efficiency shows similar performance between supply velocity equal to

1.12 m/s and 1.50 m/s. Fig. 11(b) also shows that the ventilation ef-

ficiency was also close between supply velocity equal to 0.75 m/s and

1.12 m/s. Similar ventilation performance can be noticed in between

supply velocity equal to 0.75 m/s and 1.5 m/s. The ventilation efficiency

of supply velocity equal to 1.12 m/s and 1.87 m/s was also close to each

other. We selected these cases to analyze energy consumption according

Eq(7). Results were summarized in Table 6. It can be found that with

the ventilation efficiency slightly increasing, energy consumption was

increased at a multiple rate, especially when the ventilation efficiency

was high enough. Thus, the quantification of combined effects of supply

velocity and exhaust velocity were greatly significant in terms of energy

saving.
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Fig. 11. Ventilation efficiency under the condition of the same exhaust velocity with different supplied air velocities. [(a): the exhaust velocity was 0 m/s; (b): the

exhaust velocity was 0.28 m/s; (c): the exhaust velocity was 0.56 m/s].

4. Conclusions

This study aims to investigate the combined effects of both supplied

velocity and exhausted velocity on indoor particles removal of indus-

trial buildings with a new ventilation design of SEV. Through this study,

the impacts of supplied velocities and exhausted velocities were inves-

tigated on indoor airflow pattern, particles diffusion and distribution as

well as energy consumption. The following conclusions can be drawn.

1) For a supplied ventilation system, when there is exhausted velocity

at the top of industrial building, the remove efficiency of indoor par-

ticles was not always superior to the condition of without exhausted

velocity. In this study, the largest exhausted velocity (i.e., 0.56 m/s)

showed the best performance for particles removal under conditions

of different supplied velocities.

2) When the supplied velocity was same, the locally averaged particles

concentration C
∗
could be decreased 20%-40% with a reasonable

exhausted velocity at the top of the industrial building.

3) When changing the supplied velocity magnitude, there is a critical

value of exhaust velocity in SEV system. When the exhaust velocity is

less than the critical value, the removal efficiency decreases with the

increase of exhaust velocity; contrarily, when the exhaust velocity is

greater than the critical value, the removal efficiency increases with

the increase of exhaust velocity.

4) Reasonable and optimal design is required for both supplied air ve-

locity and exhaust velocity in order to save energy while keeping the

same removal efficiency. In this study, it can save up to 70% energy

with the same ventilation efficiency.
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Residential buildings are one of the major contributors to climate change due to their significant impacts on global

energy consumption. Hence, most countries have introduced regulations to minimize energy use in residential

buildings. To date, the focus of these regulations has mainly been on operational energy while excluding embodied

energy. In recent years, extensive studies have highlighted the necessity of minimizing both embodied energy

and operational energy by applying the life-cycle energy assessment (LCEA) approach. However, the absence of

a standardized framework and calculation methodology for the analysis of embodied energy has reportedly led

to variations in the LCEA results. Retrospective research endeavoured to explore the causes of variations, with a

limited focus on calculating embodied impacts. Despite the undertaken attempts, there is still a need to investigate

the key parameters causing variations in LCEA results by examining methodological approaches of the current

studies toward quantifications of embodied and operational energies. This paper aims to address three primary

questions: ‘what is the current trend of methodological approach for applying LCEA in residential buildings?’;

‘what are the key parameters causing variations in LCEA results?’; and ‘how can the continued variations in

the application of LCEA in residential buildings be overcome?’. To this end, 40 LCEA studies representing 157

cases of residential buildings across 16 countries have been critically reviewed. The findings reveal four principal

categories of parameters that potentially contribute to the varying results of LCEAs: system boundary definition,

calculation methods, geographical context, and interpretation of results. This paper also proposes a conceptual

framework to minimize variations in LCEA studies by standardizing the process of conducting LCEAs.

1. Introduction

Residential buildings have a higher share in global energy consump-

tion compared to non-residential buildings due to the larger portion

both in terms of number of buildings and floor areas [1]. In 2017, the

International Energy Agency held residential buildings responsible for

nearly 22% of total energy use worldwide [2]. The projections made

by the recent study also warn about further increasing global energy

consumption in residential buildings within the next few decades ow-

ing to rapid urbanization, population growth, and economic develop-

ment [3,95]. Correspondingly, most countries have strengthened their

measures to decrease energy use in residential buildings by legislating

various building-related regulations. As an example, the requirements

introduced by the Danish government for operational energy use in new

buildings have been reduced to less than one third over the last 25 years

[4]. In general, the primary objective of such regulations is to improve

buildings’ thermal performance by imposing minimum requirements on

their physical characteristics [5]. Despite the potential of these regula-

tory standards to minimize operational energy, their implementations

∗
Corresponding author.

E-mail address: Hossein.omrany@adelaide.edu.au (H. Omrany).

can paradoxically result in increasing the total life-cycle energy use of

buildings due to ignoring the embodied impacts [6,7]. This is echoed

in the findings of Stephan et al. [6] who assessed the life-cycle energy

performance of a Belgian passive house. Their results indicated that cur-

rent certifications developed to promote energy efficiency in buildings

cannot assure the reduction of the total energy consumption since em-

bodied impacts are excluded. They also showed that the embodied en-

ergy of passive houses may constitute up to 77% of the total building

life-cycle energy use over 100 years.

In recent years, academic studies have given more attention to the

necessity of minimizing energy use throughout the entire building life

cycle by including both embodied and operational energies. To demon-

strate the significance of embodied impacts, numerous detailed cases

of buildings have been developed by academics using the life-cycle en-

ergy assessment (LCEA) approach. Nevertheless, this surge of research

has failed to alter the attitude of policymakers toward considering the

importance of buildings’ embodied energy when planning for the bet-

terment of built environment [8]. Retrospective research has primarily

placed the blame on the analysis of embodied energy where the absence

of a standardized framework and calculation methodology often leads

https://doi.org/10.1016/j.enbenv.2020.09.005
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to displaying a significant spread of results in LCEA analyses [9]. Over

the last decades, significant efforts have been made to standardize the

application of life-cycle assessment in buildings through setting several

international standards such as ISO 21929-1 [10], ISO 21931-1 [11],

and the European standards developed by Technical Committee TC350,

including EN 15643-2 [12] and EN 15978 [13]. However, there is con-

siderable evidence indicating variations in the results of LCEA analyses

[4,8,14,15]. Previous research has endeavoured to explore sources of

variations, with a focus given only to the calculation of buildings’ em-

bodied impacts [16, 17]. Despite the undertaken attempts, there is still

a need to investigate the key parameters causing variations in LCEA re-

sults by examining methodological approaches of the current studies to-

ward quantifications of embodied and operational energies. Therefore,

this paper aims to address three primary questions: ‘what is the cur-

rent trend of methodological approach for applying LCEA in residential

buildings?’; ‘what are the key parameters causing variations in LCEA

results?’; and ‘how can the continued variations in the application of

LCEA in residential buildings be overcome?’. To this end, we first anal-

ysed 40 LCEA papers in order to address the two first questions. This

paper then puts forward proposals for standardization of LCEA applica-

tion in residential buildings by developing a conceptual framework in

order to address the third question.

2. An overview of LCEA

Life-cycle assessment (LCA) is an approach toward identification and

quantification of environmental loads attributed to services, products, or

processes throughout their entire life cycles [18]. The International Or-

ganization for Standardization (ISO) introduced the first series of stan-

dards (14040, 14041, 14042, and 14043) relating to LCA between 1997

and 2000 [19]. In 2006, these standards were updated by amalgamating

prior versions, which led to the current ISO standards 14040 and 14044

[20,21]. These standards set up a framework to perform LCA, consisting

of four major steps: (1) defining the goals and scope, (2) life-cycle in-

ventory (LCI), (3) life-cycle impact assessment, and (4) interpretation.

The first step involves establishing the goals and scope of the assess-

ment, defining the system boundary, and specifying the quality criteria

for inventory data. This is followed by an LCI, where the procedure

for collecting and synthesizing data related to energy flows should be

determined at each individual stage of a product’s life cycle. The next

step, life-cycle impact assessment, involves quantifying the environmen-

tal impacts of materials and energy flows and assigning them to their

corresponding environmental impact categories. In the last step, the re-

sults of the LCA are interpreted in relation to the study’s goals and scope,

and recommendations are made for decision-making purposes.

LCEA is a version of the LCA that considers only the energy inputs

at all stages of a building’s life cycle [22,23]. Adopting this approach to

assess a building’s energy performance means quantifying its total en-

ergy consumption, by considering both operational and embodied en-

ergy (Fig. 1). Embodied energy refers to the amount of energy used for

material production (i.e. extraction of raw materials and material man-

ufacturing), assembly (i.e. construction/installation), replacement and

maintenance, end-of-life (EOL) processes and transportation required

between any of these steps [18,23,24]. The amount of energy consumed

in the form of thermal (i.e. heating and cooling) and non-thermal loads

(i.e. domestic hot water (DHW), electrical appliances and equipment,

ventilation, lighting, and cooking) over a building’s lifespan is known

as operational energy [18,23,24].

3. Research methodology

This paper adopts a systematic literature review approach to iden-

tify published materials relating to the LCEA application in residential

buildings. The review commenced with carrying out a comprehensive

searching exercise through multiple databases, namely Web of Science,

ProQuest, and Scopus. Using these platforms enables researchers to gain

access to numerous international journals, based on which a systematic

literature review can be conducted [25,26]. The initial search was con-

ducted using certain keywords, as tabulated in Table 1. The types of

searched materials were ‘articles’ and ‘reviews’; and the timespan set

for the search was between 1996 and 2020, in which the starting year

coincided with the publication of the first series of ISO standards. As

a result, more than 750 publications were identified to meet the initial

criteria.

An initial screening check was performed based on the titles, ab-

stracts, and conclusions of the identified materials in order to make a

preliminary decision about the suitability of identified articles for inclu-

sion. At this stage, certain criteria were considered to weed out irrel-

evant materials. First, publications written in any language other than

English were filtered out, as well as non-peer reviewed articles. In addi-

tion, only studies with the application of LCEA approach in ‘residential’

buildings were considered for further analyses. Considering these crite-

ria led to downsizing the collected materials to about 260.

After the initial screening, the contents of all remaining articles were

checked qualitatively to ensure that only those falling within the scope

of this paper were selected. Herein, studies that focused solely on em-

bodied energy analysis were filtered out due to their limited approaches

for the assessment of buildings’ life-cycle energy use. In addition, this

review only retained LCEA studies that measured buildings’ energy per-

formance based on primary energy because the primary energy is a bet-

ter measure of the environmental impacts of buildings [27,28]. As a re-

sult, 40 papers that analysed 157 cases of residential buildings across 16

countries were selected for detailed examinations. Summaries of these

papers were exported to Excel Spreadsheets for further analysis (See the

Appendix). In this paper, we considered all types of residential buildings

for the analysis, i.e. energy-efficient buildings, conventional buildings,

high- and low-rise buildings, and urban and suburban buildings. This

review considers different versions of a building analysed in one source

as one case study.

Following the examination of the reviewed studies, a conceptual

framework was developed. This framework primarily aims to simplify

the intertwined processes involved in an LCEA by providing a clear de-

scription of the system boundary.

4. Analysis and results

The selected studies are analysed based on four main criteria: i) sys-

tem boundary definitions, ii) methods applied for quantification of em-

bodied energy, iii) methods applied for calculation of operational en-

ergy, and iv) approaches taken toward interpreting LCEA results. The

Appendix includes a detailed list of analyses carried out in this paper.

4.1 Definition of system boundary

System boundary definition denotes the act of determining a set of

variables that distinguish the system under study from other systems in

an environment [16,23]. In this paper, the approaches of analysed stud-

ies toward delineating system boundaries are analysed to identify: i) the

building life-cycle stages excluded by the system boundary, ii) the build-

ing components and their systems included within the system boundary

to calculate embodied impacts, iii) the parameters included within the

system boundary to calculate operational energy, iv) the building lifes-

pan, and v) the key assumptions made by the reviewed studies.

4.1.1. Exclusion of life cycle stages

The building life cycle stages consist of raw material extraction,

material manufacturing and processing, construction/installation, op-

eration, maintenance and replacement, transportations between any of

these steps, and EOL (Fig. 1). A whole LCEA then refers to the one that

accounts for energy consumption throughout the entire buildings’ life
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Fig. 1. Building life cycle energy

Table 1

Keywords applied during the initial search

Keywords used to search for life-cycle energy assessment studies

Building life-cycle assessment; building life-cycle energy assessment; building energy performance; building life-cycle impact assessment; building life-cycle

environmental assessment; building life-cycle; energy efficient buildings; residential buildings; building primary energy consumption; and building embodied

energy analysis.

Table 2

Exclusion of building life cycle stages

Stages of building life cycle Number of studies

Production Raw material extraction 0

Transport to manufacture 1

Manufacturing and processing 0

Assembly Transport to construction site 9

Construction/installation 11

Maintenance Maintenance and replacement 14

End of life De-construction/demolition 23

Transport 23

Disposal 24

Reuse, recovery, recycling 26

cycles. Table 2 shows the number of reviewed studies that excluded

building life-cycle stages from the system boundary.

The review reveals that 32% of the studies carried out a whole LCEA,

while others omitted certain life cycle stages. The processes involved in

the EOL stage (i.e. de-construction, transport, and disposal of construc-

tion wastage) were excluded by 58% of the studies. This exclusion was

commonly justified due to i) the minor contribution of this stage to the

total life-cycle energy use of buildings, and ii) uncertainties about decon-

struction practices at the EOL [6,29–38]. Amongst those that accounted

for energy consumption at EOL, the common trend was to base the cal-

culation on assumptions. For instance, Crawford [39] assumed that the

energy needed for building deconstruction and disposal of its materials

equated to 1% of the house’s total life-cycle energy demand.

In addition, maintenance and replacement (also known as recurrent

embodied energy) was excluded by 35% of the studies. Understanding

the impacts of recurrent embodied energy is important for many reasons,

such as making informed choices about building design and materials,

and understanding the impact of the maintenance and management of

buildings [9]. Studies have also shown that recurrent embodied energy

may have a substantial effect on the total life-cycle energy use; thus,

ignoring its impact can underestimate the environmental burdens of

buildings. For instance, Stephan and Stephan [33] showed the recurrent

embodied energy of a residential building in Lebanon may constitute up

to 31% of the total building embodied energy. Crawford [39] also es-

timated that recurrent embodied energy of an Australian building can

be up to 22% of the total building life-cycle energy demands. Further-
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Table 3

Energy saved at different stages through reusing, recovering and recycling building materials (kWh/m
2
.year)

Reference Building characteristics Energy

saved at

production

stage

Energy

saved at

construction

stage

Energy

saved at

EOL stage

Total energy

saving

Total energy

saving (%)

Gustavsson

et al. [50]

Wood-framed apartment 23.64 NA 11.42 35.06 17.84

Dodoo and

Gustavsson

[51]

Conventional building with electric heated system 7.78 NA 7.92 15.70 5.36

Conventional building with heat pump heated system 7.78 NA 7.92 15.70 7.27

Conventional building with district heated system 7.78 NA 7.92 15.70 7.79

Passive building with electric heated system 8.0 NA 8.06 16.06 6.05

Passive building with heat pump heated system 8.0 NA 8.06 16.06 7.77

Passive building with district heated system 8.0 NA 8.06 16.06 8.22

Cellura et al.

[52]

Net zero energy building NA NA 22.62 22.62 10.83

Dodoo et al.

[53]

Cross laminated timber structure with heat pump heated system 20.92 1.44 11.80 34.16 16.85

Beam-and-Column system structure with heat pump heated

system

20.22 1.26 10.90 32.38 15.35

Modular timber structure with heat pump heated system 10.18 1.10 9.04 20.32 9.73

Cross laminated timber structure with district heated system 20.92 1.44 11.80 34.16 17.81

Beam-and-Column system structure with district heated system 20.22 1.26 10.90 32.38 16.34

Modular timber structure with district heated system 10.18 1.10 9.04 20.32 10.32

Tettey et al.

[54]

Standard building with concrete system 1.92 NA 5.63 7.55 4.90

Standard building with cross laminated timber structure 20.98 NA 10.67 31.65 21.24

Standard building with modular timber structure 8.075 NA 6.30 14.38 9.75

Passive building with concrete system 1.92 NA 5.63 7.55 8.55

Passive building with modular timber structure 8.53 NA 6.57 15.10 18.37

Zhan et al [55] Prefabricated building NA NA 4.99 4.99 6.84

Thormark [43] Low energy building NA NA 31.12 31.12 36.75

Blengini and Di

Carlo [56]

Low energy house NA NA 11.11 11.11 13.74

Takano et al.

[46]

Detached house with light weight timber structure NA NA 21.96 21.96 17.95

Row house with light weight timber structure NA NA 15.17 15.17 15.56

Townhouse with light weight timber structure NA NA 15.42 15.42 17.77

Apartment block with light weight timber structure NA NA 12.96 12.96 18.96

Detached house with cross laminated timber structure NA NA 35.06 35.06 26.03

Row house with cross laminated timber structure NA NA 29.04 29.04 26.93

Townhouse with cross laminated timber structure NA NA 31.9 31.9 32.60

Apartment block with cross laminated timber structure NA NA 28.77 28.77 37.48

Detached house with reinforced concrete panel structure NA NA 14.04 14.04 10.89

House with reinforced concrete panel structure NA NA 10.62 10.62 10.63

Townhouse with reinforced concrete panel structure NA NA 9.31 9.31 10.48

Apartment block with reinforced concrete panel structure NA NA 6.95 6.95 10.64

Detached house with steel structure NA NA 14.66 14.66 11.68

Row house with steel structure NA NA 10.67 10.67 10.70

Townhouse with steel structure NA NA 9.81 9.81 11.04

Apartment block with steel structure NA NA 7.72 7.72 11.08

Note: The detailed numerical values for recycling/reusing potentials were given by nine studies out of fourteen.

more, this paper found that the construction/installation stage was ex-

cluded by 27% of the studies. This was mainly due to its perceived mi-

nor impact on total building life-cycle energy use [30,31,40,41] and

the difficulty in gathering data on the energy consumption of on-site

construction operations [37]. Some studies did not discuss the reasons

for its exclusion [42–46]. Transportation of materials to the construc-

tion site was also excluded by 22% of the reviewed studies, which

was mainly justified by its minor impact on total life-cycle energy

use.

The reuse, recovery, and recycling of building materials was ex-

cluded by 65% of the reviewed studies. This term refers to the processes

in which the environmental benefits of building materials beyond the

defined system boundary are captured [47]. The use of this strategy has

been widely seen as an effective measure to mitigate buildings’ envi-

ronmental impacts [48,49]. This paper found that the amount of energy

saved by using this strategy averaged between 5 to 38% of a building’s

total life-cycle energy use (Table 3).

4.1.2. The extent of system boundary definition: calculating embodied

energy

Calculating embodied energy largely depends on the extent to which

the embodied impacts of building components and their systems are in-

cluded within the system boundary. Table 4 presents the building com-

ponents considered by the analysed studies when accounting for build-

ings’ embodied energy. The review showed that the inclusion of embod-

ied energy impacts of building components and their systems within

the system boundary was inconsistent. The majority considered the em-

bodied impacts of superstructure, substructure and finishings, whereas

only half of the reviewed studies considered the embodied energy of

building services. This can be related to the higher weights of the for-

mer components in buildings’ bill of quantity, and the energy intensive-

ness of their production processes due to using high amounts of cement

or steel [29,33,39,50,57]. On the other hand, 83% of the studies ex-

cluded the embodied energy of built-in furniture, fixtures, appliances or

elements beyond building components (such as urban infrastructure or
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Table 4

The embodied energy of building components considered by the reviewed studies

Elements Descriptions

Number of studies

considered

Superstructure Structural frame; interior and exterior walls; stairs; floor; roof; windows; interior partitions;

interior and exterior doors.

40

Substructure Foundation; basements. 37

Finishing Wall, floor and ceiling finishings. 30

Services Sanitary installation, installations (water, lighting, electrical, ventilation); space heating and air

conditioning; firefighting elements.

20

RES Photovoltaic panels, solar collector, wind turbines. 12

Furniture, fixtures,

appliances

Built-in furniture, interior fixtures, or appliances. 7

Elements beyond

building

Urban infrastructure (e.g. roads, water, sewage systems); residents’ mobility. 5

occupants’ transportation) from their system boundaries. Further, the

system boundaries defined by studies that investigated life-cycle energy

performances of net-zero-energy buildings (NZEBs) were found to be

wider than those considering conventional buildings since they also in-

cluded the embodied impacts of renewable energy systems (RESs), such

as photovoltaic panels, solar collectors, or wind turbines, within system

boundaries.

The possibility of expanding the system boundary to include param-

eters beyond the scale of a building has also been pointed out by a num-

ber of studies [6,32–34,44]. Stephan et al. [32] proposed a framework

to consider the embodied impacts of nearby infrastructure (roads, water,

sewage systems, etc.), and the energy used for occupants’ transportation.

This framework was then employed to analyse the life-cycle energy per-

formances of two residential buildings in Australia and Belgium. The

authors concluded that the occupants’ transportation made up 25.4%

and 33.8% of the entire building life-cycle energy consumption in the

Belgian passive house and the Australian building, respectively. Bastos

et al. [34] also performed an LCEA to compare energy consumption and

greenhouse gas emissions of two buildings, one apartment building lo-

cated in the city centre and a semidetached house in a suburban area.

In addition to the embodied impacts of buildings, they also considered

energy consumed for occupants’ transportation. The results indicated

the significance of energy consumption for occupants’ transportation,

especially for the suburban building.

4.1.3. The extent of system boundary definition: calculating operational

energy

Energy is consumed in the forms of thermal and non-thermal loads

over a building’s lifespan in order to maintain a habitable indoor en-

vironment [18,23,24]. Parameters influencing thermal loads include

heating and cooling, whereas DHW, electrical appliances, ventilation,

lighting, and cooking are the factors that determine non-thermal loads.

Hence, whether the system boundary is set to account for the impacts of

these parameters directly affects the calculation of operational energy.

The review showed that the studies had different levels of inclusion

to account for the impacts of parameters that affect operational energy

use (Fig. 2). It is found out that only 20% of the studies included all pa-

rameters [31–35,37,39,52], while the impacts of cooking were excluded

by 68% of the studies, followed by cooling (53%), lighting (38%), ven-

tilation (28%), electrical appliances (28%), DHW (28%), and heating

(10%). Moreover, one study did not discuss its level of inclusion for

the assessment of operational energy usage [58]. Eliminating each pa-

rameter from the system boundary affects LCEA results by changing the

proportion of operational energy [59,60]. For example, Gustavsson and

Joelsson [59] found that the share of embodied impacts in a building’s

total life-cycle energy usage decreased from 33% to 25% once the scope

had been extended from space heating only to include ventilation, DHW,

and household electricity.

It is also noted that the system boundary was commonly defined sub-

jectively, without providing any contextual justification. Only four of

the reviewed studies [7,38,42,61] gave reasons for excluding certain pa-

rameters. For instance, Crawford et al. [7] only considered heating and

cooling loads as these are the only demands considered by the Building

Codes of Australia. Pinky Devi and Palaniappan [38] also justified the

exclusion of cooking since it was usually done using firewood in low-cost

houses in India. The subjectivity in the definition of the system bound-

ary underlines the lack of a framework or a standardized approach for

calculating buildings’ operational energy usage.

4.1.4. Building lifespan

The range of building lifespans assumed by the analysed studies falls

between 30 and 100 years, with the most frequently used lifespan of 50

years (Table 5). This assumption is of utmost importance due to its di-

rect effect on the proportion of embodied and operational energy in an

LCEA. The share of embodied energy in a building’s total life-cycle en-

ergy use can be affected by calculations of recurrent embodied energy, as

assuming a long lifespan leads to frequent replacement of building ma-

terials, while assuming a short lifespan will induce the need to change

the entire building [62,63]. Rauf and Crawford [63] studied the correla-

tion between a building’s lifespan and its embodied energy. They found

that a building’s embodied energy demands can be decreased by 29% by

increasing the lifespan from 50 to 150 years. In addition, assumptions

about a building’s lifespan can affect operational energy, as prolonging

the lifetime of a building results in an increase in energy consumption

over its service life [64].

Determining a building’s lifespan in an LCEA is challenging due to

numerous variables involved in terminating a building’s life such as ur-

ban redevelopment, deterioration of the building’s physical condition,

and damage from natural causes such as fire and flood. In an LCEA, the

main concern in choosing a building’s lifespan is that it is an arbitrary

decision, as a number is simply assumed by referring to other research.

In addition, there is an inconsistency in the choice of lifespan regarding

the geographical region. This can be seen in Table 5, as the assumptions

differ within one country, or region (e.g. the EU).

The ideal conditions for an accurate prediction of building lifespan

are those in which the microclimate is well known, while the charac-

teristics of all individual components and elements of the building can

be determined using laboratory or real-life data [75]. However, this ap-

proach is impractical from an LCEA practitioner’s point of view. It is

therefore recommended to utilize a simpler “factor method” for such

estimations, where the aim is to apply a “rough-and-ready” means of

estimating rather than predicting buildings’ service life [75]. The fu-

ture direction in this particular area of LCEA may lie with develop-

ing performance-based estimation approaches in each region, combined

with creating open-access databases containing information about the

service lives of construction materials that can be accessible by all prac-

titioners.

4.1.5. Assumptions

In an LCEA analysis, making assumptions is inevitable due to various

uncertainties involved [23]. This paper identified various assumptions
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Fig. 2. Number of studies that considered the inclusion of parameters influencing operational energy

Table 5

Frequency of use of building lifespans

Country of case study Building lifespan Frequency of use Reference

Australia 30 years 1 [44]

Canada 40 years 1 [65]

Australia, Sweden, Lebanon, Turkey, Belgium, Portugal, Norway, Finland,

India, Thailand, China, Israel, Brazil

50 years 23 [7,29,32–

34,37–

39,43,46,50,53,57,59,61,66–

72]

Ireland, Norway, Belgium 60 years 3 [40–42]

China, Italy 70 years 4 [52,55,56,73]

India, Portugal 75 years 3 [30,31,35]

Sweden 80 years 1 [54]

Belgium, Australia 100 years 4 [6,45,58,74]

made by the reviewed studies and grouped them with respect to their

corresponding stage of the building life cycle (Table 6).

The first group refers to the assumptions that pertain to the calcula-

tion of embodied energy at the production stage. These assumptions are

commonly made in response to the absence of a locally-driven database.

For instance, Devi and Palaniappan [67] applied a European database to

compute the embodied impacts of a building in India. Similarly, Stephan

and Stephan [33], and Stephan et al. [6] employed ‘Australian input–

output-based hybrid embodied energy intensities’ to calculate the em-

bodied energy of buildings located in Lebanon and Belgium, respec-

tively. However, geographic representativeness of the data is an impor-

tant parameter that needs to be considered when measuring embodied

energy since countries differ in their manufacturing processes, construc-

tion technologies, economic sectors, energy tariffs, and fuel supply struc-

ture [28]. As such, adopting data that is non-native to the location of

the building under study may compromise the accuracy of calculations

of embodied energy.

The second group of assumptions relates to the operation stage. A

common trend in calculating the operational energy of buildings is to

compute energy use for one year of the building’s operation, then the

calculated value is multiplied by the number of years assumed for the

building’s lifespan. As a result, the studies commonly assumed that op-

erational energy consumption would stay constant throughout the en-

tire life of the building. This assumes the occupancy profile of a build-

ing would remain unchanged (in terms of family size or the occupancy

schedule), or there would be no depreciation of heating and cooling sys-

tems (a constant coefficient of performance). In addition, none of the

reviewed studies considered the effects of climate change on buildings’

energy consumption. The calculation of operational energy usage has

been commonly carried out by considering present climatic conditions,

while ignoring the possible future effects of climate change. This as-

sumption was only declared by three studies [30,31,65]. Previous stud-

ies have shown that heating and cooling demands can be affected by cli-

mate change. For instance, Karimpour et al. [76] performed a paramet-

ric analysis using the Typical Meteorological Year for 2070 to design the

building envelope of a residential building in Adelaide, Australia. They

concluded that heating will become significantly less important as build-

ings would be better insulated while the climate would be warmer, and

therefore more focus should be allocated toward mitigation of cooling

loads in buildings. As such, considering the impacts of climate change on

operational energy demands is recommended for future LCEA studies.

The maintenance and replacement stage has also been subject to sev-

eral assumptions, as shown in Table 6. Although not discussed by most

of the studies, it is commonly assumed that building materials are to be

replaced with similar materials when they reach the end of their ser-

vice lives; thus, they incur the same amounts of embodied energy as the

original materials.

The final group attributes to the assumptions made in order to facili-

tate calculating embodied impacts of construction/installation and EOL

stages. As previously mentioned, these stages were excluded by the ma-

jority of the reviewed studies. Amongst those accounting for their con-

tributions, some assumed certain values as the impacts of these stages

on the total building life-cycle energy consumption. For instance, Gus-

tavsson et al. [50] assumed that the primary energy used for the on-site
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Table 6

A summary of assumptions made by the reviewed studies

Targeted stage Assumption Reference

Production

• Use of databases containing embodied energy coefficients of building materials not originating in

the country of the case studies;
• Using input-output (I–O) data developed over a decade ago to represent energy intensities of

construction materials;
• Data for a similar material were used when more specific data were unavailable.

[6,33,39,43,57,74]

Assembly

• Assuming one location to carry out all the production processes;
• Assuming certain values of energy consumption as the effect of this stage on the entire life-cycle

energy use (e.g. 80 kWh/m2, 160 kWh/m2 or 4% of the material production primary energy).

[50,53,54]

Operation

• Unchanged occupancy profile (occupants’ behaviors, family size, etc.);
• Unchanged patterns of use for heating and cooling systems; unchanged coefficient of performance

rates for all mechanical systems;
• Unchanged resource mix supplying electricity to the buildings;
• Using energy bills of another building with similar specifications to estimate the building’s

operational energy.

[29–31,35,37,51]

Maintenance and

replacement
• The service life of the building’s structural elements were assumed to be the same as the building

itself;
• Building materials were expected to be replaced with the same materials when they reached their

end of service lives;
• Assuming certain values of energy consumption as the effect of this stage on the entire life-cycle

energy use;
• Using the replacement lifetimes of U.S. construction materials for a case study in Australia;
• Unchanged construction methods and materials during the entire building lifespan;
• Replaced materials were assumed to have the same amount of embodied energy as the originals.

[41,44,46,57,66,74]

EOL

• Assuming certain values of energy consumption as the effect of this stage on the entire life-cycle

energy use (e.g. 1% or 3% of the total life-cycle energy demand);
• Assuming 10 and 20 kWh/m2 of energy consumption for demolishing wood and concrete

respectively;
• Using only one type of fuel to transport construction wastage;
• Assuming the recovery of 90% of the wood-based demolition materials, while decaying 10% into the

atmosphere.

[39,50,51,53,54,57,67]

construction of an eight-story apartment equalled 80 kWh/m
2
. Analo-

gously, studies assumed different values in order to account for the im-

pacts of the EOL stage [39,53,67]. For example, Devi and Palaniappan

[67] assumed that this stage consumed 3% of the total initial embodied

energy.

Overall, the assumptions made for different stages of a building’s life

cycle can have a significant effect on the final results of an LCEA. Thus,

all the assumptions in an LCEA study need to be clearly stated for the

sake of transparency while justifying their contextual applicability. The

sensitivity of each assumption toward total building life-cycle energy use

should be tested at the interpretation stage. Three methods are identified

here that can potentially be used in order to assure the robustness of the

LCEA results (See section Interpretation).

4.2. Methods applied to calculate embodied energy

The results of an LCEA can be influenced by the method applied to

calculate embodied impacts. The review shows that three major meth-

ods have been utilized to compute the embodied impacts of build-

ings, namely the process-based, economic input-output (I-O), and input-

output-based hybrid methods. The process-based method is most effec-

tive when the physical flow of the system under study is identifiable

and can be easily traced. However, this approach becomes difficult to

apply when the inputs and outputs of the system are numerous [57].

Also, errors can be induced by the subjective truncation of the upstream

production system [68]. On the other hand, the economic I-O method

takes a top-down approach and utilizes the entire economy as the the-

oretical boundary to arrive at clear definitions of the system boundary.

This method aims to determine the quantity of energy consumed to pro-

duce a specific service or product by decoding the flow of materials in an

economy’s structure. Although using this method improves the incom-

plete system boundary definition in the process-based method, it still

suffers from a lack of product-specific data. To address this issue, the

I-O-based hybrid approach was proposed to incorporate the inputs from

the entire upstream supply chain by amalgamating the two previous ap-

proaches [23,77]. The review revealed that 60% of the studies utilized

the process-based approach; 23% used the I-O-based hybrid approach;

only one study applied the economic I-O approach [44]. Furthermore,

15% of the studies did not discuss the methods they used to calculate

embodied impacts [30,31,61,70,51,54].

To compute embodied impacts, it is necessary to select a background

database that contains datasets representing the technical and economic

contexts of the case study [23]. It is found out that the background

data required for embodied energy calculations were retrieved from two

primary sources: ‘literature’ (i.e. data published by other research) and

databases that are available publicly or commercially (Table 7). Overall,

13% of the studies solely relied on the literature to calculate embodied

impacts. Using this approach may potentially undermine the reliability

of the achieved results for decision-making purposes since the adopted

background databases might not represent the regional contexts of the
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Table 7

Databases applied by the reviewed studies

Database Developer Data coverage Boundary LCI method Ref.

SimaPro1 PRe´ Consultants, Netherlands Industry data, U.S. LCI, Danish

input-output database, Dutch

input-output database, LCA food

database, Ecoinvent

Cradle-to-

grave

Process-

based and

I-O method

[29,52,74]

Ecoinvent Ecoinvent centre, Swiss Generic data on various products

and processes including chemicals,

waste management, agriculture,

energy, washing agents, transport,

paper & board, and building

materials

Cradle-to-

gate

I-O method

[34,40,41,46,53,56,71]

Inventory of Carbon and

Energy

Bath University, UK Specific-process data on over 200

construction materials, European,

mainly UK data

Cradle-to-

gate

Process-

based

method

[35,37, 38,42,57,

66,67]

AusLCI Building Product Innovation

Council, Australia

Process data on construction

products and materials, Australian

data

Cradle-to-

grave

I-O method [74]

Building for Environmental

and Economic Sustainability

National Institute of Standards

and Technology (U.S.)

Construction materials, mainly

U.S. data

Cradle-to-

grave

Process-

based

method

[66]

Database of Embodied Energy

and Water Values for Materials

University of Melbourne Construction materials, Australian

data

Cradle-to-

grave

I-O based

hybrid

method

[6,7,32,39]

Chinese Life Cycle Database Sichuan University, China; IKE

Environmental Technology Co.,

China

Waste management, energy

carriers, transport, materials and

chemicals; data coverage for China

Cradle-to-

gate

Process-

based

method

[68]

Athena Institute Impact

Estimator database

Athena Sustainable Materials

Institute

Construction materials, North

American

Cradle-to-

grave

Process-

based

method

[65]

Note: (1) the exact database has not been reported.

buildings under study. In addition, 33% of the studies used generic in-

ternational databases, namely Inventory of Carbon and Energy, Athena

Institute Impact Estimator, Ecoinvent, and Building for Environmen-

tal and Economic Sustainability, while 15% of the studies combined

process-specific data acquired from different sources such as local man-

ufacturers [50,73], or databases developed nationally or regionally with

generic international databases [53,54,71,74] in order to increase the

geographical representativeness of the data.

The findings show that the studies have taken different approaches

toward calculating the embodied energy demands of the analysed build-

ings. These differences of approach, coupled with the differing defini-

tions of the system boundary, make the LCEA results highly variable

across the reviewed studies.

4.3. Methods applied to calculate operational energy

This paper found that the studies applied five main methods to cal-

culate operational energy usage:

• Building energy performance simulation (BEPS) tools. The review

showed that 65% of the studies utilized BEPS tools to calculate oper-

ational energy. In recent years, this method has been widely applied

to support the processes involved in building design, construction,

operation, and retrofitting [78]. However, the main challenge of the

BEPS approach attributes to incorporating assumptions about occu-

pant behaviours into the simulated model and whether or how much

they reflect real-world occupant behaviours. Previous studies indi-

cated that relying solely on simulation software may induce signifi-

cant deviations between predicted and actual building performances

[79,80].

• Energy bills. Around 8% of the studies used the actual records of

energy bills to calculate operational energy usage [37,39,57]. Em-

ploying this method enables researchers to comprehensively capture

the effects of occupants’ behaviours on energy usage. Nevertheless,

using this method only provides an aggregate value for operational

energy consumption, and does not provide a detailed breakdown of

energy usage. This makes it difficult for decision-makers to identify

the ‘hot spots’ of energy use in buildings and to provide solutions for

energy reduction [23].

• Monitoring. 8% of the studies monitored buildings’ energy consump-

tion using sensors and actuators in order to calculate operational en-

ergy [52,67,73]. Using this method enables researchers to acquire

detailed data on the actual energy use of buildings by continuously

sensing instantaneous values of current and voltage, or gas usage

to provide a measurement of energy used [81]. However, there are

several challenges involved in using this method, in particular the

issue of interoperability. This term refers to exchanging the data

between components of building energy monitoring and metering

systems in a standardized way so that they can properly communi-

cate with each other irrespective of the manufacturing brands and

physical medium [81]; thus, all the data corresponding to different

types of energy use in buildings can be metered and recorded unin-

terruptedly. Furthermore, the high initial cost and the difficulty in

managing and storing the high amounts of metering data can also

be listed as potential challenges in using this method [81]

• National statistics. The review shows that 8% of studies utilized data

representing national or regional statistics on energy consumption

in the building sector in order to calculate operational energy use

[34,35,38]. Using this method can potentially lead to a divergence

between estimated and actual operational energy use since these

data are developed based on the average energy consumption in the

building sector. Moreover, the age of the data in this method can

be a matter of concern. For instance, Bastos et al. [35] used data

from 2002 related to the residential use of electricity and natural

gas from the Lisbon Energy Matrix in order to calculate a building’s

operational energy usage.

• Others. Other methods were applied in 10% of the reviewed studies

[6,32,33,55]. Stephan et al. [32] and Stephan et al. [6] used static

equations in order to calculate heating and cooling loads, then non-

thermal energy demands were estimated using regional per capita

average energy consumption. In another study, Stephan and Stephan

[33] utilized dynamic simulation software to calculate heating and

cooling loads, while non-thermal energy demands were computed
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using regional averages for energy consumption in Lebanon. Zhan

et al. [55] also used static equations to calculate the amount of en-

ergy consumed for heating, ventilation, air conditioning, and light-

ing during a building’s operation. Using static equations can assist

researchers to produce an accurate estimation of a building’s energy

performance at the early stage of building design; however, it can

be time-consuming when the aim is to optimize a building design

through parametric analysis [23].

The review showed that the studies applied different methods to

measure operational energy use. The majority employed BEPS tools,

mainly without validating their results. Only two studies validated their

simulated results against actual data [72,74]. The seldom reliance on

this approach may lead to inaccurate results due to ignoring the impacts

of occupants’ behaviours on energy usage. For instance, Van Dronkelaar

et al. [79] reported a discrepancy of 34% in total energy between design

and actual building performance, with a 10–80% estimated effect of oc-

cupants’ behaviours. Contrarily, the use of the energy bills [37,39,57]

and monitoring [52,67,73] methods can address the aforementioned is-

sue by taking into consideration the effects of occupants’ behaviours on

energy use over a building’s lifespan. Using national or regional statis-

tics on average energy consumption in the building sector was another

method applied by the reviewed studies to calculate operational energy

[34,35,38]; however, this approach can also lead to an inaccurate esti-

mation of operational energy since it fails to account for the particular

buildings’ characteristics, occupants’ behaviours, and the effects of mi-

croclimate on buildings’ energy consumption.

In sum, LCEA results can also be affected by the method chosen to

calculate operational energy. Quantifying the impacts of each method

on the LCEA results is beyond the scope of this paper, though it is an

important topic for future research.

4.4. Interpretation

Interpretation is the final stage of an LCEA in which the obtained

results are discussed with regard to the scope and aim of the research

and recommendations are made accordingly. In principle, the LCA stan-

dards recommend performing certain types of evaluation in order to

assure the accuracy of the achieved results. For instance, ISO 14044

recommends three analyses: completeness check, sensitivity check, and

consistency check [20]. Detailed explanations of these analyses can be

found in [23]. EN 15978 also suggests undertaking result verification

to formally confirm the achieved results [13]. In addition, EeBGuide

recommends conducting an uncertainty analysis and states that, where

possible, an alternative scenario should be modelled for each stage of

the life cycle [47].

The findings showed that three methods have been applied by the

analysed studies as a means of evaluation, namely sensitivity analysis,

uncertainty analysis, and discussion of limitations. Uncertainty analysis

measures the uncertainty in model outputs, which is derived from in-

put uncertainty, while sensitivity analysis assesses the inputs’ contribu-

tions to the total uncertainty in the analytical results [82]. Discussion of

limitations refers to acknowledging the limitations of the LCEA and dis-

cussing their implications for the final results without undertaking any

quantitative analysis. Regarding sensitivity analysis, 15% of the studies

utilized only this method to examine the effect of inventory data pa-

rameters [34,37,53,59,67,69]. In these studies, the impacts of several

variables on total building life-cycle energy use were analysed, namely

climate and energy mix, the choice of insulation materials, the method

of assessing embodied energy at the production stage, building lifes-

pan, air infiltration rate, ventilation heat recovery efficiency, and the

effects of building location. Also, 13% of the reviewed studies applied

uncertainty analysis [6,32,50,54,56]. For instance, interval analysis was

used by a number of studies to evaluate uncertainties concerned with

embodied energy data [6,32]. Finally, 13% of the studies discussed lim-

itations linked to their research [35,39,46,57,58]. Different limitations

were discussed such as assuming a constant energy mix over 50 years,

assuming the same service life for the building’s structural components

as for the building, and assumptions pertaining to building occupancy

[57], using old I-O data [39], ignoring the EOL stage, using a database

to calculate embodied energy that is derived from UK production pro-

cesses [35], excluding the impacts of interior zoning of spaces (e.g. living

room, bathroom, bedroom) on operational energy usage, and excluding

the impacts of partition walls on embodied energy [46].

Furthermore, no study adopted all the three methods to evaluate

the LCEA results, and only 18% of the studies included two of them,

i.e. sensitivity analysis and discussion of limitations [7,38,40,66,74],

uncertainty analysis and discussion of limitations [33], and sensitivity

analysis and uncertainty analysis [41]. 42% of the studies also did not

perform any evaluation.

5. Discussion

This section aims to offer responses to the first two research ques-

tions; ‘what is the current trend of methodological approach for applying

LCEA in residential buildings?’; and ‘what are the key parameters caus-

ing variations in LCEA results?’. Table 8 shows the overall methodolog-

ical trends of the reviewed studies. In this table, 12 major parameters

are identified that can lead to varying LCEA results. These parameters

are further categorized into four main groups: i) system boundary defi-

nition, ii) calculation methods, iii) geographical context, and iv) inter-

pretation of results.

The incomplete definition of the system boundary is a primary issue

relating to the LCEAs carried out by the analysed studies. It is interest-

ing to mention that, with one exception [39], no study had a complete

definition of the system boundary, that is, a definition that included

all stages of a building’s life cycle, all parameters influencing opera-

tional energy usage, and the embodied energy of all building compo-

nents. Even studies with a broad definition of the system boundary for

assessing embodied energy [6,32–34,44] excluded the impacts of cer-

tain stages of a building’s life cycle or some influential parameters in

calculating operational and embodied energy. Another issue associated

with the LCEAs conducted by the reviewed studies is the subjectivity in

defining the system boundary since they barely gave justifications for

truncating system boundaries. As a result, the incomplete definitions of

the system boundaries compromise the accuracy of LCEAs in represent-

ing the total life-cycle energy performance of buildings. This can further

reduce decision-makers’ ability to rely on these results for purposes such

as implementing environmental practices (e.g. eco-labelling).

The review also revealed different approaches employed by the stud-

ies to measure embodied energy and operating energy. Regarding em-

bodied energy, studies with a wider approach, namely the I-O-based

hybrid, were more likely to yield a higher value as it captures energy

usage embedded in both the downstream and upstream stages of the

supply chain [7,33,77]. Likewise, the analysed studies adopted different

methods to calculate operational energy. A limited number of studies ap-

plied methods that capture occupants’ behaviour regarding energy con-

sumption, namely energy bills [37,39,57] and monitoring [52,67,73],

whereas the majority employed simulation software. Moreover, regional

or national averages for energy consumption in residential buildings

were used by some studies [34,35,38] to calculate the operational en-

ergy of buildings. Another major difference amongst the studies is the

geographical context, which leads to certain inherent differences such

as climatic conditions, building regulations, quality of raw materials,

production processes, economy structure, different processes involved

in producing secondary energy, energy tariffs, fuel supply structure,

and labour [28]. This emphasizes the necessity of considering the ge-

ographical representativeness of data when computing embodied im-

pacts. Pullen [83] estimated a possible error of 2.6 percent in the re-

sults for embodied energy due to differing tariffs paid by different ma-

terial suppliers at different locations when using the I-O method. The

last major difference was the interpretation of the LCEA results. This
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Table 8

Overall trends in the methodologies of the reviewed studies

Category Methodological aspects Overall trends in the LCEA studies

System boundary

definition

Exclusion of building life-cycle stage. 58% excluded EOL; 35% replacement and maintenance;

27% excluded construction/installation; 22% excluded

transport to construction site.

Exclusion of reuse, recovery, and recycling. 65% of the reviewed studies.

Building components considered for embodied energy

assessment.

100% superstructure; 93% substructure; 75% finishings;

50% services; 30% RES; 18% built-in

furniture/fixtures/appliances.

Elements at the neighborhood scale considered for

embodied energy calculation.

Occupants’ transportation; urban infrastructure

considered by 13%.

Parameters considered for operational energy usage. 90% heating; 73% ventilation; 73% DHW; 73% electrical

appliances; 63% lighting; 48% cooling; 33% cooking.

Building lifespan. 58% assumed 50 years.

Assumptions. All stages are subject to assumptions.

Calculation

methods

Methods used for calculating embodied energy. 60% process-based; 23% I-O-based hybrid; 3% economic

I-O; 15% of the studies did not discuss their applied

methods.

Database employed for embodied energy calculation. 33% generic international databases; 13% literature; 15%

combined generic international databases with national

or regional databases.

Methods used for calculating operational energy. 65% BEPS tools; 8% energy bills; 8% monitoring; 8%

national statics; 10% other.

Geographical

context

Distribution of countries. 58% Europe; 21% Asia; 16% Australia; 2.5% Brazil; 2.5%

Canada.

Interpretation of

results

Interpretation. 42% none; 15% sensitivity analysis; 13% uncertainty

analysis; 13% discussion of limitations; 18% used two

methods.

paper showed that a large percentage of studies (42%) eschewed any

type of evaluation of their final results, despite the recommendations in

the LCA standards.

Overall, it can be stated that the applicability of current LCEA re-

sults for decision-making purposes is limited due to incomplete defini-

tions of the system boundary, with no possibility of conducting cross-

comparison between LCEA studies. Cross-comparison is important when

aiming to advance knowledge about LCEAs of residential buildings

within a global context [23]. Previous studies endeavoured to plot the

significance of operational energy against embodied energy (or vice

versa) by juxtaposing various case studies [18,24,84–86]. For instance,

Ramesh et al. [24] cross-compared 73 cases of residential and office

buildings. It was concluded that operational energies constituted 80–

90% of the total buildings’ life cycle energy usage, while embodied en-

ergies made up 10–20%. It was further shown the total life cycle energy

requirements of conventional residential buildings fell in the range of

150–400 kWh/m
2
per year and that of office buildings in the range of

250–550 kWh/m
2
per year. These comparisons are infeasible consider-

ing the significant variations existing among the studies. In one study,

Yung et al. [87] attempted to compare residential and office buildings.

They noted that some studies excluded the transportation and construc-

tion stages from their system boundaries. To account for the impacts of

these excluded stages, 4% (for transportation) and 10% (for construc-

tion) of the initial embodied energy were added to the original values

calculated by the researchers in order to make the cases comparable.

To standardize operational energy, they considered energy usage for

heating and cooling only, and then compared the embodied energy and

operational energy of the cases. Despite the authors’ great efforts, com-

paring LCEA studies with such unclear system boundary definitions and

the variety of methodological choices can inherently increase the risk

of misinterpretations if LCEA cases are utilized for inspiring particular

design practices, or promoting indications for building regulations.

6. An evidence-based framework for LCEA research

This section aims to elaborate on the methodological bases of a con-

ceptual framework that brings forward proposals for the standardization

of LCEA use. The framework is developed based on the theoretical ex-

amination of the reviewed studies and the resultant reflections on the

LCAmethodology (Fig. 3). Thus, it addresses the third research question;

‘how can the continued variations in the application of LCEA in residential

buildings be overcome?’. This framework primarily targets to simplify the

interlocking processes involved in an LCEA by providing a clear descrip-

tion of the system boundary. It encourages incorporating embodied im-

pacts of building components within a stepwise approach consisting of

four levels in that each one represents a different degree of inclusion for

assessing embodied and operational impacts.

6.1. Embodied energy

The importance of describing physical and temporal system bound-

aries has been widely emphasised by LCA standards to assure main-

taining transparency and comparability. Description of physical system

boundary refers to clearly stating which parts of the physical build-

ing components need to be included for assessment. Examples of these

standards are ISO 21931-1 1 [11], and EN 15978:2011 [13], whereby

building elements that should be considered for the analysis are recom-

mended. These standards serve well in providing general guidance for

practice, as well as providing a basis through which buildings’ environ-

mental impacts can be investigated. However, a more detailed frame-

work is required when LCEA cases are to be horizontally compared e.g.

for obtaining certification. The proposed framework recommends a step-

wise approach by which buildings’ embodied and operational impacts

can be taken into consideration. Stepwise approach offers flexibility in

assessing buildings’ environmental impacts when dealing with data un-

availability. Using this framework facilitates the possibility of compar-

ing different versions of a similar building or cross comparing cases that

are analysed by the LCEA approach.

The current study complements the description of physical system

boundaries of current standards (i.e. EN 15978:2011 [13]) by recom-

mending the inclusion of embodied impacts associated with renewable

energy systems, and occupants’ transport (Table 9). Considering the sig-

nificant investment being made worldwide to support the concept of

zero energy buildings, it is necessary to account for the embodied im-

pacts of these components when the building is zero energy. The frame-

work recommends including embodied impacts of renewable energy

systems at level 1, where the inclusion of these components combined

with superstructure, substructure, and finishings establishes the mini-
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Fig. 3. An evidence-based conceptual framework for LCEA research

Table 9

Components suggested by international standards for inclusion within system boundary [13]

Main components Sub-components

Substructure Foundation; and basement.

Superstructure Frame; upper floors; roof; stairs and ramps; external walls; windows and external doors;

internal walls; and internal doors.

Internal finishes Wall, floor and ceiling.

Fitting, furnishes and equipment Fitting, furnishes and equipment

Services Sanitary; water, and disposal installations; service equipment; heat source; ventilation and air

conditioners; electrical and fuel installations; lift; and control system.

Prefabricated buildings Complete buildings; building units; and pods.

Work to existing buildings Minor demolition and alteration work; repairs to existing services; damp-proof course; façade

retention; cleaning existing surfaces; and renovation work.

External works Site preparation; roads, path, paving and surfaces; soft landscaping, planting and irritation

systems; fencing, railing and walls; external fixtures, drainage, and services.

Renewable energy system Photovoltaics panels and its supporting systems; solar collectors; and wind turbines.

Occupants’ transport Vehicles; access to public transport.

mum level of LCEA assessment at building scale. Levels 2 and 3 pro-

mote adding embodied impacts of building services and fittings, built-

in-furniture, and appliances to the system boundary in order to capture

a holistic understating of buildings’ environmental performance.

The assessment of embodied impacts relating to external works has

been recommended by EN 15978:2011 (see table 9) [13]. This study

suggests adding embodied impacts of occupants’ transport to the physi-

cal system boundary (i.e. level 4) along with external works in order to

account for the impacts of elements that are beyond the building scale.

The review also showed that a number of studies endeavoured to include

embodied impacts of nearby infrastructure, and occupants’ transporta-

tion within their system boundaries [6,32–34,44]. Level 4 represents

the ambitious level for assessing the life cycle energy performance of

buildings.

Regarding the temporal system boundary, this study recommends

that the embodied impacts of production (initial embodied energy) stage

should be a minimum assessment requirement at the building level. The

initial embodied energy plays a significant role in emitting GHGs into

the atmosphere since they are mainly produced by combusting fossil fu-

els [7]. It is also widely accepted that initial embodied energy constitutes

a higher percentage of total embodied energy use compared to other

stages of building life cycle [6,7,23,88,89]. Additionally, the majority
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of current databases contain initial embodied impacts of building mate-

rials that are calculated based on energy inputs from the entire structure

of an economy; thus, the impacts of this stage can be taken into consid-

eration regardless of buildings’ locations. Level 2 recommends includ-

ing the impacts of recurrent embodied energy and assembly (construc-

tion/installation), while levels 3 and 4 encourage including embodied

impacts of all the building life cycle stages.

6.2. Operational energy

From the review, it became evident that only 20% of the studies

accounted for all parameters with potential impacts on operational en-

ergy [31–35,37,39,52]. The proposed framework recommends that all

parameters influencing operational energy use should be considered for

assessment at all levels. Many jurisdictions across the world now aim to

increase energy efficiency in the building sector by supporting the con-

struction of energy-efficient buildings (e.g. NZEBs, and passive build-

ings). These dwellings are principally built to minimize operational en-

ergy consumption. The European Union’s revised Energy Performance

in Buildings Directive of 2010 is an exemplar of policy to support con-

structing buildings with high energy efficiency. It sets the nearly-zero

energy building as the target for all new buildings from 2021 [90]. Sim-

ilar examples can be found in other countries such as the U.S. [91], UK

[92], Japan [93], and Australia [94]. Therefore, heating and cooling

loads that are commonly considered by the vast majority of the studies

for assessment, are likely to be minimized in the future while the shares

of other parameters such as electrical appliances in consuming energy

would be maximized.

The accuracy of measuring operational energy can be improved by

future research. This review found out that the analysed studies com-

monly assumed an unchanged occupancy profile (e.g. family size, occu-

pational settings and etc.) for the entire assessment period. To address

this issue, the deterministic and stochastic statistical approaches can be

employed in order to take the impacts of occupants’ behaviours into

consideration [23]. In the deterministic approach, different scenarios

for users’ behaviours on an hourly basis throughout a year should be de-

fined, ranging from energy-saving to wasteful. Thereafter, the impacts

of each scenario on building energy consumption can be measured and

compared. Alternatively, a stochastic statistical model can be developed

to predict occupants’ presence throughout the year based on scholarly

literature and national sociological investigations [47]. Despite the eas-

ier application of the first approach, using a stochastic statistical model

may generate more accurate results. Moreover, considering the effects

of future climate change on the heating and cooling demands can also

be considered by future LCEA research when estimating operational en-

ergy usage. This consideration can potentially increase the accuracy of

estimating operational energy consumption.

7. Conclusions

This paper approached the literature with the aim of addressing three

key questions; ‘what is the current trend of methodological approach for

applying LCEA in residential buildings?’; ‘what are the key parameters

causing variations in LCEA results?’; and ‘how can the continued varia-

tions in the application of LCEA in residential buildings be overcome?’.

To this end, 40 LCEA studies representing 157 cases of residential build-

ings across 16 countries have been critically reviewed. The findings in-

dicate that the current LCEA application in residential buildings suf-

fers from an incomplete definition of the system boundary. This com-

promises the accuracy of LCEA results to be used for decision-making

purposes. The key parameters leading to variations in LCEA results are

the system boundary definitions, calculation methods, the geographical

context, and interpretation of the results. The system boundary deter-

mines which building life-cycle stages are excluded from the assessment,

including reuse, recovery, and recycling; which building components

and systems are included in embodied energy calculations; whether ele-

ments beyond the building scale (e.g. urban infrastructure) are included

in calculating embodied energy; the parameters of operational energy

calculations; building lifespan; and assumptions. The calculation meth-

ods refer to the methods and background databases applied to calculate

embodied energy, as well as the methods used to calculate operational

energy. The geographical context refers to the different countries and/or

regions in which LCEAs have been conducted. Finally, the interpretation

of results refers to the studies’ different methods of evaluating the ac-

curacy of the LCEA results. Identifying the principal parameters with

potential contributions to varying results in LCEAs can minimize the

uncertainties accruing from LCEAs of residential buildings.

The findings also suggest that although the current LCA standards

serve well in providing general guidance for practice as well as provid-

ing a basis for investigation of buildings’ environmental impacts, they

are still ineffective in harmonising the LCEA application. Thus, further

research is needed for developing a more detailed framework when the

aim is to horizontally compare cases (e.g. certification). This paper con-

tributes to developing a conceptual framework for the standardization

of LCEA use. The framework primarily targets to simplify various inter-

locking processes involved in an LCEA by providing a clear description

of the system boundary. It encourages incorporating embodied impacts

of building components within a stepwise approach consisting of four

levels in that each one represents a different degree of inclusion for as-

sessing embodied and operational energies. The framework offers the

possibility of comparing different design strategies of a similar building

or cross comparing cases that are analysed by the LCEA approach.

Supplementary materials

Supplementary material associated with this article can be found, in

the online version, at doi:10.1016/j.enbenv.2020.09.005.
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a b s t r a c t

Australia’s national energy system is heavily reliant on coal-fired power plants and requires quick action to de-

crease CO
2
emissions in order to meet the Paris climate change agreement by 2030. As a good alternative to

coal power, renewable resources can produce the required energy for Australia while keeping the environment

clean. The annual amount of falling solar irradiation in Australia is a few thousand times higher than its energy

consumption, but the amount of the collected solar energy is unsatisfactory. In Perth, the sunniest city in Aus-

tralia, one-third of the residential dwellings have roof-mounted solar collector systems. However, there have been

limited studies into the integration of these systems in building design and it is still unknown which roof design

can deliver maximum efficiency based on the local environmental conditions. Therefore, the aims of this study

are to determine the optimum residential roof design in Perth, Western Australia and to maximise extracted solar

power throughout a year. To reach this aim, a combination of analytical modelling, numerical simulation, and

evolutionary algorithm methods have been selected. At first, a series of detailed mathematical calculations were

performed in Excel to find the optimum solar collector mounting settings. In the numerical simulation, the exam-

ination was repeated in the Rhino-Grasshopper interface to verify the earlier findings and calibrate the chosen

simulation package with the help of parametric architecture. In the last step, a wide range of housing roof shapes

has been tested by evolutionary algorithm plugin-Galapagos, to find the optimum roof shape design in the given

context. Our results show that, unlike the traditional approach and common belief, a roof shape with a 25-degree

tilt angle, 170-175 azimuth angle, and aspect ratio of 1:1.2 is optimum to gain maximum solar gaining annually.

Moreover, this study advances the knowledge of solar capturing by suggesting a new parameter -oblique angle- in

finding the optimum roof shape design. After evaluating the importance of the mentioned factors, it is found that,

after tilt angle, the oblique angle is the most effective parameter in rooftop solar gaining, higher than roof aspect

ratio and azimuth angle. In conclusion, our results demonstrate that an ‘oblique shed roof design’ can generate

15.7% higher solar radiation compared to the base case. The findings of this study can be applied by architects,

construction companies, and householders to optimize the solar gaining in the future of the residential building

in Perth.

1. Introduction

Since the mid-1800s, the level of CO2 in the atmosphere has in-

creased by 40% [1], setting the stage for global warming. In addition,

between 1971 and 2015, energy consumption in the world has jumped

by 150%, mostly due to the consumption of non-renewable energy re-

sources [2–4]. In Australia, coal-fired power plants and energy facto-

ries mainly supply the national energy, which in return makes them the

main causes of greenhouse gas (GHG) emission. Fig. 1 illustrates the sig-

nificance of greenhouse gas emissions in Australia by different sectors.

∗
Corresponding author.

E-mail address: ali.karrech@uwa.edu.au (A. Karrech).

Among all these activities, electricity production solely constitutes more

than 30% of national energy consumption [5], more than any other sec-

tor. It is obvious that minimizing dependency on fossil fuel resources in

buildings offers an enormous energy-saving potential [[5],[6]].

Australia signed and pledged to the Paris Agreement in 2015 seek-

ing to decrease its CO2 emission by 28% by 2030 [5]. This aim cannot

be accomplished unless a considerable transition toward clean energy

is taken. Therefore, the government of Australia has been prompting

scientists to develop sustainable forms of energy that do not have a neg-

ative effect on the environment [5]. The photovoltaic system, solar hot
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Fig. 1. A comparison between greenhouse gas emission resources

in Australia annually [9]

water, concentrating solar thermal power, and small-scale wind turbine

are some of the main sources of onsite renewable energy production

[[7],[8]].

Among different renewable resources, solar energy is more advan-

tageous in Australia due to the fact that the amount of received irradi-

ation by this country annually is a few thousand times higher than its

annual energy consumption [5]. Moreover, solar energy can be a good

substitute for fossil fuels energy resources as it is clean, free, virtually

unlimited, easily accessible, and environmentally friendly [10]. Having

a long life span with little required maintenance, solar collectors convert

sun power into a usable form of energy without any noise or pollution,

which make them highly profitable [5]. On-site harvesting of solar en-

ergy specifically is an effective way of implementing this technology

because it reduces the need for solar farms, decreases the cost of en-

ergy transmission, and makes buildings more sustainable [[11],[12]].

However, the amount of the collected solar gaining is unsatisfactory in

Australia compare with other countries with similar geographical con-

ditions as Germany and Italy [[5],[13]]. The reason of this issue can be

found in the lack of study focused on this part of the world. A short list

of previous studies with the similar aim that have been undertaken in

various parts of the world are shown in Table 1.

As it can be seen from the Table 1, only two founded studies have

focused on Australia which has derives climate zones (69 different cli-

mate condition based on NatHERS). Therefore, the optimization of the

PV modules in most parts of the Australia is remain unknown. In the

southern hemisphere, it is widely accepted that the local latitude is an

optimum tilt angle to mount solar collectors and north-facing surfaces

are the ideal orientation for collecting maximum solar radiation [50]. In

summer months the optimum tilt angle is usually “latitude-15°”, while in

winter months it is “latitude+15°” [51]. Current residential roof design
in Perth-sunniest state capital in Australia- generally follows this logic,

however, it often does not take into account the impact of roof shapes

upon the ability of collectors to capture solar radiation. Therefore, the

future trend of solar collectors (currently one-third of all houses in Perth

have solar collector [52] ) is predicted to slow down due to a clear lack of

knowledge and consensus in context-specific rooftop optimization. The

main objective of this study is to determine an architectural roof design

that improves the solar gain potential of a typical residential building in

Perth, Western Australia. This paper builds on previous studies by im-

plementing parametric approaches that can simulate greater variation

in the geometry of these roof forms to provide context-specific optimal

outcomes. While it shares similarities with the methods and tools- an

EA- applied to international studies such as [53], the focus of this study

has been to place specific geometric constraints on the roof form that

would produce more feasible design outcomes.

Previous studies proved that EA is a beneficial technique to find the

optimum angles when various parameters are included during the sec-

tion process [[54],[55]]. EAs are increasingly used in the architectural

field to examine and solve complex design issues. Artificial Neural Net-

works such as EAs and other biologically inspired techniques are em-

ployed to support architects in discovering high-performing design so-

lutions [56]. The applicability of the EA has proved useful in addressing

various energy evolutionary issues such as thermal control of building

[57–59], solar hot water systems [60], the thermal comfort of buildings

[61] and control of artificial lights [62]. In summary, the EA is classified

in the group of probabilistic search methods that create notable stability

between examination and manipulation parts of a research field.

In the following sections, the parameters of the study are outlined

and several methodologies for generating optimum roof forms are com-

pared and discussed. From this, the EA used for simulation reveals that

‘oblique shed roof design’ is an effective approach that is able to gen-

erate 15.7% higher solar radiation than a typical gable roof form used

in Perth. In comparison with other factors, the paper identifies that the

newly founded parameter-oblique angle- has a substantial role in gain-

ing maximum solar power by the building roof.

2. Methodology

This study tries to find the applicability of the EA in determining

an optimal roof design that could be verified using standard mathemat-

ical approaches. This section breaks the proposed methodology of an

investigation into three parts. The first outlines a typical mathematical

approach for determining the optimum rotation of solar collectors in

Perth, AU. The second part outlines how the mathematical models were
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Table 1

Some examples of recently published studies that have investigated the optimum solar collector tilt (and azimuth)

Country Studies Cities Description Method Conclusion

Australia [14] Brisbane Chose a rooftop mounted solar system on some

buildings in the University of Queensland to find the

optimum tilt angle

Mathematical 𝛽opt=26∘

(𝜙 -1)

[15] Melbourne Considers the effect of 5 different roof shape design

on the potential PV production.

Mathematical and

simulation

𝛽opt=26∘

Shed roof design is the

optimum shape to gain

maximum solar gaining in

UAE [16] Abu Dhabi Analyzes the effect of different tilt rotation on the

amount of delivered solar gaining

Mathematical 𝛽opt=22∘

(𝜙 -2)

Turkey [17] Eight big

provinces

The optimum tilt angle in this study was gained by

changing the tilt angle from 0 to 90 degree and

compute the solar gaining to find in which angle the

amount of solar radiation is maximum

Mathematical 𝛽opt=0∘

[18] Izmir By the same approach [17], this study investigates the

optimum tilt angle in Izmir

Mathematical 𝛽opt = the slope adjusted once

a month

[19] Different amounts of solar radiation are estimated on

a titled surface to determine the optimum angle

Mathematical 𝛽opt=30.3∘

[20] Sanliurfa Investigates the optimum tilt angle into tow diffident

seasonal changes

Mathematical 𝛽opt=13∘

in June

𝛽opt=61∘

in December

Greece [21] Athens The applicability of solar collectors is more prevalent

in the summer months. Therefore, this study only

focused on summer months to find the optimum tilt

angle

Experimental study is

carried out in the

summer period.

𝛽opt=15 ( ± 2.5)∘

[22] Eight cities By considering the effect of local climate condition,

latitude, tilt angle and solar insolation is considered

in this study to find the optimum tilt angle for

general use of solar collectors

Mathematical model 𝛽opt= ± 25to ± 30∘

Saudi

Arabia

[23] Madinah Aiming to maximize solar radiation, this study

investigates the optimum tilt angle

Mathematical model 𝛽opt=23.5∘

(𝜙 -1)

USA [24] Carbon-dale This paper analyses the optimum tilt angle of

grid-connected PV modules on the rooftop of office

buildings

Mathematical and

Numerical

𝛽opt=30∘

[25] Continental

United States

(CONUS)

The optimum tilt and azimuth angles of solar

collectors were found in almost all parts of the USA

by this study

Mathematical 𝛽opt was never greater than

latitude tilt, but up to 10° less

than latitude.

[26] Auburn Two different software packages used to find the

optimum tilt angle and analyze the accuracy of them

Simulate by PV Design

Pro G

𝛽opt=50∘

Simulate by PV Watts 𝛽opt=30∘

Canada [27] Ottawa and

Toronto

This study founded the optimum tilt angle when the

revenue is maximum

Mathematical and

TRNSYS simulation

program’

𝛽opt=36 ~ 38∘(Ottawa),

=32 ~ 35∘(Toronto)

Taiwan [28] 7 major cities Aimed maximizing electrical output, this research

computed the optimum tilt angle

Mathematical 𝛽opt=22.25 to 23.25∘

India [29] New Delhi Finding a tilt angle for a flat-plate solar collect with

theoretical approach

Mathematical 𝛽opt=47.5∘winter months, (𝜙

+19)

𝛽opt=13∘summer months,

(𝜙 -16)

Egypt [30] Cairo The performance of the PV systems was analyzed at

different tilt and orientation angles

Mathematical,

simulate in

Fortran

TRNSYS

𝛽opt=20 ~ 30∘

(𝜙 -10)

Jordan [31] southern parts

of Jordan.

The optimum tilt angle of soar got water systems

found by this study

TRNSYS (Transient

System Simulation)

𝛽opt=24∘

(𝜙 -8)

for Amman

𝛽opt=25∘

(𝜙 -5)

for Aqaba

Iran [32] 80 selected

cities

A comprehensive approach was used to find the

optimum tilt angle for most of the Iranian cities

A mathematical model adjusting tilt angles, at least

twice a year, is recommended.

[33] Zahedan The amount of the received solar radiation on the

titled surface was computed to find the optimum

angle

A mathematical model 𝛽opt=28∘

[34] Tehran The effect of the tilt angle on solar collect is predicted A mathematical and

experimental

𝛽opt=30∘

Syria [35] 13 main zones

of Syria

This study tried to find the tilt and azimuth angle of

optimum angle by estimating the amount of received

solar gaining

A mathematical model 𝛽opt ~ 30.56∘

(continued on next page)
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Table 1 (continued)

Country Studies Cities Description Method Conclusion

China [36] 30 cities A theoretical approach has been chosen by this study

to find the optimum tilt angle based on recorded

monthly horizontal radiation

A simple

mathematical

procedure

𝛽opt=39∘

(Beijing),

𝛽opt=28∘

(Shanghai),

𝛽opt=28.7∘

(Xi’an),

𝛽opt=38.5∘

(Yinchuang),

𝛽opt=40∘

(Shenyang),

𝛽opt=23.1∘

(Guangzhou),

𝛽opt=28.8∘

(Kunming),

𝛽opt=18∘

(Chengdu).

[37] Changsha Considering Hay’s model, this study found the

optimum tilt angle

A mathematical model 𝛽opt=19.22∘

(𝜙 -10)

[38] Hong Kong A mixed approach has been chosen to find the

optimum tilt angle

A mathematical model

and TRNSYS

𝛽opt=20∘

Malaysia [39] Perlis, Northern

Malaysia

This paper presents a series of calculation to find the

solar radiation on PV systems

A mathematic method 𝛽opt=−17.16◦ ∼ 29.74◦

(positive mean toward the

south and negative means

north)

[40] Five main sites

in Malaysia

The optimum tilt angle is calculated for energy

months of the year

The optimization

method is based on

the Liu and Jordan

model for solar

energy incident on a

tilted surface

The results showed that by

changing the optimum tilt

angles monthly

[41] Three difference

latitudes:

𝜙 =3°,

𝜙 =7°,

𝜙 =2.5°

Covering various parts of Malaysia, this study

examines the optimum tilt and orientation angles for

a different period of operation in a year

Mathematical model

(the ASHRAE standard

atmosphere is used to

calculate diffuse

component)

𝛽opt=−25◦

(toward the pole)

𝛽opt=32∘

(toward the equator)

𝛽opt=−15◦

(toward the pole)

[42] Kuala Lumpur Optimizing the solar collector tilt angle was the aim

of this study

Mathematical model 𝛽opt=10∘

Bangladesh

[43] Dhaka This study found the optimum tilt angel in at different

time periods

Three mathematical

models- the Isotropic,

the Klucher and the

Perez model

𝛽opt=23.73∘

(yearly)

𝛽opt=10∘

(summer months)

𝛽opt=40∘

(winter months)

South

Africa

[44] four locations

in the Southern

African region,

Finding the amount of gained solar radiation on

different tilt angel was the aim of this study

Mathematical

(anisotropic model)

Japan [45] Kyoto, This study only considered the amount of the titled

surface at 26.5 degree in north and south side and a

horizontal surface

Experimental The south facing deliver more

solar gaining

[46] Gobo This study only found the optimum tilt angle between

10 to 30 degree by 1-degree intervals

Experimental 𝛽opt=28.4∘

Italy [47] Bolzano Airport In order to get maximum PV power, this study

analyses the effect of tilt angle on PV systems

performance

Experimental 𝛽opt=30∘ . However, single

tracking axis can enhance the

efficiency

[48] Various parts of

Italy from 36°

to 46°

By using archived global solar radiation, the optimum

tilt angel was determined by considering geographical

latitude,

Experimental ‘𝛽opt=10 ~ 18∘

Germany [49] Hannover The optimum tilt angel was conducted in seasonal

changes

Experimental 𝛽opt=0 ~ 30∘

in summer months

𝛽opt=50 ~ 70∘

in winter months

implemented and verified in Rhino-Grasshopper software and provide

the primary inputs for the third stage. The third part outlines the appli-

cation of the mathematical and simulation stages as a means of verifying

the outputs of an EA, which is used to rapidly prototype and analyze a

vast variety of different roof forms.

2.1. Stage one: mathematical modeling

The radiation on a tilted surface can be calculated with relative pre-

cision using readily available information about the sun position and

global irradiance on a horizontal surface [63]. The tilt and azimuth an-
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Table 2

Recommended Average Days for Months and Values of n by Months, [68].

Month Average Day of Month Average Day of Month over a year Declination (see equation (8))

January 17 17 −20.92
February 16 47 −12.95
March 16 75 −2.42
April 15 105 9.41

May 15 135 18.79

June 11 162 23.09

July 17 198 21.18

August 16 228 13.45

September 15 258 2.22

October 15 288 −9.60
November 14 318 −17.91
December 10 344 −23.05

Table 3

The dependence of
�̄�𝑑

�̄�
on 𝐾𝑇 .

Range Expression

𝜔s ≤ 81.4∘ and 0.3 ≤ 𝐾𝑇 ≤ 0.8 �̄�𝑑

�̄�
= 1.391 − 3.560 �̄�𝑇 + 4.189 �̄�2

𝑇
− 2.137�̄�3

𝑇
[4]

𝜔s > 81.4∘ and 0.3 ≤ 𝐾𝑇 ≤ 0.8 �̄�𝑑

�̄�
= 1.311 − 3.022 �̄�𝑇 + 3.427 �̄�2

𝑇
− 1.821 �̄�3

𝑇
[5]

gles of solar collectors noticeably affect the efficiency of solar systems,

since it impacts the quantity of solar irradiance falling on them [28].

Solar radiation is the sum of all light energy from the sun that falls on

a surface on earth [64]: Beam Irradiance (BI), Diffuse Irradiance (DI)

and Ground-Reflected Irradiance (GI) [[65],[66]]. BI is the amount of

solar radiation received by the direct solar beams and it is the high-

est quantity of radiations that can be calculated [[64],[65]]. DI is solar

radiation that touches a body on the Earth’s surface after having been

scattered by dust, aerosols and various other particles in the atmosphere

[[67],[65]]. GI is solar radiation arriving on the irradiated body from

the ground which highly depends on the materials covering the Earth’s

surface. Therefore, total radiation received on an inclined plane at a tilt

angle from the horizon is expressed as:

�̄�𝑇 = �̄�𝐵 + �̄�𝐷 + �̄�𝑅 (1)

where �̄�𝑇 , �̄�𝐵 , �̄�𝐷, and �̄�𝑅 are the monthly average values of the daily

total, beam, diffuse, and ground reflected radiation respectively on a

tilted surface in (MJ/m
2
/day).

Due to the difficulties of calculating solar radiation for all days of the

year, an average day in each month has been suggested as representative

of the global radiation in each month (Table 2).

2.1.1. Beam Radiation

The beam radiation energy can be expressed as follows:

�̄�𝐵 = �̄�𝑏�̄�𝑏 (2)

where �̄�𝑏 is the beam solar incidence during a day in a month and �̄�𝑏 is

the ratio of average daily beam radiation on a tilted surface to that on

a horizontal surface.

�̄�𝑏 =
(
1 −

�̄�𝑑

�̄�

)
× �̄� (3)

where the expressions of
�̄�𝑑

�̄�
can be found in Table 3 and �̄� is the amount

of monthly average daily global radiation on a horizontal plane that is

provided by the official records (in this study the data has been collected

from the [69].

[51] proposed a simple model for �̄�𝑇 (monthly average clearness

index):

�̄�𝑇 = �̄�

𝐻0
(6)

whereH0 is the monthly average daily extra-terrestrial radiation on a

horizontal surface in (MJ/m
2
/day). H0 can be expressed as:

𝐻0 =
24 × 3600 × 𝐺𝑆𝐶

𝜋

(
1 + 0.033 cos 360𝑛

365

)

×
(
cos𝜙 cos 𝛿 sin𝜔𝑠 +

𝜋 𝜔𝑠

180
sin𝜙 sin 𝛿

)
(7)

where GSC is the solar constant (1367 W/m
2
), 𝜙 is the latitude of the

site (for Perth is -31.95), 𝜔s is the sunshine hour angle in (degree), n is

the day of the year from 1 (equivalent to January 1) to 365 (equivalent

to December 31) and 𝛿 is the declination that can be determined by the

model of [51]:

𝛿 = 23.45 𝑠𝑖𝑛

(
360 284 + 𝑛

365

)
(8)

The declination angle is the angular distance between the equator

and the hypothetic line that connects the center of the sun and earth

(Fig. 2). This angle fluctuates between −23.45° on the winter solstice
(December 21) and +23.45° on the summer solstice (June 21).

The sunshine hour angle (𝜔s) is given by:

𝜔𝑠 = 𝑐𝑜𝑠−1(− tan(𝜙)∗ tan (𝛿)) (9)

Which can also be used to find the ratio of beam radiation on a tilted

surface to that on a horizontal surface (�̄�𝑏) when no atmospheric effects
are taken into consideration. For a north-facing surface in the southern

hemisphere the model is:

�̄�𝑏 =
cos (𝜙 + 𝛽) cos 𝛿 sin𝜔′

𝑠
+
(

𝜋

180

)
𝜔

′
𝑠
sin (𝜙 + 𝛽) sin 𝛿

cos𝜙 cos 𝛿 sin𝜔𝑠 +
(

𝜋

180

)
𝜔𝑠 sin𝜙 sin 𝛿

(10)

where 𝛽 is the plane inclined angle in (degree), and 𝜔
′
𝑠
is the sunset hour

angle for the tilted surface in (degree) that was computed by:

𝜔
′
𝑠
= min

[
𝑐𝑜𝑠−1 (− tan𝜙 𝑡𝑎𝑛𝛿)

𝑐𝑜𝑠−1 (− tan (𝜙 + 𝛽) tan 𝛿)

]
(11)

where “min” means the smaller of the two values.

2.1.2. Diffuse radiation

In practice, the method of finding the beam and ground-reflected ir-

radiance on a tilted surface is mostly the same. However, there is no

standard model to calculate diffuse radiation. These models are either

isotropic [63] or anisotropic [70]. While there is no consensus between
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Fig. 2. Solar declination in summer and winter solstices.

researchers about the correct approach [[71],[72]], this paper has cho-

sen an isotropic model because it is simpler than its anisotropic coun-

terpart and it is applied in the software used for simulation.

𝐻𝐷 = �̄�𝑑

(
1 + 𝑐𝑜𝑠 𝛽

2

)
(12)

where 𝛽 is inclined angle and �̄�𝑑 was calculated by:

�̄�𝑑 =
�̄�𝑑

�̄�
× �̄� (13)

�̄�𝑑

�̄�
can be found in Table 3 and �̄� has been discussed previously.

2.1.3. Ground reflection

The ground reflection energy can be expressed as follows:

𝐻𝐺 = �̄�𝜌𝑔

(
1 − 𝑐𝑜𝑠 𝛽

2

)
(14)

where 𝜌g is a constant number that is varied based on the amount of

solar radiation that the ground reflects. Shinier earth covered materials

(such as snow) reflect more solar radiation and, therefore, have a higher

𝜌g value (0.6-0.8 in Canada). For Western Australia, a value of 0.3 is

suggested [73] and has been chosen for this study.

2.2. Stage two: numerical Simulation

Experimental analyses at full scale would require time and invest-

ment that are not practical within the scope of this study. The simu-

lation approach, which has been pervasively used and approved as an

acceptable method in the field of building science [[15],[74],[75]] is

applied for this project. EnergyPlus is a verified simulation engine in

the view of notable researchers and experts. Although EnergyPlus has

its own user interface, it is not as user-friendly as other similar soft-

ware. DesignBuilder is frequently used as an environmental analysis

tool. However, it can only produce feedback on designs provided by

the user and cannot generate its own forms or modify their parameters,

which is not suitable for the aim of this study. Therefore, we opted for

the more flexible software packages -Rhino and Grasshopper- that are

highly reliable in environmental analysis. The selected plugin to com-

pute the environmental analysis (Ladybug plugin) provides simple and

easy-to-understand graphical visualization and its unification with the

parametric components of grasshopper allows for dynamic geometries

and their immediate analysis to assess their solar performance.

The Ladybug plugin requires several key inputs, which can be cate-

gorized intro these groups: the model geometry, geographic and envi-

ronmental weather conditions, and the calculation period and grid size

of radiation analysis. At first, the overall geometry of the case study

was modelled in the Rhinoceros. The geometry was then imported into

Grasshopper and some parameters of the model’s geometry (such as

the position and rotation of roof and wall vertices) were made into ad-

justable parameters. Then an EnergyPlus weather file (EPW) for Perth

was imported into Ladybug to gain environmental information such as

annual hourly solar radiation as discussed in more detail in Section

2.2.1. Several calculation periods were used; monthly, semesterly, and

yearly in order to verify the accuracy of the final outputs. The grid size

was set as 1 meter, which was determined as the best balance between

simulation accuracy and speed. It should be mentioned that the designed

algorithm is available at Mendeley Data.

2.2.1. Weather file format

The simulation approach is more effective than the stage one ap-

proach at producing accurate results because Ladybug applies more

detailed contextual information sourced from an EnergyPlus Weather

(EPW) file. An EPW file is a database format that contains weather in-

formation about a particular geographic location over a particular pe-

riod. The files used in this study utilize a Typical Meteorological Year

(TMY) format, which contains site hourly recorded data for both direct

and diffuse solar radiation levels over a large period (e.g. 10 years). The

data contained in the EPW format is particularly important for our ap-

proach to optimizing roof designs because the scope of this information

allows for more accurate and contextually relevant outputs, which in

turn, allows simulations to respond to a range of different contextual

conditions. This approach to solar simulation is increasingly common

in research with several studies applying similar methods to determine

solar incidence on buildings [76–79]. In our study, we utilized an EPW

file for the coastal suburb Swanbourne located in Perth, WA [80].

2.2.2. Average day

One issue with the use of EPW files in simulation is that data about

a particular day may be outside of the norms for that period because of

anomalous weather events. For this reason, it was important to control

the impact of these variations upon the simulated outputs. This is one

reason why our process required three stages so that each output could

be cross-checked for accuracy against a base value. Another approach

to mitigating the effect of outlying data was to determine a day in each

month that was most representative of the average day. As can be seen

in Table 4, although the dates differ from those used in stage one, the

radiation values obtained through this method align closely with the

data used in stage one.

2.2.3. Simulation process

In this stage, a process of finding the optimum tilt and azimuth angle

for a solar panel (1 × 1m
2
) is implemented within a simulation pack-

age (Rhino-Grasshopper). By having the required input parameters, the

amount of global solar radiations per m
2
plane that repeatedly rotated

by 1-degree from 0 to 90 degrees (tilt angle) and 90 to 270 degrees (az-

imuth angle) (Fig. 3) have been calculated in the Rhino-Grasshopper ap-

plication and Ladybug component. The outcomes were saved and sorted

into a separated datasheet to find the optimum tilt and azimuth angles.

This stage verifies the accuracy of the simulation approach against

the numerical results of stage 1 and served as the analytical component
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Table 4

Average day based on EPW file of Swanbourne (Western Australia).

Month Average solar radiation Nomination day of the month Solar ration in nomination day

January 7.69 23 7.7

February 6.97 17 7.01

March 5.84 21 5.79

April 4.34 18 4.34

May 3.14 24 3.14

June 2.56 27 2.56

July 2.76 8 2.76

August 3.64 12 3.61

September 4.95 21 4.89

October 6.32 28 6.28

November 7.34 8 7.33

December 7.86 28 7.85

Fig. 3. Tilt and azimuth angle variation.

for stage 3. The reason for the simulation approach is that verifying the

solar radiation falling on a complex roof form in stage 3 (especially in

the context of an EA that tests many design iterations) with the approach

of stage 1 is practically unfeasible due to the complex calculations in-

volved.

2.3. Stage three: Evolutionary Algorithm (EA)

It is impractical to find an optimum form of solar collection even

for an individual building by manual trial and error [6]. To resolve

this problem, computational optimization techniques can be an excep-

tional decision support tool [81–84], especially in the case of solar ra-

diation analysis. In order to optimize the performance of a wide range

of architectural design elements, heuristic and adaptive resolution pro-

cesses such as Evolutionary Algorithm (EAs) have been applied in re-

cent decades [85]. The benefits of these techniques have been discussed

in detail in previous studies (especially architectural design [86–89] ).

EAs mimic the processes of natural biological evolution and can be used

for any optimization aim which consist of a search space and a search

process [90]. In architectural studies, EAs generate various alternatives

within a non-linear process and are therefore more effective than man-

ual trial and error [90]. While EAs will not deliver the single optimum

solution to a given problem, the process of divergence/convergence that

they employ is an effective tool in producing a range of possible alter-

natives optimised against specified criteria. These outputs can then be

analysed to determine the best possible choices considering the selected

criteria [[85],[91–93]].

Stage 3 used a similar software package that has been used in stage

2. However, the process of finding optimum tilt angles (the main aim of

this study) was applied by Galapagos (EA component in Grasshopper).

After inputting the base case geometry and the standard epw file, a se-

ries of iterative solar radiation simulations were initiated by the help of

the evolutionary algorithm. An EA is constituted of the three main parts:

population, evaluation, and reproduction. It starts with initial popula-

tion of 20 individuals (forms) that are created by a random mixture of

possible solutions. In the evaluation step, each item in the population

group will be evaluated by the amount of its productivity. Ten percent

of individuals passing on at the next generation and a maximum in-

breeding factor of 50% insure reasonable variability among generations.

The EA then allocates an appropriateness grade to each item by fitness

function technique. With considering and comparing the fitness values,

usually, those with higher productivity will be considered for new gen-

eration. This loop will continue until the selected conditions are met

or the specified duration of the process is reached. These settings have

been defined in order to balance simulation time and accuracy of the op-

timization process. Similar settings have been previously used by Caldas

& Norford [14], Trubiano et al. [15] and Gadelhak [22], who obtained

accurate results. However, the best solution may not be applicable if the

amount of time and resources are finite [94]. In this study, the EA gen-

erates a series of potential roof shape orientations that produce better

and better production. This process was accomplished by Galapagos, an

evolutionary solver in Grasshopper which is the most common optimiza-

tion tool used in the parametric design [95]. Due to the fact that EAs

cannot return the perfect optimum answer we have run the same pro-

cess several times to find the accurate result between the final outcomes

[96].

2.3.1. Base case

The base case scenario should both present the general building ty-

pology in the predefined site area and fit with national and local hous-

ing strategies, which is Perth, in this study. Therefore, a reliable process

to set a residential base case geometry is employed as follows. West-

ern Australia Department of Planning, Lands, and Heritages (DPLH) re-

leased State Planning Policy to control the design of residential develop-

ment through Western Australia by applying Residential Design Codes

(R-Codes). The R-Codes aim to address emerging design trends, promote

sustainability, improve clarity and highlight assessment pathways to fa-

cilitate better outcomes for residents.

Based on R-20 rules (the most common housing standard within the

WA suburbs), the plot size and building footprint should be around 400

and 200 square meters respectively. By considering the aspect ratio of

1:2, which is optimum for gaining maximum solar energy [97], it can be

concluded that a 10 × 20m
2
floor area is suitable for the base case. It is

worth noting that a housing shape with 200 square meters (10 × 20m
2
)

was also validated as a reference shape in Sydney, Australia [98].

DPLH, moreover, provides wall and rooftop height limitation for res-

idential buildings in Western Australia [99]. According to Table 5, Cat-

egory B should be used as a general height limitation for the single de-

tached buildings in Perth if no other local planning scheme is applied.

It can be found that the type of roof has a great impact on height limita-

tion. This study chose the hip roof as the basic shape, which is the most
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Table 5

Height Limitation in Perth [99]

Fig. 4. Base case scenario.

Table 6

Vertexes domain variation (all of the numbers are in meter).

a b c d e F

U NA 10≤∗≤20 10≤∗≤20 NA da≤∗≤cb ad≤∗≤bc

V NA NA 10≤∗≤20 10≤∗≤20 cd≤∗≤1/2cb 1/2cb ≤∗≤ab

W 3≤∗ 3≤∗ 3≤∗ 3≤∗ 3≤∗ 3≤∗

common type of roof in Australia [15]. The tilt and azimuth angles of

building is varied based on the home condition across the Perth, there-

fore 32-degree tilt and 180 azimuth angles have been defined for the

base case scenario that is optimum based on previous studies (equal to

the site latitude and facing toward north). Consequently, the base case

of this research is a detached home with a 200 square meter floor area

(aspect ratio of 1:2), 3-meter height under the edge and 30-degree hip

roofs (Fig. 4).

2.3.2. Roof design optimization by Evolutionary Algorithm

It is highly accepted that roof design can notably enhance solar

power gaining [100–102]. [75] declared that tilt, orientation (azimuth)

angles and roof area aspect ratio are among the most important param-

eters that can govern the shape of the roof and consequently affect solar

potential. Therefore, besides analyzing the tilt and azimuth angles as de-

scribed previously, shape transformation of the roof aspect ratio is also

investigated at this stage. In order to modify and test the three men-

tioned parameters, 6 vertexes (four on the edges and two on the ridge)

were selected to move freely within the designated domains (Table 6).

Clarifying this process, some sample steps of tilt, azimuth angles and

aspect ratio variation were illustrated in Fig. 5.

According to Table 6, if the 6-meter height limitation were applied

in the EA, the tilt angle in winter months cannot exceed this limit and it

would be inaccurate in that period. Therefore, the vertexes could move

on the W direction without any limitation to create all possible tilt an-

gles. However, those outcomes that exceeded the height limitation have

been marked in the results section. Both nodes moved by the same value

for V direction to prevent curve shape roof that might have caused ad-

ditional cost and complexity on both building structure and solar col-

lectors [15]. The building can rotate from East to West with 1-degree

increments from 90 (East) to 270 (West). Roof edge nodes could move

in an arranged domain of UVW axes to create different roof aspect ra-

tios with half-meter intervals. However, it should be mentioned that the

floor area was kept constant at 200 square meters and the roof width

was set to a minimum of 10 meters to prevent the generation of unus-

able spaces inside of the building. The combination of edges and ridges

nodes’ movement can create almost all known roof shape designs in-

cluding pitched, gable, butterfly and so forth while keeping the same

floor area (Fig. 6).

By using the EA (Galapagos) the positions of roof nodes and the ori-

entation of building (genomes) were changed iteratively and the solar

radiations per square meter on each side were calculated (fitness values)

to find the roof configuration in which the amount of the solar gaining

is maximized over each month and in a whole year. Finally, it should

be mentioned that, because the gained solar radiation in this stage is

calculated per square meter, it can validate the preceding outcomes in

stages 1 and 2.

3. Results

Following the aforementioned sequence of the stages, the results are

presented to facilitate the understanding of the research process. After-

ward, they have been compared in the next section.

3.1. Stage 1: numerical analysis

The numerical models [1–14] that have been mentioned in stage 1

of the methodology were calculated for Perth, Australia.

As can be seen from Fig. 7 (first semester), the slopes of tilt angle

variation influence the gained solar energy that decreases from January

to June for small tilt angles. This indicates that the importance of a

tilt angle on capturing solar energy is lessening from summer to win-

ter months. Moreover, this figure indicates that the pick solar gains are

steadily moving from low to high tilt angles while the amount of cap-

tured solar energy by them is decreasing.

Similarly, we can see from Fig. 8 (second semester) that the tilt angle

variations influence the gained solar energy, which gradually increases

from July to December. This indicates that the importance of manipulat-

ing a tilt angle to maximize captured solar energy increase from winter

to summer months. By the same chronological order, Fig. 8 depicts that

the peak solar gains are steadily moving from higher tilt angles to the

lower amount while the gained solar powers are increasing.

According to Fig. 9, it is obvious that the optimum tilt angle vari-

ation concerning time is a bell-shaped curve. It quickly increases form

the start of the year, reaches the maximum in June and then decreases

towards the end of the year. It can be concluded that tilting the solar

collector equal to the site location over a year may decrease solar energy

capturing, especially in the summer months (Dec, Jan, and Feb).

By keeping in mind that the optimum tilt angle is zero in November,

December, and January; changing of azimuth angle is deficient in these

months (Fig. 10). Therefore, the importance of azimuth angle enhances

from the start of the year into the winter months and decreases again

to the end of the year, following the tilt angle varies throughout the

year. This means that azimuth angle is more important in those months

that have a higher tilt angle (winter months) and almost unimportant

in summer months. Moreover, it can be found that orienting the solar

collector toward the north between 150-200 degrees over a year can

gain higher solar incidence. Another interesting point is that facing the
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Fig. 5. Three steps of aspect ratio (up) and five steps of azimuth angle variation (down).

Fig. 6. Common rooftop design in Australia.

Fig. 7. The numerical finding of tilt angles and respected gain-

ing solar incidences over the first 6 months in Perth, AU.
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Fig. 8. The numerical finding of tilt angles and re-

spected gaining solar incidences over the second 6

months in Perth, AU.

Fig. 9. The numerical finding of optimum tilt angles

in Perth, AU over a typical year

Fig. 10. The numerical finding of azimuth angle variation re-

spect to solar gaining in Perth, AU over a typical year

solar collector toward the west delivers less energy in comparison with

the east.

Fig. 11 illustrates the fluctuation of optimum azimuth angles over the

year. It can be seen that the optimum tilt angle mostly varies between

170 to 180 degrees, except for February when it is 160. Optimum az-

imuth angles in five months are 180 degrees, mostly summer months,

however, facing the solar collector slightly toward the east-170 degree-

in winter months delivers higher solar incidences. Consequently, it can

be found that orientating the solar collector toward the north or north-

east is optimum over the year in Perth, AU.
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Fig. 11. The numerical finding of optimum az-

imuth angles in Perth, AU over a typical year

Table 7

Optimum tilt and azimuth angles by simulation approach.

Months Optimum tilt Optimum azimuth Solar gaining

January 4 175 27.82

February 15 182 26

March 30 179 23.67

April 43 181 20.49

May 53 183 17.64

June 54 184 14.51

July 54 177 15.94

August 47 194 18.5

September 28 187 19.67

October 14 197 23.28

November 9 199 26.68

December 3 180 28.24

Year 25 184 20.68

3.2. Stage 2: Numerical simulation

According to Table 7, it can be noticed that: (1) similar to the numeri-

cal findings, inclined angles slightly increase until the middle of the year

and decrease to the end year. This confirms our numerical results and

validates with previous studies [29] indicating that the tilt angle close to

the site latitude can be optimum, however, as found in this study, it may

not precisely the same. (2) Despite the fluctuation in different months,

the optimum azimuth angles of the solar collector are slightly toward

the north-east at the start of the year, then it turns to the north-west and

then again returns to the east by the end of the year. However, the tilt

angle near 50 degrees presents higher performance between May-July.

(3)Besides, the general trend of solar power on the solar collector heads

in December, then dwarf in June.

3.3. Stage 3: Evolutionary algorithm

This stage presents a result of the comprehensive parametric ap-

proach that not only analysed the tilt and azimuth angles of roof design

within a wide degree of freedom but also examined almost all of the pos-

sible roof shape designs that previously have been widely recognized.

Table 8 illustrates the main findings of this stage within 3 different cat-

egories in each month: Side shape properties, Plan shape properties and

Irradiation per square meter.

EA finding indicates that–similar to the previous stages- the tilt angle

is somewhat low at the start of the year, then it gradually increases to

reach the maximum in June, and then it falls to the least angle in De-

cember. The plan shape properties represent that the adequate azimuth

angle fluctuates from amonth to another. However, as a general pattern,

the optimum corresponds to the northeast in the first months of the year,

then the shifts to the north in winter, and then orients toward the north-

east again by the end of the year. The aspect ratio takes average values

for 1:1 in January, reaches a maximum of 2 in June and decreases to

its lowest level in December. This means that square shapes gain more

solar incidence in summer months while rectangular shapes absorb max-

imum solar energy in winter months. The maximum solar radiation is

reported in December (243 kWh over the whole month), which means

28.31 Megajoule per day, while June has the minimum solar radiation

(120 kWh over the month) corresponding to 14.41 Megajoule per day.

We can easily find that the solar energy available for collection around

summer solstice is somewhat double its winter solstice in Perth. Lastly,

from the roof shape perspective, it can be observed that in all months,

the shed roof form can capture the maximum solar incidence.

This contradictory outcome may have been caused due to varied so-

lar path properties during the year. Clarifying this variation, it should

be mentioned that due to the sunrise and sunset position and lower sun

horizon (elevation) angle in winter months, a rectangular shape- with

long east to west axes- can have a longer solar exposure during a day

and therefore gain more solar incidence. While in summer months, be-

cause the sun has a wider rise and set angles and higher solar horizon

angle, a square shape is optimum to gain the maximum solar power (see

Fig. 12).

In addition to the month base period analysis, Table 9 encapsulates

the roof form optimization during a full-year-365 day simulation. Side

shape properties in Table 9 depict that the tilt angle of 25.10
∘
is optimum

in the full year simulation. However, it should be mentioned that the

obtained optimum angle is only achievable if the external wall on the

south side has a 10.5-meter height (4.5 meters higher than the official

limitation in Perth). Another important parameter that can be extracted

from plan shape properties is the annual optimum azimuth angle that is

slightly rotated toward the northeast.

Table 9 also demonstrates that the roof with an aspect ratio of 1:1.2

-nearing square shaped- is the optimal form over the year to harvest

the maximum solar energy in Perth. This result contradicts passive de-

sign advocating the optimality of rectangular-shape homes with aspect

ratios close to 1:2. Therefore, it seems that in Perth, there is a com-

promise between maximum solar energy harnessing and the benefits of

passive design. Another interesting finding that can be extracted from

Table 9 is the ratio of the rooftop area (221.7 square meters) to the

building footprint area (200 surer meters). This ratio-1:1.1- can play

a substantial role in finding the solar potential over a large-scale sur-

vey such as neighborhood or cities, when the building footprint area

are achievable throughout the official records, while the number of roof

areas is unknown.
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Table 8

Optimum roof shape design throughout an average year in Perth, Western Australia (Those tilt angles that have been indicated by (
∗
)

exceed the Perth housing strategies height limitation).

(continued on next page)
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Table 8 (continued)
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Table 9

Optimum roof shape design throughout an average year in Perth.

In addition to the recognized building properties that affect solar

gaining-tilt, azimuth and aspect ratio- the parametric approach has al-

lowed us to analyze the effect of a new parameter on building solar

gaining. The Euler angles that were introduced by Leonhard Euler, de-

scribe the orientation of a rigid body concerning in a fixed coordinate

system. In addition to the Pitch(tilt angle) that is an axis crosses the

length of the roof and rotation around it creates the tilt angle, and Yaw

(azimuth angle) that is a vertical axis and rotation around it produces

the azimuth angle, there is another axis, Roll that is perpendicular axis

to the roof and rotation around it creates the “oblique angle” (Fig. 13).

It is suggested that the clockwise rotation around the roll axis is positive

and anticlockwise rotation is negative.

Finally, the same as each month’s analysis, the EA findings indicate

that the shed roof design is also optimum during the year following

each month’s analyses. This finding is in agreement with the results of

[15] that found the shed roof form is optimum in Victoria, Australia
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Fig. 12. Direct sunlight during January (left) and July (Right)

Fig. 13. Pitch (tilt), Yaw (azimuth) and Roll (oblique) axis.

and [103] which has been applied in Geneva (Switzerland) indicating

that, after gable shape, shed roof is a second optimum form to gain the

maximum solar incidence.

4. Discussion

The outcomes of the aforementioned approaches are compared to

find out their agreements, possible discrepancies, and identify the most

accurate results. Moreover, the order of building properties’ effect on

solar energy harnessing is discussed in the last subsection.

4.1. Tilt angle

Before comparing the optimum tilt angles by different approaches,

it should be ensured that the selected methodologies – math and

simulation- are in good accuracy with practical findings. As can be no-

ticed from Table 10, there is very good alignment- between the com-

putational results and official records (overlay around 2.7% variation)

[104] Therefore, we can conclude that the input parameters (EPW file)

and the software’s computation process can deliver almost the same

results upon the experimental results. Hence, it is concluded that the

selected software package is reliable and applicable for any further ex-

aminations. It is worth noting that the discrepancy (between simulation

and experimental results) less than 10% is highly acceptable in civil and

architectural engineering sciences. The mathematical modelling for cal-

Table 10

Solar incidence on a horizontal surface in three different re-

sources. (Per square meter and in Megajoule).

Experimental Simulation Math

January 29 27.6 29.8

February 26 25.0 27.1

March 21 20.8 22.5

April 15 15.6 16.6

May 11 11.3 12.0

June 9 9.2 9.7

July 10 9.9 10.6

August 13 13 13.9

September 17 17.5 18.6

October 23 22.5 23.5

November 27 26.4 27.7

December 30 28.2 30.1

Average Difference NA 2.7% 5.49%

culating solar radiation on a horizontal plane is presented in Appendix

1.

According to Fig. 14, it can be seen that all three stages align closely

and vary in the domain of 14 to 37 tilt angle, which is acceptable based

on similar experiments [[15],[16],[18],[32],[35],[105]]. In terms of

differences, in summer months-January, March and December- there

are fewer differences between the proposed methods. However, win-

ter months, especially June and July- contain the widest gap between
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Fig. 14. Comparison of tilt angle by three dif-

ferent approaches

Table 11

Optimum azimuth angle by three different ap-

proaches.

Months Math Simulation EA

January 180 176 141

February 160 182 181

March 180 179 180

April 175 181 181

May 170 183 182

June 170 184 178

July 170 177 176

August 175 194 194

September 180 187 187

October 170 197 183

November 180 199 142

December 180 180 150

Over the year 175 185 172.5

the outcomes by 7-degree variation. The results of the simulation usu-

ally appear between the numerical and evolutionary results. Another

point is that in summer months the tilt angle obtained using the EA

process is higher than those obtained analytically and vice versa (the

suggested tilt angle obtained analytically is higher than that obtained

using the EA process in winter months). From a general perspective, it

can be concluded that the mathematical approach suggests a tilt angle

of 30, which is slightly lower than the site latitude angle (32). However,

the EA process estimates an optimum angle of 25.1 degrees in the year

that is around 5 degrees below the analytical solution and 7 degrees

lower than the site latitude. As concluded previously, EA can analyse

more alternatives, therefore it is proven that its outcome is more accu-

rate. Therefore, it seems that the highly accepted model of “optimum

tilt angle= 𝜙 (site latitude)” is somewhat imprecise for Perth and the

model of “optimum tilt anlge = 𝜙 − 7” delivers more accurate results to
get the maximum solar radiation in Perth, Australia. This outcome is

in a good agreement with a similar study in Brisbane, Australia, which

indicates that 26
o
is an optimum tilt angle [14], however, it is only 1

degree below the local latitude.

4.2. Azimuth

Table 11 illustrates that the numerical method and the EA’s outcome

resemble, indicating that orientating the solar collector slightly towards

Table 12

Optimum azimuth angle by three different approaches.

feature Amount Delivered Energy Difference by percentage (%)

Optimum form NA 2089.96 MJ NA

Tilt angle 32 1919.08 8.5

Oblique angle 0 2066.62 1.1

Roof aspect ratio 2:1 2079.09 0.5

Azimuth angle 180 2087.86 MJ 0.1

the east produces more solar energy. On the other hand, the outcomes

by simulation suggest that facing slightly west is optimum. Hence, it

can be concluded that the amount of azimuth angle toward the east

can deliver more solar energy compared to facing toward the equator

or west in Perth. A highly accepted premise indicating that optimum

azimuth angle should normally be oriented toward the equator (180 in

southern) is slightly erroneous in Perth, and the azimuth angle between

170-175 is more reliable in this part of the world.

4.3. Roof aspect ratio, oblique angle, and importance of parameters

This section identifies the order of building roof properties’ effect on

solar energy harnessing. In this regard, the obtained optimum form by

EA has been chosen as the base case and the effect of each parameter

was tested individually. For example, during the analysis of one param-

eter, all other parameters were kept constant and the amount of gained

solar energy was recorded based on the sole variation. Afterward, the

amount of delivered energy was compared with the optimum form and

the difference between the two numbers was mentioned by percentage

in Table 12.

It can be seen that among the analyzed parameters, the tilt angle

has the highest effect on solar energy harnessing. Magnifying the im-

portance of this parameter, we can note that if a solar collector is tilted

by 32 degree, it would lose 8.5% efficiency compared with an optimally

tilted panel. Moreover, it is found that the oblique angle- suggested by

this paper- is the second most important building properties altering

the received solar gaining. This parameter has been disregarded previ-

ously; however, our results indicate that it has an important effect on

solar gaining. The third important parameter by a 0.5% difference is

the roof aspect ratio that also has been rarely focused on. With a very

small effect, the azimuth angle affects solar energy harnessing by only

0.1 %. Overall the optimum oblique shed roof shape design during the
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year delivers 15.7% more energy than the base case scenario, which is

higher than a similar study in Belgrade, Serbia (5.98% ) [106] while

lower than in Oslo, Norway (19.2%) [74]. However, it is worth noting

that the Oslo study proposed a complicated form, which is not the aim

of this research.

This paper hypothesis that the solar collectors can cover all parts of

the roof, regardless of shape and current available modules on the mar-

ket. However, it has been proved that the combination of solar collectors

(PV) and vegetation can enhance the efficiency of improving power out-

put from a PV System. Therefore, it is suggested to cover the vacant side

of the roof with vegetation [7].

4.4. Limitations

There are a few limitations to this study, which are discussed in

this subsection: (1) there is a slight deviation between the results of

direct simulation and the EA. We believe that this is essentially due

to the heuristic nature of the EA; (2) In this study, the passive design

parameters- such as solar energy harnessing by facades during the day-

which may have cause overheating - and energy consumption of the

building is not concluded. Therefore, further studies that include pas-

sive design and energy consumption need to be conducted; and (3) The

probable self-shadowing of panels that may happen at certain angles is

not covered in this project.

4.5. Future studies

The outcomes of this study shed light on the optimum roof shape

design of residential buildings in Perth, Australia. Although the findings

have been compared and verified, it is suggested to consider the effect

of shadowing in future studies, analysis of the benefits of recently an-

nounced technologies such as PV-green roof in Perth local context and

test the optimum roof shape with an experimental approach. Moreover,

choosing a specific PV systems size in roof shape optimization, rather

than all roof coverage, can deliver more feasible outcomes. Considering

the economic aspects of self-usage of solar electricity and feed-in-tariff

at residential scale in Perth, Australia is also highly recommended for

further studies.

5. Conclusion

This paper optimizes the roof shape design of residential buildings

in the context of Perth, Australia to gain maximum solar energy har-

vesting in a whole year. A combination of approaches (mathematical,

numerical and parametric architecture) have been utilized to reach this

objective. The first two steps verify the primary information, which will

be relied upon in the third steps. Combining the EA and environmental

performance plugins could be one of the approaches for guaranteeing

the high level of accuracy while decreasing the lengthy time of the trial

and error process. By this approach, rather than altering the setting for

each simulation stage, a primary shape was defined, and then, simula-

tion workflow was run automatically. The findings stored and organized

according to their performance to obtain the optimized solutions. In ad-

dition, choosing multidisciplinary approaches and a parametric design

brought some international distinction to this field of study.

The applied of parametric design is novel in the sense that it creates

numerous roof form alternatives with the EA that enhance the chance of

getting an optimum design. The introduction of a new variable, oblique

angle, is the second novelty in this research that has an undeniable effect

on solar energy harvesting. Finally, finding an optimized solar roof for

the first time by the parametric approach in the southern hemisphere

is significant. In addition to its simplicity of applicability, the proposed

design can deliver more solar energy in comparison to the current theme

of the prevalent construction method.

This research work reveals that:

• Among the generally applied roof shapes, the shed roof that: has

25o tilt angle, 172-degree azimuth, an aspect ratio of 1:1.2 and roll

rotation of +5.53 degree receives maximum solar energy in Perth,

AU;

• The optimized form receives 15.7% more irradiation than the initial

base case scenario that respectively captured 2089 MJ and 1760 MJ

solar power;

• For a main part of the year, the simulation outcomes align with other

methods, except for May and August that a slight deviation can be

seen between them and analytical data;

• The selected methodology and applied inputs are in a excellent ac-

curacy with the experimental records;

• Tilt angle has the highest effect on solar gain;

• Oblique angle has a considerable effect in solar gain – more than the

aspect ratio and azimuth angles. In addition to the other building

properties, this study suggests further studies to analyze the effect

of roll rotation in gaining solar power;

• The azimuth angle is generally important in winter months.

• The ratio between the useful roof area to mount the solar collectors

and the building footprint is close to one.

• Finally, due to the fact that the proposed methodology workflow

delivers the context-specific outcomes, it is highly adaptable to other

locations where official weather file records for a long period are

achievable.

As it has been mentioned, the solar gaining optimization is a sub-

ject of local geographic attributes and therefore the findings of specific

place cannot be generalized to other locations. However, the parametric

methodology workflow in this study have been designed such that they

can be adapted to other locations to gain the context-specific outcomes.
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Appendix

Numerical analysis of horizontal terrestrial solar irradiation

𝐻𝑔 = 𝐻𝑜

(
𝑎 + 𝑏

�̄�

�̄�

)
(A.1)

Where �̄� = monthly average daily radiation on terrestrial horizontal

surface
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Where �̄�𝑜 is the extraterrestrial radiation for the location averaged

over the time period in question

a, b = are constants depending on location that is 0.3 and 0.45 re-

spectively based in Floreat Park, Perth, Western Australia [107].

�̄� = monthly average daily hours of bright sunshine (extract from

Australian Bureau of Statistics)

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time 10.6 10 8.9 7.3 5.9 4.9 5.3 6.2 7.2 8.4 9.8 10.6

Mean Sunshine hour angle from the [69]

�̄� = monthly average of maximum possible daily hours of bright

sunshine (i.e., day length of average day of month)

𝑁 = 2
15

𝑐𝑜𝑠−1(− tan𝜙 tan 𝛿) (A.2)
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a b s t r a c t

Shallow geothermal systems use the thermal inertia of the earth to provide a temperature gradient between the

ambient conditions and the underground soil. This thermal inertia can be used by the heat exchangers to provide

space heating and cooling during the winters and summers. This paper provides a brief but broad overview

of the different active and passive technologies involved in the use of heat exchangers for HVAC in order to

achieve a near net zero energy building. Firstly the different types of ground heat exchangers and heat pumps

are introduced along with the relevant studies of significance in this field. It has been demonstrated that the

different types of heat exchangers can be integrated with thermally active building envelopes and renewable

energy resources to significantly minimize the building energy use. Finally a pathway has been devised for use

of ground heat exchangers to realize a net zero energy building.

1. Introduction

The concept of Net Zero Energy Buildings (NZEBs) is being pursued

globally with the employment of both active as well as passive measures.

Buildings account for about 40% of the total energy consumption in the

European Union [1]. In Asia, which comprises mostly the developing

world, building energy consumption is a matter of deeper concern be-

cause more than half of the world’s new buildings are constructed in Asia

every year, and the buildings sector accounts for a quarter of Asia’s final

energy consumption [2]. In order to minimize the energy consumption

of buildings, HVAC has remained the target of building energy managers

as well as researchers. HVAC holds the largest share, up to 53% [3],

of energy usage in all sorts of residential, commercial or industrial-use

buildings in urban as well as rural areas. Among the various renewable

energy resources, geothermal energy and specifically shallow geother-

mal energy has not been exploited to its fullest potential in comparison

with the other alternate energy resources. Globally the growth of SG

has been slow although some studies report a rapid growth in the use of

ground source heat pump systems in UK [4]. Shallow geothermal (SG)

technology allows the use of Ground Heat Exchangers (GHEs), buried

underground, for the exchange of energy with the surrounding soil via

air or water. These SG systems are environment friendly, durable and

possess a high efficiency making them suitable for building comfort sys-

tems [5]. The higher efficiency of the SG systems is due to the thermal

inertia of the soil resulting in a stable temperature of soil throughout the

year. In summers, the soil beneath the ground has a lower temperature

than that of the outdoor air, similarly in winters the temperature of soil

is higher than ambient air [6]. The use of GHEs has been demonstrated

E-mail address: irfan@uspcase.nust.edu.pk

by many researchers to have improved the building energy efficiency

[7].

Building energy use is also directly related to the two global issues of

Energy shortage and Environmental degradation [8,9]. Hence a reduc-

tion in building energy use would also help in addressing these global

problems. Worldwide, the researchers continue to optimize the energy

use in buildings through improvement in building design [10] and

their energy systems [10,11]. Thus the energy performance of ZEBs

is much higher than the conventional buildings. A number of studies

have demonstrated that ZEBs can mitigate the environmental degrada-

tion and the issues of energy scarcity. US and the EU have targeted the

building energy consumption as a means to reduce their future energy

consumption and institutionalized the practice in the form of directives

[12,13]. Energy saving rates of almost 30% has been reported with the

use of GSHE in fresh air pre-handling systems [14].

In this regard SG systems can play an important role in achieving

ZEBs. GHEs and GSHPs are the most significant components of the SG

systems. The full potential of the above mentioned devices have re-

mained inhibited and need to be exploited holistically to attain its status

in achieving NZEB. It is pertinent to mention here that passive SGs can

be termed as one of the efficient systems that may be suited for many

countries of the global south because of its inherent low-energy require-

ment [15]. Moreover when integrated with renewable energy systems,

the holistic energy consumption of the system further depreciates. Most

of the studies to date discuss the performance of GHEs and GSHPs, this

study aims to establish that integration of renewable energy sources with

passive SG systems resulting in a higher COP, low capital investment and

lowmaintenance requirement thereby ensuing lower operational and re-

curring costs. These parameters have been discussed in literature with

https://doi.org/10.1016/j.enbenv.2020.09.007
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Nomenclature

NZEB net zero energy buildings

SG shallow geothermal

GHE ground heat exchanger

GSHE ground source heat exchanger

GSHP ground source heat pump

COP coefficient of performance

HRU heat recovery unit

BIPV building integrated photovoltaic

reference to specific systems, arrangements and locations and not as a

recommended way forward that can be taken up by the energy planners.

To this end, the current study briefly describes the various SGs systems

and their integration with the renewable energy resources. Later a com-

parison is drawn based on the basis of the various case studies done by

the peers to finally arrive at a technical pathway for adopting the SG

systems in buildings for achieving NZE status.

2. Categorization of GHEs

GHEs are categorized in three different ways according to:

2.1. Medium of heat transfer

GHEs can either be water-based or air-based. In both types, air or wa-

ter circulates through the underground pipes and exchanges heat with

the surrounding soil as shown in Fig 1. Air based GHEs can be natu-

ral draft or forced draft and are economically efficient [16], however

the heat transfer efficiency of air-based GHEs is lower as compared to

water-based GHEs [17].

Some water based GHEs are organized into an intricate system

known as Energy pile for use in buildings. Pipes for this system are usu-

ally high density plastic pipes and laid down in the building foundation

during the construction phase. A number of configurations have been

developed by the researchers for enhanced efficiencies and are shown

in Fig 2 [18]. It may be noted that heat exchange efficiency is directly

proportional to the depth of the energy pile.

2.2. Active/Passive GHEs

Below the ground at a depth range of 30—40 ft., the temperature

of soil remains almost constant the year round. This stored heat energy

can be used for either heating or cooling depending upon the outside air

temperature. Passive GHEs do not require separate mechanical heating

and cooling systems and hence the energy requirement for passive GHEs

is minimal as compared to active GHEs. Passive application of GHEs

includes its integration with ventilation systems for pre-heating or pre-

cooling of air entering the buildings [19]. GHEs can also be integrated

with the building envelope to reduce the loss/gain of heat through the

envelope components i.e. walls, roof etc. [20].

Active GHEs involve the use of ground source heat pumps (GSHP)

for transfer of heat. In winters, GSHP extracts heat from the ground and

uses it for heating air for the building indoors. Similarly in summers,

the reverse process absorbs heat from the building and releases into the

ground. The energy performance of GSHPs is higher as compared to the

conventional building HVAC systems [21].

2.3. Open/Closed loop systems

GSHPs employing water medium are usually closed loop systems

while heat pumps employing air medium have an open loop system il-

lustrated in Fig 3. Closed loop systems can either have a horizontal or

vertical orientation depending upon the depth available. Vertical loop

systems are usually at a greater depth. Horizontal loops are cost-effective

and mainly for residential installations, particularly for new construc-

tion where sufficient land is available. It requires trenches at least four

feet deep. The most common layouts either use two pipes, one buried at

six feet, and the other at four feet, or two pipes placed side-by-side at

five feet in the ground in a two-foot wide trench.

Large commercial buildings and schools often use vertical systems

because the land area required for horizontal loops would be pro-

hibitive. Vertical loops are also used where the soil is too shallow for

trenching, and they minimize the disturbance to existing landscaping.

For a vertical system, holes (approximately four inches in diameter) are

drilled about 20 feet apart and 100 to 400 feet deep. Into these holes go

two pipes that are connected at the bottomwith a U-bend to form a loop.

The vertical loops are connected with horizontal pipe (i.e., manifold),

placed in trenches, and connected to the heat pump in the building.

Fig. 1. Water-based (left) vs air-based (Right) ground source heat exchanger.
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Fig. 2. Configurations for building energy pile [18].

Fig. 3. Open & closed loop systems [22].

3. GHEs and alternative HVAC technologies

GHEs can be integrated with other alternative technologies for en-

hanced efficiency in building performance. Some of these technologies

are discussed below:

3.1. Solar PV & wind technology

Photovoltaic panels and wind turbines can be integrated with GHEs

and GHSPs. The power generated by PV panels and/or wind turbines

can be used to drive the active GSHP systems. The electricity consump-

tion of the heat/water pumps and air blowers used by the SGSs can be

taken up by solar/wind generated electricity. In one such arrangement,

Boukli et al. [23] has shown that installation of the ground source heat

pump system coupled with solar panels substantially reduced the build-

ing’s energy consumption by almost 87%. Similarly in a study carried

out in Canada [24] a hybrid energy system was designed to combine

five photovoltaic thermal solar panels, a 300‐m geothermal loop, and

9463.53‐kg water of phase change material thermal battery storage for

a residential building of 325m
2
total floor space in the city of Oshawa,

Canada. Results indicate that overall energetic and exergetic coefficient

of performance of the system are estimated to be 54.58% and 3.34%

in the winter and 42.6% and 4.47% in the summer, respectively. Yet

another study by Nam et al. [25] draws a comparison between ground

source heat pump system (GSHPS) and solar-assisted GSHPS. The results

suggest that the COP of Solar-assisted GSHPS was 4.7%, 9.3% higher

than that of the GSHPS. Fig. 4 shows the schematic of the solar assisted

GSHPS.

Figs. 5 and 6

Studies pertaining to wind-assisted GSHP have been found to be lim-

ited. In one study [27] carried out in 2 Italian cities, mini wind turbines

are considered coupled with a ground source heat pump in order to serve

an office building for air-conditioning and supply the electricity surplus

for the pure electric load of the user. Simulation results demonstrate

that the source availability mainly affects the system performance. In

addition, the storage system limits the interaction with the power grid.

3.2. GHEs integrated with solar chimney

Solar chimneys also known as thermal chimneys are a form of passive

building design. As the chimney becomes hot it heats the air inside it.

The hot air rises up the chimney and is vented out of the top, and in

so doing it draws more air in at the bottom of the chimney. The air

channel lying underground exchanges heat with the surrounding soil

and provide heated and cooled air depending upon the outside weather.
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Fig. 4. Solar-assisted ground source heat pump [26].

Many studies have reported enhanced performance of solar chimneys

integrated with buildings. Khosravi et al. [28] presented an improved

design for a solar chimney for a two-story building. A two-dimensional

computational fluid dynamics approach is utilized to specify the influ-

ence of changing diagonal angle on the ventilation rates of the floors

and the relationship between geometric parameters of the system and

ventilation rate. Next, three-dimensional computational fluid dynamics

approaches are used to computationally assess the improved design for

the sloped solar chimney in order to determine the most effective geom-

etry for inducing a high number of air changes per hour for the specific

case. It is observed that the new geometry enhances the natural venti-

lation rate of the building by 24% compared to conventional designs.

In another study [29] that catered for heating with the help of GHEs

in severe winter was carried out in Harbin, north China. GHE was com-

bined with Heat Recovery Unit (HRU) as an independent heat source

to heat cold air in severe cold regions. U-shaped buried pipes were pro-

posed to enhance heat transfer as well as save land-use. Results showed

average temperature rise of 14.0 °C provided by GHE and further in-

crease of 12.1 °C brought by HRU helped outdoor air reach to an ac-

ceptable level without auxiliary heating equipment.

In yet another study in China, Li et al. [30] combined the solar chim-

ney and the wind tower for better energy performance of a tube station.

The designed composite space system integrates the composite tubular

space system of a wind tunnel with a solar chimney (atrium) for air fil-

tration, and integrates natural light with the air filtration system, venti-

lation, and other functions resulting in a composite function space. This

results in further improvement in the space adjustment effect (as shown

in Fig 20).

One study [31] carried out in Egypt reiterates the efficacy of pas-

sive solar PV system in combination with a SGS. The study finds that

the natural geothermal tube-solar chimney at angle 45° raises the room

temperature by 6.4 °C and changes daily its air 46 times which repre-

sents 55.5% of the ventilated air by the forced air flow at 0.0184 m
3
/s.

3.3. Wind towers integrated with GHEs

Wind towers have traditionally been used for centuries mainly seen

in settlements in hot, hot-dry and hot-humid climates. They look like big

chimneys in the sky line of ancient cities. They are vertical shafts with

vents on top to lead desired wind to the interior spaces and provide

thermal comfort.

The integration of GSHP with the wind towers have been taken up by

a number of researchers. Different configurations have been adopted for

the inlet and exhaust of air in the wind towers. In one arrangement the

wind enters the top of the shaft and is directed towards the GSHE buried

in the ground, where it exchanges heat with the soil and then enters

the room (Fig 7a) [31]. The experimental work has been carried out in

winter for heating the room space. The study finds that a wind tower

combined with a solar chimney helps in raising the indoor temperature

by 6.4 °C and changes daily its air 46 times. In another arrangement,

the air enters the ground heat exchanger at ground level where it passes

over a water channel and cools down. The cool air is sucked into the

room as the hot air rises up the wind tower (Fig 7b) [32]. As much as an

Fig. 5. Solar chimney design for a subway

building [30].
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Fig. 6. Wind towers in ancient Iran.

Fig. 7. (a) Air Inlet at wind tower height (b) Air inlet at ground level & exhaust through wind tower.

8°C drop in temperature has been recorded from an outside temperature

of 42°C down to 34°C in the room.

In yet another study [33] carried out in Yemen, the authors extended

the passive cooling wind tower with the installation of clay cylinders

shaped like onion rings covered by two layers of jute fiber. The results

confirmed the design to efficiently decrease the air temperature by an

average of 14.6 °C and increase the relative humidity of the air by 57.5%

on average. With only 1.20 m height, shown in Fig 8, this design was

able to drop the temperature by 19.8 °C achieving a considerable cooling

efficiency in comparison with the rest of cooling designs with the high

heights that installed inside wind tower.

3.4. Nocturnal radiative cooling

The sun radiates heat to earth in the day. At night the reverse hap-

pens when the warmer earth radiates heat to the cold night sky. Roofs of

buildings radiate heat day and night at a rate of up to 75 W per square

meter. During the day, this is offset by solar radiation gains on the roof,

however, at night, this heat loss has the ability to cool air as roofs can

experience a temperature drop of 6 to 20 °C below ambient.

Cooling a building by long-wave radiation to the night sky has long

been identified as a potentially productive means to reduce space cool-

ing energy in buildings. Cooling in this technology is achieved through a

radiator made of a high conductivity flat-plate rooftop; water circulates

through the system and absorbs heat which is then radiated to the night

sky. These systems work best within the areas with night-time temper-

atures ranging from 8 to 12 °C [34]. However, buildings in the regions

with climatic conditions of dry and/or humid weather could still uti-

lize these technologies, which cover a portion of cooling load and the

auxiliary cooling capacity is necessary in these climatic conditions.

The energy conversion of nocturnal cooling technology uses the am-

bient surrounding on the Earth as heat sink which involves sources at

a high temperature and a source at a low temperature. In the energy

conservation process, the flow of energy as a result of mass flow, con-

duction, convection and radiation should be taken into account. Using

these principles, these technologies are able to save about 14–48% of

energy in buildings [35]. Radiative cooling technologies can solve the

problem of heat accumulation when integrated with GSHP. In one study,

a hybrid nocturnal radiator is proposed to reject the heat accumulated

in the GSHP system. The study showed that the operation of this system

resulted in cost recovery of almost 10% over a period of ten years when

compared with the conventional GSHP [36]. Zhao et al. [37] has carried

out a comprehensive review of radiative cooling systems. As regards

the building air conditioning, the authors have proposed hybrid sys-

tems, which are essentially a comprehensive combination of nocturnal

radiative cooling and other energy-harvesting processes and are more

energy-efficient. The various hybrid systems are:

■ radiative and evaporative cooling (RC-EC) [38-40]

■ radiative cooling and heat pump (RC-HP) [36] and

■ radiative cooling and solar energy utilization (RC-SE) [41–48]
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Fig. 8. a. Schematic of the wind Tower combined with the bio-

inspired cooling unit. (1 = wind catcher, 2 = Solar panel, 3 = wind
tower, 4=Water distribution system, 5= cooling units, 6= air out-
let. 7 = water pump 8 = Water supply pipe, 9 = water clay tank).
b: Experimental wind tower and cooling design. c. Longitudinal-

section of wind tower; the measurement locations.

Specifically, RC-SE hybrid system has attracted considerable atten-

tion in recent years, especially the spectral selective based RC-SE system.

The investigations carried out demonstrate that the thermal efficiency

and net cooling power of the system can reach 62.7% and 50.3 W•m−2,
respectively.

The above three hybrid systems are novel concepts combining solar

energy and nocturnal cooling. The basic response wavelength band of

RC, PT and PV are quite varying; thus, if the spectral properties of the

surface for different physical process are considered and satisfied simul-

taneously, the overall energy efficiency and time availability will be en-

hanced considerably. Currently, the polyethylene film is widely selected

as convection cover, but its mechanical strength is not enough, which is

the main problem for using these hybrid systems in real applications.

3.5. Evaporative cooling

In areas with high cooling loads, the GHEs or the GSHP systems

(with water as the heat transfer medium) are affected by the problem

of heat accumulation thereby altering the system efficiency. To address

this problem the cooling towers are sometimes employed along with the

GHEs either in series or in parallel to improve the efficiency and balance

the charging and discharging of heat beneath the earth surface. Studies

[49,50] carried out in this regard report an improvement of COP by

almost 15%.

In Iran [51] and India [52], a GHEwas connected in series that would

first cool the outdoor air and then the air was further cooled through

the evaporative cooling tower as shown in Fig 9. Significant reduction

in temperature of air was noted along with the reduction of the length

of the air-based GHE by 94%.

Haiderinejad [52] carried out a study in Iran and Italy for the as-

sessment of the potential of ground-assisted direct evaporative cooler

together with a desiccant evaporative cooling cycle integrated with a

ground source renewable energy for the pre-cooler process. The results

indicate that the COP is highly dependent on the regeneration temper-

ature of the dessicant wheel, and varies in the range of 0.35–0.53. In-

vestigations carried out by Rayegan et al. [53] reaffirm the efficacy of

renewable energy integrated with evaporative cooling. In this model so-

lar and ground source energies are used for regenerating the desiccant

wheel (DW) and a pre-cooling process, respectively. The results reveal

that, in the absence of the GSHE, the system cannot provide thermal

comfort in extremely humid regions even with high regeneration tem-

peratures (around 120 °C). Instead, using the GSHE dramatically im-

proves the established thermal comfort. For regeneration temperatures

below 90 °C, it is determined that the total necessary energy can be

supplied entirely by solar energy.

3.6. Solar thermal integrated SG systems

Solar PV and solar thermal are the primary devices for collecting

the solar thermal energy and especially suited for regions with higher

solar insolation. Both these can be instrumental in addressing the heat

shortage issues of GHEs in winter. These can be connected either in

parallel or series. For cooling and heating purposes a hybrid model was

designed by Zhu et al. [54]. The system included solar thermal collectors

and cooling tower as auxiliary heating and cooling source to supplement

the cooling and heating loads of the GHE as shown in Fig 10. The heat

exchange system in the building envelope was pipe-embedded. Water

circulating in the system transfers heat from the GHE depending upon

the ambient conditions.

In another study [55], the authors used solar thermal collectors over

an area of 1500 m
2
for developing a heating-only system. 580 GHEs

were placed 120 m beneath the ground. The solar thermal collectors

caused an improvement of COP of the heat pump and the system by 2.4%

and 3.4% respectively. Girard [56] made a comparative study to assess

the benefits of solar thermal collectors in 19 cities in various parts of

Europe. The solar assisted GHEs were found to have a higher COP rang-

ing at 4.4–5.8 while those without solar collectors recorded a COP range

of 4.3–5.1. A similar exercise was also carried out by Emmi et al. [57];

however in this model an intermediate water tank was employed to indi-

rectly couple the solar thermal collectors with the water GHE. The inter-
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Fig. 9. Schematic of a hybrid GHE and Indirect evap-

orative cooling [51].

Fig. 10. Solar thermal collectors and condensers for Pipe embedded building envelope.

mediate tank is used to collect the solar energy directly from the thermal

collectors; this solar energy is then subsequently transferred to the GHE

for recharging the ground. The efficiency of this design of solar assisted

GSHP was recorded to be 10% higher than the conventional GSHP with-

out the solar thermal collectors. Schematic of the solar-thermal assisted,

ground source heat pump for space conditioning is shown in Fig 11.

The study carried out by Gao et al. [58] have also reported stabi-

lization of soil temperature in three cities of China by employing the

arrangement of solar-thermal collectors in conjunction with GSHPs.

4. Prospects of SGSs in achieving NZEB

The concept of zero energy building is defined as a residential or

commercial building with greatly reduced energy needs. In such a build-

ing, efficiency gains have been made such that the balance of energy

needs can be supplied with renewable energy technologies [59]. A num-

ber of classifications have also been devised to identify the extent to

which the concept has been achieved. Nevertheless, net-zero energy

building or zero net energy (ZNE) building or net zero building is a

building with zero net energy consumption. Several studies have been

made to approximate the zero-energy concept and these can be catego-

rized under two broad headings which focus on:

4.1. The integration of renewable energy resources in building energy

Renewable energy resources especially solar PV, solar thermal,

geothermal and biomass can be utilized for on-site power generation

[60–63]. Solar PV panels are the most extensively utilized renewable

energy resource in both urban and rural buildings in regions with ac-

ceptable level of solar insolation [64]. Wind turbines employing power

of wind has limited applications in building energy however high-rise

buildings in Europe have been seen to utilize wind energy for washroom

ventilation of all the apartments in a building [65]. The increased need

for the use of renewable energy resources in building energy led to op-

timization studies that recommended the ideal or optimized mix of the

different renewable energy resources available in a certain region and

climate [66-69].
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Fig. 11. Solar-thermal assisted GSHP for

Building Climate [58].

Fig. 12. Pathway for employing SGSs for NZEB.

4.2. Minimizing the energy consumption through improved building design

and use of enhanced efficiency devices

The energy use in building can also be controlled with the help of

energy efficient devices. For instance, as we have seen over the years the

incandescent bulbs have been replaced with compact fluorescent lights

which in turn are now being replaced with LED lights [70,71] even in the

developing world. Similarly the conventional air conditioning units are

now being replaced with Inverter air conditioning units. Inverters ACs

are more energy-efficient and have a 30–50% better efficiency than con-

ventional ACs [72]. Besides using energy-efficient devices, the building

temperature can also be controlled with the help of a number of passive

techniques that can be integrated with the building envelope. Shading

devices and building geometries can prevent the direct solar insolation

from entering the building. Glazing design can also help in minimizing

the cooling loads of the buildings [73,74]. It has also been observed that

the occupant behavior and the performance of the energy systems sig-

nificantly affect the ZEB performance. Accordingly the temperature set

points of the building HVAC systems as well as the air infiltration have a

strong impact on the building energy consumption [75] as demonstrated

by Lu et al. [76–78] in a number of analyses of the design of energy sys-

tems for different buildings. The studies conclude that the performances

of ZEBs are highly dependent on the efficiency of building cooling and

heating systems [79,80].
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Both the above approaches are necessary for approximating a NZEB

i.e. the buildings should firstly be purpose built, designed and con-

structed to minimize the energy use as described above. This would

include the use of shading in built infrastructure, glazed windows, insu-

lated roofs and walls etc. The second step in achieving NZEB is by using

the renewable energy resources for meeting the reduced energy demand

for instance the solar PV panels, biomass and geothermal energy. Finally

the inevitable conventional power (energy) consuming devices should

be based on the most-efficient technology available. There however re-

mains a limitation that the available most-efficient technology may not

be commercially economical as well. A NZEB would therefore integrate

the passive design features such as Solar shading, high thermal build-

ing envelope, highly reflective materials together with a hybrid renew-

able energy system comprising of an appropriate mix of solar thermal,

geothermal, biomass and solar PV devices [81].

Studies have been carried out that suggest the integration of pho-

tovoltaic/thermal (PV/T) systems [82], which produce electricity and

heat to meet the electricity and thermal requirements of the buildings.

Building Integrated photovoltaic/thermal (BIPV/T) systems is a classic

example of the integration of solar panels in the roofs and facades of

the building envelope. BIPV have been reported to reduce the fossil fuel

demand of the buildings [83]. PV/T systems are treated as systems in-

dependent of the building envelope, which results in a lack of oppor-

tunity that could possibly simplify and result in additional efficiency

of the entire system. Solar panels inherently generate heat which when

integrated with the building envelope can provide space heating and

comfort through heat recovery systems [84]. Additional gains include

enhanced electrical efficiency [85], increased life of the solar panels

[86] and reduced delamination of solar modules [87]. BIPV/T systems

are versatile enough to fulfill all energy requirements of the building

envelope. Heat recovery from solar panels is achieved by circulation of

fluid beneath the solar arrays which heat up because of solar exposure.

The collected heat can be delivered to the occupants through integration

with the building HVAC system in a heat exchanging system or used for

domestic water heating purposes [88]. With respect to the SGS, the col-

lected heat can be used in an air source heat pump (ASHP) to improve

the performance especially in regions where colder outdoor tempera-

tures affect the COP [89,90].

The above discussion has shown that SG systems have significant

potential for NZEB and therefore can facilitate higher efficiencies for

building energy. The role of GHEs and GSHPs in enabling NZEB has

been reported to a limited extent in the literature. A systematic pathway

for employing GHEs in NZEBs is shown in Fig 12. The passive employ-

ment of GHEs reduces the heating/cooling demand of the building by

reducing the heat gain/loss through the building envelope. On the other

hand, the active employment of GSHPs for space heating and cooling al-

lows lower building energy expense. Further, the energy demand of the

other domestic appliances and/or heat pumps can be managed with the

help of solar PV panels or domestic wind energy systems. In this way

by the active and passive application of SG systems the building energy

consumption can effectively be reduced.

5. Conclusion

Shallow geothermal energy has a lot of potential for reducing the

building energy consumption. Temperature gradient is available be-

tween the buildings and the underground earth all year round. Both

water and air has been seen to be an effective heat transfer medium.

Renewable energy especially solar energy is available in abundance in

most of the regions of the world. Moreover the solar PV panels are much

efficient, have a higher output and available at a much economical rate

and hence are a preferred source for low current applications. GHEs

and GSHPs require a minimal amount of energy for running the various

components of the geothermal systems. If renewable energy is integrated

with the GHEs and GSHPs, the power to run the active geothermal sys-

tems can also be generated or minimized. Further, the use of passive

measures in building envelope can further mitigate the energy expense.

Building envelope’s role in reducing the energy consumption is signifi-

cant. This, however has to be carried out from the initial step i.e. design

of the building. Design includes the building orientation to improve or

reduce solar radiation incident into the occupants’ area, insulation of

the walls and roof, wind and air flow within the building and glazing of

the windows and facades.

Different configurations of geothermal systems are available for each

building type and land availability. Horizontal loop configurations are

cost effective and suitable for residential buildings while vertical loops

have higher heat transfer efficiency and employed at points of low land

availability. Similarly air-based heat exchangers are economical and eas-

ily integrated with alternative technologies such as solar chimneys and

wind towers and require minimal operating equipment. Water based

heat exchangers require additional pumping systems, and are relatively

expensive however the energy expenditures can be defrayed by integrat-

ing solar PV and wind energy.

Other technologies that can be employed to approximate a NZEB

including the evaporative cooling, nocturnal cooling and solar thermal

collectors. The important thing is to integrate these technologies into

the building envelope to reduce the heating and cooling loads. A path-

way has been suggested by the active and passive use of GHEs and their

integration with alternative technologies to achieve enhanced building

energy performance. It can be seen from the pathway that the employ-

ment of passive systems precede the active systems. After building loads

are reduced by the use of passive measures, the design of geothermal

systems is taken up. The energy requirement of the geothermal systems

is then determined for designing the energy provisioning system. For

instance if solar energy is to be used then, the number of solar PV pan-

els required to power the SGS would depend on the input current of

the SGS. Photovoltaic/thermal systems (PV/T) that generate both heat

and power can result in fossil fuel savings as well as better PV perfor-

mance through temperature reduction, enhanced life and heat recovery

for space heating. To summarize Shallow geothermal systems integrated

with renewable energy technologies have significant potential in saving

building energy costs as well as mitigating environmental degradation

and achieving sustainability in the society.

Author declaration

I wish to confirm that there are no known conflicts of interest asso-

ciated with this publication and there has been no significant financial

support for this work that could have influenced its outcome.

I confirm that the manuscript has been read and approved by my-

self and that there are no other persons who satisfied the criteria for

authorship but are not listed.

I confirm that I have given due consideration to the protection of

intellectual property associated with this work and that there are no im-

pediments to publication, including the timing of publication, with re-

spect to intellectual property. In so doing I confirm that I have followed

the regulations of my institution concerning intellectual property.

I, the Corresponding Author am the sole contact for the Editorial

process (including Editorial Manager and direct communications with

the office). I am responsible for communicating with about progress,

submissions of revisions and final approval of proofs. I confirm that I

have provided a current, correct email address which is accessible by the

Corresponding Author and which has been configured to accept email

from (drirfanagondal@gmail.com)

References

[1] U. Berardi, et al., From high-energy demands to nZEB: the retrofit of a school in

Catalonia, Spain, Energy Proc. 140 (2017) 141–150.

[2] Energy performance of buildings in southeast Asia, accessed from USAID website on

5th Jul 2020.

[3] M. Liang, Y. Meng, N. Lu, D. Lubkeman, A Kling, HVAC load disaggregation using

low-resolution smart meter data, in: Proceedings of the IEEE Power & Energy Society

Innovative Smart Grid Technologies Conference (ISGT), IEEE, 2019, pp. 1–5. Feb 18.

433



I.A. Gondal Energy and Built Environment 2 (2021) 425–435

[4] C.P. Underwood, Ground source heat pumps: observations from United Kingdom

ground thermal response tests, Build. Serv. Eng. Res. Technol. 34 (2) (2013)

123–144.

[5] N. Kayaci, H. Demir, B.B. Kanbur, Ş.O. Atayilmaz, O. Agra, R.C. Acet, Z Gemici,

Experimental and numerical investigation of ground heat exchangers in the building

foundation, Energy Convers. Manag. 188 (2019) 162–176.

[6] N. Kayaci, H. Demir, Numerical modelling of transient soil temperature distribution

for horizontal ground heat exchanger of ground source heat pump, Geothermics 73

(2018) 33–47.

[7] T. Yan, X. Xu, Utilization of ground heat exchangers: a review, Curr. Sustain. Renew.

Energy Rep. 5 (2) (2018) 189–198.

[8] X. Cao, X. Dai, J Liu, Building energy-consumption status worldwide and the

state-of-the-art technologies for zero-energy buildings during the past decade, En-

ergy Build. 128 (2016 Sep 15) 198–213.

[9] S. Ahmadi, A.H. Fakehi, A. Vakili, M Moeini-Aghtaie, An optimization model for the

long-term energy planning based on useful energy, economic and environmental

pollution reduction in residential sector: a case of Iran, J. Build. Eng. 30 (2020)

101247.

[10] D. Jenkins, Integrating building modelling with future energy systems, Build. Serv.

Eng. Res. Technol. 39 (2) (2018) 135–146.

[11] I.A. Gondal, Design and experimental analysis of a solar thermoelectric heating, ven-

tilation, and air conditioning system as an integral element of a building envelope,

Build. Serv. Eng. Res. Technol. 40 (2) (2019) 220–236.

[12] A. Thomas, C.C. Menassa, V.R Kamat, A systems simulation framework to realize

net-zero building energy retrofits, Sustain. Cities Soc. 41 (2018) 405–420.

[13] E. Giama, E. Kyriaki, A.M Papadopoulos, Energy policy and regulatory tools for

sustainable buildings, IOP Conf. Ser. Earth Environ. Sci. 410 (1) (2020) 012078 IOP

Publishing.

[14] W. Lyu, et al., Energy saving potential of fresh air pre-handling system using shallow

geothermal energy, Energy Build. 185 (2019) 39–48.

[15] A. Mastrucci, et al., Improving the SDG energy poverty targets: residential cooling

needs in the Global South, Energy Build. 186 (2019) 405–415.

[16] Sakhri N., Menni Y., Chamkha A.J., Salmi M., Ameur H. TECNICA ITALIANA-Italian

Journal of Engineering Science. Journal homepage: http://iieta. org/journals/ti-ijes.

2020 Mar;64(1):83–90.

[17] C.Y. Hsu, Y.C. Chiang, Z.J. Chien, S.L Chen, Investigation on performance of build-

ing-integrated earth-air heat exchanger, Energy Build. 169 (2018) 444–452.

[18] J. Fadejev, R. Simson, J. Kurnitski, F Haghighat, A review on energy piles design,

sizing and modelling, Energy 122 (2017) 390–407.

[19] V. Pisarev, S. Rabczak, K Nowak, Ventilation system with ground heat exchanger, J.

Ecol. Eng. 17 (5) (2016) 163–172.

[20] M.A. Boukli Hacene, N.E. Chabane Sari, A. Benzair, A Iznassni, Optimization of in-

tegrated building solutions: efficiency of a heating and cooling ground source heat

pump, Desalin. Water Treat. 57 (12) (2016) 5317–5324.

[21] Huang S. Energy Performance Evaluation and Optimisation of Ground Source Heat

Pump Systems.

[22] US Department of Energy Accessed on April 3, 2020 at https://www.energy.gov/

energysaver/heat-and-cool/heat-pump-systems/geothermal-heat-pumps.

[23] M.E. Boukli Hacene, R. Laroui, H. Rozale, A Chahed, Thermal simulation of the

ground source heat pump used for energy needs of a bioclimatic house in Tlemcen

City (western ALGERIA), Energy Sources Part A (2019) 1–5.

[24] S. Seyam, I. Dincer, M Agelin‐Chaab, Thermodynamic analysis of a hybrid energy

system using geothermal and solar energy sources with thermal storage in a residen-

tial building, Energy Storage 2 (1) (2020) e103.

[25] Y.J. Nam, X.Y. Gao, S.H. Yoon, K.H Lee, Study on the performance of a ground

source heat pump system assisted by solar thermal storage, Energies 8 (12) (2015)

13378–13394.

[26] Y. Abbasi, E. Baniasadi, H Ahmadikia, Performance assessment of a hybrid solar–

geothermal air conditioning system for residential application: energy, exergy, and

sustainability analysis, Int. J. Chem. Eng. (2016) 2016.

[27] C. Roselli, M. Sasso, F Tariello, A wind electric-driven combined heating, cooling,

and electricity system for an office building in two Italian cities, Energies 13 (4)

(2020) 895.

[28] M. Khosravi, F. Fazelpour, M.A Rosen, Improved application of a solar chimney con-

cept in a two-story building: an enhanced geometry through a numerical approach,

Renew. Energy 143 (2019) 569–585.

[29] H. Li, L. Ni, G. Liu, Z. Zhao, Y Yao, Feasibility study on applications of an Earth-

-air Heat Exchanger (EAHE) for preheating fresh air in severe cold regions, Renew.

Energy 133 (2019) 1268–1284.

[30] J. Li, S. Lu, Q. Wang, S. Tian, Y Jin, Study of passive adjustment performance of

tubular space in subway station building complexes, Appl. Sci. 9 (5) (2019) 834.

[31] R. Elghamry, H. Hassan, Impact a combination of geothermal and solar energy sys-

tems on building ventilation, heating and output power: experimental study, Renew.

Energy 152 (2020) 1403–1413.

[32] Sadeghi, H., and Kalantar, V., Performance analysis of a wind tower in combination

with an underground channel. Sustain. Cities Soc. 10.1016/j.scs.2017.12.002.

[33] A. Abdullah, I.B. Said, D.R. Ossen, A sustainable bio-inspired cooling unit for hot

arid regions: integrated evaporative cooling system in wind tower, Appl. Therm.

Eng. 161 (2019) 114201.

[34] X. Lu, P. Xu, H. Wang, T. Yang, J. Hou, Cooling potential and applications prospects

of passive radiative cooling in buildings: the current state-of-the-art, Renew. Sustain.

Energy Rev. 65 (2016) 1079–1097.

[35] K.D. Dobson, G. Hodes, Y. Mastai, Thin semiconductor films for radiative cooling

applications, Sol. Energy Mater. Sol. Cells 80 (2003) 283–296.

[36] Y. Man, H. Yang, J.D. Spitler, Z Fang, Feasibility study on novel hybrid ground cou-

pled heat pump system with nocturnal cooling radiator for cooling load dominated

buildings, Appl. Energy 88 (2011) 4160–4171.

[37] B. Zhao, et al., Radiative cooling: a review of fundamentals, materials, applications,

and prospects, Appl. Energy 236 (2019) 489–513.

[38] M. Farmahini Farahani, G. Heidarinejad, S Delfani, A two-stage system of nocturnal

radiative and indirect evaporative cooling for conditions in Tehran, Energy Build.

42 (2010) 2131–2138.

[39] M. Farmahini-Farahani, G. Heidarinejad, Increasing effectiveness of evaporative

cooling by pre-cooling using nocturnally stored water, Appl. Therm. Eng. 38 (2012)

117–123.

[40] G. Heidarinejad, M. Farmahini Farahani, S Delfani, Investigation of a hybrid system

of nocturnal radiative cooling and direct evaporative cooling, Build. Environ. 45

(2010) 1521–1528.

[41] B. Zhao, M. Hu, X. Ao, G Pei, Conceptual development of a building-integrated pho-

tovoltaic–radiative cooling system and preliminary performance analysis in Eastern

China, Appl. Energy 205 (2017) 626–634.

[42] M. Hu, B. Zhao, J. Li, Y. Wang, G Pei, Preliminary thermal analysis of a combined

photovoltaic–photothermic–nocturnal radiative cooling system, Energy 137 (2017)

419–430.

[43] M. Hu, G. Pei, Q. Wang, J. Li, Y. Wang, J Ji, Field test and preliminary analysis

of a combined diurnal solar heating and nocturnal radiative cooling system, Appl.

Energy 179 (2016) 899–908.

[44] B. Zhao, M. Hu, X. Ao, Q. Xuan, G Pei, Comprehensive photonic approach for diur-

nal photovoltaic and nocturnal radiative cooling, Sol. Energy Mater. Sol. Cells 178

(2018) 266–272.

[45] M. Hu, B. Zhao, X. Ao, Y. Su, Y. Wang, G Pei, Comparative analysis of different

surfaces for integrated solar heating and radiative cooling: a numerical study, Energy

155 (2018) 360–369.

[46] U. Eicker, A. Dalibard, Photovoltaic-thermal collectors for night radiative cooling of

buildings, Sol. Energy 85 (2011) 1322–1335.

[47] M. Hu, G. Pei, L. Li, R. Zheng, J. Li, J Ji, Theoretical and experimental study of

spectral selectivity surface for both solar heating and radiative cooling, Int. J. Pho-

toenergy (2015) 2015.

[48] M. Fiorentini, P. Cooper, Z Ma, Development and optimization of an innovative

HVAC system with integrated PVT and PCM thermal storage for a net-zero energy

retrofitted house, Energy Build. 94 (2015) 21–32.

[49] W. Cui, S. Zhou, X Liu, Optimization of design and operation parameters for hy-

brid ground-source heat pump assisted with cooling tower, Energy Build. 99 (2015)

253–262.

[50] J.S. Lee, K.S. Song, J.H. Ahn, Y Kim, Comparison on the transient cooling perfor-

mances of hybrid ground-source heat pumps with various flow loop configurations,

Energy 82 (2015) 678–685.

[51] V. Khalajzadeh, M. Farmahini-Farahani, G. Heidarinejad, A novel integrated system

of ground heat exchanger and indirect evaporative cooler, Energy Build. 49 (2012)

604–610.

[52] G. Heidarinejad, U. Berardi, S. Rayegan, Performance investigation of ground source

heat exchanger with desiccant-based hybrid cooling system in humid climate, IOP

Conf. Ser. Mater. Sci. Eng. 609 (5) (2019) IOP Publishing.

[53] Saeed Rayegan, et al., Dynamic simulation and multi-objective optimization of a so-

lar-assisted desiccant cooling system integrated with ground source renewable en-

ergy, Appl. Therm. Eng. (2020) 115210.

[54] Q. Zhu, X. Xu, J. Wang, F. Xiao, Development of dynamic simplified thermal models

of active pipe-embedded building envelopes using genetic algorithm, Int. J. Therm.

Sci. 76 (2014) 258–272.

[55] N. Zhu, J. Wang, L Liu, Performance evaluation before and after solar seasonal stor-

age coupled with ground source heat pump, Energy Convers. Manag. 103 (2015)

924–933.

[56] A. Girard, E.J. Gago, T. Muneer, G Caceres, Higher ground source heat pump COP

in a residential building through the use of solar thermal collectors, Renew. Energy

80 (2015) 26–39.

[57] G. Emmi, A. Zarrella, M. De Carli, A Galgaro, An analysis of solar assisted ground

source heat pumps in cold climates, Energy Convers. Manag. 106 (2015) 660–675.

[58] Y. Gao, et al., Designing and optimizing heat storage of a solar-assisted ground source

heat pump system in China, Int. J. Photoenergy (2020) 2020.

[59] Pless, S., and P. Torcellini. Net-zero energy buildings: a classification system based

on renewable energy supply options. No. NREL/TP-550-44586. National Renewable

Energy Lab.(NREL), Golden, CO (United States), 2010.

[60] F. Ascione, et al., Multi-objective optimization of the renewable energy mix for a

building, Appl. Therm. Eng. 101 (2016) 612–621.

[61] J. Song, S.D. Oh, S.J. Song, Effect of increased building-integrated renewable energy

on building energy portfolio and energy flows in an urban district of Korea, Energy

189 (2019) 116132.

[62] M. Le Guen, et al., Improving the energy sustainability of a Swiss village through

building renovation and renewable energy integration, Energy Build. 158 (2018)

906–923.

[63] I.A. Gondal, M.S. Athar, M. Khurram, Role of passive design and alternative energy

in building energy optimization, Indoor Built Environ. (2019) 1420326X19887486.

[64] K. Petrichenko, D. Ürge-Vorsatz, L.F. Cabeza, Modeling global and regional po-

tentials for building-integrated solar energy generation, Energy Build. 198 (2019)

329–339.

[65] J.H. Park, M.H. Chung, J.C. Park, Development of a small wind power system with

an integrated exhaust air duct in high-rise residential buildings, Energy Build. 122

(2016) 202–210.

[66] F. Ascione, et al., A new comprehensive framework for the multi-objective optimiza-

tion of building energy design: harlequin, Appl. Energy 241 (2019) 331–361.

434



I.A. Gondal Energy and Built Environment 2 (2021) 425–435

[67] S. Xu, C. Yan, C. Jin, Design optimization of hybrid renewable energy systems for

sustainable building development based on energy-hub, Energy Proc. 158 (2019)

1015–1020.

[68] C. Waibel, R. Evins, J. Carmeliet, Co-simulation and optimization of building geom-

etry and multi-energy systems: interdependencies in energy supply, energy demand

and solar potentials, Appl. Energy 242 (2019) 1661–1682.

[69] S. Zhong, et al., A case study of operation optimization on a renewable energy build-

ing by E-CPS method: from both sides of supply and demand, Energy Proc. 158

(2019) 6145–6151.

[70] J.H. Jou, et al., A replacement for incandescent bulbs: high-efficiency blue-hazard

free organic light-emitting diodes, J. Mater. Chem. (2017) 176–182 C 5.1.

[71] G.J. Levermore, A review of the IPCC assessment report four, part 2: mitigation

options for residential and commercial buildings, Build. Serv. Eng. Res. Technol. 29

(4) (Nov. 2008) 363–374, doi:10.1177/0143624408096262.

[72] A. Al-Subhi, I. El-Amin, Experimental performance analysis of existing conventional

AC air conditioner and corresponding new pure DC air conditioner, in: Proceedings

of the IEEE Second International Conference on DCMicrogrids (ICDCM), IEEE, 2017.

[73] T. Ashrafian, N. Moazzen, The impact of glazing ratio and window configuration

on occupants’ comfort and energy demand: the case study of a school building in

Eskisehir, Turkey, Sustain. Cities Soc. 47 (2019) 101483.

[74] A. Almarzouq, A. Sakhrieh, Effects of glazing design and infiltration rate on energy

consumption and thermal comfort in residential buildings, Therm. Sci. 23 (5 Part B)

(2019) 2951–2960.

[75] I.A. Gondal, M.S. Athar, M. Khurram, Role of passive design and alternative energy

in building energy optimization, Indoor Built Environ. (2019) 1420326X19887486.

[76] Y. Lu, et al., Impacts of renewable energy system design inputs on the performance

robustness of net zero energy buildings, Energy 93 (2015) 1595–1606.

[77] Y. Lu, et al., Robust optimal design of renewable energy system in nearly/net zero

energy buildings under uncertainties, Appl. Energy 187 (2017) 62–71.

[78] Y. Lu, S. Wang, K. Shan, Design optimization and optimal control of grid-connected

and standalone nearly/net zero energy buildings, Appl. Energy 155 (2015) 463–477.

[79] Y. Lu, S. Wang, K. Shan, Design optimization and optimal control of grid-connected

and standalone nearly/net zero energy buildings, Appl. Energy 155 (2015) 463–477.

[80] Z. Zhou, et al., The operational performance of “net zero energy building”: a study

in China, Appl. Energy 177 (2016) 716–728.

[81] Z. Huang, et al., Performance analysis of optimal designed hybrid energy systems for

grid-connected nearly/net zero energy buildings, Energy 141 (2017) 1795–1809.

[82] A. Behzadi, A. Arabkoohsar, Feasibility study of a smart building energy system

comprising solar PV/T panels and a heat storage unit, Energy (2020) 118528.

[83] A. Dobrzycki, et al., Analysis of the impact of building integrated photovoltaics

(BIPV) on reducing the demand for electricity and heat in buildings located in

Poland, Energies 13 (10) (2020) 2549.

[84] V. Delisle, M. Kummert, Cost-benefit analysis of integrating BIPV-T air systems into

energy-efficient homes, Sol. Energy 136 (2016) 385–400.

[85] C. Ferrara, H.R. Wilson, W. Sprenger, "Building-integrated photovoltaics (BIPV),

in: The Performance of Photovoltaic (PV) Systems, Woodhead Publishing, 2017,

pp. 235–250.

[86] M. Benghanem, A.A. Al-Mashraqi, K.O. Daffallah, "Performance of solar cells using

thermoelectric module in hot sites, Renew. Energy 89 (2016) 51–59.

[87] A. Gok, et al., The influence of operating temperature on the performance of BIPV

modules, IEEE J. Photovolt. 10 (5) (2020) 1371–1378.

[88] A. Pugsley, et al., BIPV/T facades–A new opportunity for integrated collector-storage

solar water heaters? Part 1: state-of-the-art, theory and potential, Sol. Energy 207

(2020) 317–335.

[89] X. Wang, et al., A systematic review of recent air source heat pump (ASHP) systems

assisted by solar thermal, photovoltaic and photovoltaic/thermal sources, Renew.

Energy 146 (2020) 2472–2487.

[90] E. Biyik, et al., A key review of building integrated photovoltaic (BIPV) systems,

Eng. Sci. Technol. Int. J. 20 (3) (2017) 833–858.

435



Energy and Built Environment 2 (2021) 436–444

Contents lists available at ScienceDirect

Energy and Built Environment

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/

Experimental and numerical investigation of gas diffusion under an urban

underground construction

Kang Zhou
a
, Fei Li

a,∗
, Hao Cai

a
, Yibin Yang

d
, Fusheng Peng

c
, Li Chen

b
, Junyi Zhuang

a

a
Department of HVAC, College of Urban Construction, Nanjing Tech University, Nanjing 210009, P R China

b
Engineering Research Center of Safety and Protection of Explosion & Impact of Ministry of Education, Southeast University, Nanjing 211189, P R China

c
College of National Defense Engineering, Army Engineering University, Nanjing 210007, P R China

d
PLA Unit 96784, Luoyang, Henan 471399, P R China

a r t i c l e i n f o

Keywords:

Urban tunnel

Gas leakage

Gas dispersion

CFD

Turbulence model

Air supply diffuser

a b s t r a c t

Rapid increase of urban underground constructions has a great consideration of underground environment safety

and how to expel toxic gasses out of tunnels effectively. The utility tunnel is a typical urban tunnel construction

with multiple underground pipelines including gas pipelines, and it is necessary to investigate characteristic of gas

diffusion and monitor gas leakage to ensure tunnel safety. In this study, the experimental measurements of airflow

and gas distributions were conducted in a 10 m full-scaled utility tunnel mockup, and gas diffusion characteristic

was also investigated. Numerical simulation of utility tunnel leakage was also conducted by computational fluid

dynamics (CFD). Different turbulence models and different air supply diffuser models were compared via the

experimental results based on visualization and the relative root-mean-square error (RRMSE) index, which quan-

titated the difference between the numerical and experimental results. The results showed that the standard 𝑘 − 𝜀

turbulence model and random air opening model could provide better results than other models. According to the

experimental data analysis, it was necessary to consider the optimization of monitoring detector arrangements

in actual utility tunnels. This study provided basic experimental data and the validated numerical model for the

leakage source identification and underground tunnels simulation research.

1. Introduction

The demand for underground space has increased rapidly with the

acceleration of urbanization and the development of the economy, espe-

cially in China [1]. Especially, the worse traffic congestion and increased

infrastructure pipelines are the main issues to solve with underground

constructions. In order to solve this issue effectively, more urban un-

derground constructions have been applied, such as road tunnels, un-

derground freeways and utility tunnels [2-4]. However, the tunnel as a

narrow and confined space has a poor ventilation. If any fire occurs or

toxic gasses released, the hot smoke and toxic gasses will spread rapidly

throughout the tunnel. And it is hard to expel the toxic gasses out of

the tunnel. This will seriously affect evacuation of people and rescue

efficiency [5-9].

As a typical underground construction, utility tunnels underground

support multiple pipelines, such as communication, electrical power,

water, and natural gas pipelines, and can utilize underground space

comprehensively [10]. In particular, buried gas pipelines, once routed

through suburbs, have become a necessary part of the urban infrastruc-

ture. Due to the potential safety risk, gas pipelines were forbidden to

∗
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E-mail address: faylee@njtech.edu.cn (F. Li).

integrate into utility tunnels in America and some European countries

[11]. However, in Japan and China, gas pipelines are allowed in utility

tunnels. Therefore, due to the potential risk of leaking and explosion, it

is important to investigate the ventilation of utility tunnels and distribu-

tion of leaking gas in utility tunnels to ensure worker and construction

safety.

There are numerous previous studies on gas leakage in confined

spaces. Wang [12] established a gas leakage and diffusion numerical

model under the semi-enclosed construction of an underground mine

and analyzed the influence factors of gas diffusion, such as the distance

from a barrier and the location between the leaking orifice and barri-

ers. Zhao et al. [13] simulated the process of gas leakage and diffusion

from a storage tank, and large-eddy simulation turbulence model was

applied. The results showed that the concentration of carbon monoxide

would decrease rapidly if ventilation pressure increased dramatically.

Yu [14] investigated the characteristics of natural gas leaking and dis-

persion and analyzed the factors affecting the natural gas diffusion in

a confined space. Guo [15] established an experimental and numerical

model for investigating gas leakage in a confined indoor space and an-

alyzed indoor gas leakage conditions, the change in diffusion area and

the risk of fire accidents. The results showed that the standard 𝑘 − 𝜀
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Nomenclature

Um Measured inlet boundary velocity (m/s)

Uave Average of measured inlet boundary velocity (m/s)

i CFD cell index

N Total number of cells

ɛ Effective area ratio of the opening area to the total area

𝜌 Air density (kg/m
3
)

∅ State variables

Γ∅,eff Effective diffusion coefficient

S ∅ Variable source term

uj Velocity component in j direction (m/s)

xj j direction coordinate

C Pollutant concentration in the domain (ppm)

ui Air velocity component in i direction (m/s)

�̇� Mass flow rate, (kg/s)

A 0 Effective area of diffuser (m
2
)

A Total area of diffuser (m
2
)

U 0 Effective air supply velocity (m/s)

U Air supply velocity calculated by total area (m/s)

Jin Initial momentum flux

Jeff Effective momentum flux

Cdim Dimensionless of the concentration of CO2

𝜃expi Experimental data for velocity and concentration fields

at typical position i

𝜃pi Predicted data for velocity and concentration fields at

typical position i

model was available for gas diffusion simulation under low-pressure

conditions, and that it could guide the determination of the effective ac-

tions for preventing accidents. Zhai et al. [16] also studied the leakage

of liquefied petroleum gas in an indoor space, and the results demon-

strated that the relative humidity and concentration would affect the

alarm time. Li and Zhou et al. [17] used computational fluid dynamics

(CFD) models to study the dispersion of natural gas in an engine room

space. It was found that the gradient of temperature, leakage rate, lo-

cations and the direction of release could influence the gas dispersion.

Mao et al. [18] conducted a corresponding experiment to study the in-

fluencing factors of the concentration fields for dense gas leakage.

For gas leakage in utility tunnels, some experimental and numer-

ical studies have already been conducted. Fang et al. [19] studied the

leakage of gas pipes in a utility tunnel, and conducted numerical simula-

tions with different turbulence models. They reported that the standard

𝑘 − 𝜀 model could exactly simulate the distribution of leaking gas. Hu

[20] simulated gas leakage in a scale box. The scale box was selected

to represent the underground utility tunnel for investing the alarm re-

sponse time and the location of the probe after natural gas leakage. The

general empirical formula of the alarm response curves was obtained.

Fang et al. [21] built a reduced-scale utility tunnel model and used CO2

as a natural gas to simulate leaking. This verified that the standard 𝑘 − 𝜀

model could be applied in numerical simulations exactly in utility tun-

nels by comparing with experimental data. Zhang et al. [22] also set up

a reduced-scale model of utility tunnels and verified the feasibility of the

reduced-scale model for the study of leaking gas distribution. Most of the

experimental investigations above were conducted with a reduced-scale

model. However, the characteristics of airflow and leaking gas transport

in full-scale utility tunnels require further research.

In this study, we built a 10 m full-scaled utility tunnel mockup in an

underground chamber. The reliability of the experimental mockup was

analyzed first. Then the gas leakage experiment was conducted with CO2

as the tracer gas, and the contaminant concentration and airflow veloc-

ity were measured at the same time. Based on the experimental data,

the performances of different air supply diffuser models and turbulence

models were compared.

2. Experimental method

2.1. Experimental apparatus

A utility tunnel mockup (10 m × 1.7 m × 2.6 m) was built in ac-

cordance with actual engineering and corresponding code requirements

from China [23] at the underground chamber, as shown in Fig. 1(a).

As the utility tunnel mockup was built in underground chamber, the

wall temperature boundaries were stable and similar to the actual util-

ity tunnel operating condition. Ten meters of gas pipe passed through

the mockup, and the air was supplied by an axial flow variable fre-

quency fan at the inlet. The air exchange rate of each utility tunnel sec-

tion should reach 6 times per hour according to Chinese national stan-

dard (GB 50,838–2015). For 200 m utility tunnels, the corresponding air

volume should be 4284m
3
/h. However, this flow rate was too high to in-

vestigate the contaminant diffusion characteristic in the 10 m mockup,

because the contaminant would be exhausted too fast. Reynolds simi-

larity criteria were used to provide an appropriate volume rate in the

experimental mockup. When the Reynolds number in the mockup was

over 20,000, the flow was in the Reynolds number-independence re-

gion where some normalized distributions and variable outlines were

the same. According to the similarity criterion, the corresponding air

volume flow rate should be at least 2142 m
3
/h.

This experiment used CO2 as the tracer gas to test the air volume

flow rate. Two CO2 sensors (Telaire T6615, GE Inc., USA) were fixed at

the inlet and outlet of the mockup, and the sensor accuracy was ±10.0%
of the maximum value or ±75 ppm of the reading. CO2 was also used to

mimic the leakage gas. Since the principal component of natural gas is

CH4, its density is less than that of air, while the density of CO2 is higher

than that of air. Thus, in the mockup of this study, the gas pipeline was

fixed upside down compared with the real-life condition as shown in

Fig. 1(a). Themimic gas leakage position in themodel was at X= 1.63m,
Y = 0.6 m, and Z = 1.37 m (Fig. 1(b)), and the released volume flow

rate of CO2 was 30 L/min which was controlled by a rotameter (195FM-

50 LQI, Gentec Inc., China). The concentration of leaking CO2 was also

recorded by CO2 sensors (Telaire T6615, GE Inc., USA).

Four perforated panels were fixed at the inlet to ensure uniform air-

flow through the inlet. The total area of the inlet was 3.57 m
2
, and the

effective area of the perforated panels was 0.7 m
2
. The boundary veloc-

ity magnitude and airflow were measured by hot-sphere anemometers

(Air Velocity Transducers 8475, TSI Inc., USA) whose measuring range

was from 0.05 m/s to 0.5 m/s and the accuracy was ±3.0% of its read-

ing.

2.2. Experimental procedure

2.2.1. Boundary conditions

For the airflow diffuser, according to orifice jet theory, the merging

distance for jet airflows should be over 5.2 cm. The distance between

the perforated panel and hot-sphere anemometers (HSAs) was set as

10 cm. The layout of the boundary velocity measurement was divided

into two vertical lines and two horizontal lines as shown in Fig. 2(a).

Sampling points were separated by 5 cm, and the sampling time inter-

val for each point was 60 s. To achieve better uniform airflow through

the perforated panel, a 15 mm cotton filter was stuck on the back of

the perforated panel. A comparison of the boundary velocity with and

without the cotton filter is shown in Fig. 2(b), and Um /Uave was used

to evaluate the performance of the uniform airflow method. The inlet

boundary velocity became uniform after the addition treatments were

conducted.

2.2.2. Airflow distributions

Three HSAs were used to measure the air velocity distribution in the

utility tunnel mockup. Because the HSAs could not test all the sampling

points at the same time, they should be moved manually from one loca-

tion to another. The airflow in the tunnel mockup was measured at three
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Fig. 1. Experimental utility-tunnel mockup:(a) Outside overview of the pipeline utility-tunnel model (b) Diagram of leakage source position.

Fig. 2. Boundary condition measurement:

(a) Layout of measuring lines and (b) Av-

eraged measured velocity on the vertical

direction.
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Fig. 3. Source location, velocity and concentration sampling points positions.

longitudinal sections (Y = 0.16 m, 0.85 m and 1.275 m), each longitu-

dinal section had eight measurement lines (X = 1 m, 2 m, …, 8 m), and
each line had three sampling points (0.6 m, 1.2 m, 1.8 m) as shown in

Fig. 3. The velocity field became stable within 8 min and each sampling

point was measured for 5 min for statistical analysis [24].

2.2.3. Contaminant field

CO2 was used as the tracer gas to simulate natural gas leakage. Con-

sidering the effect of the background concentration of CO2, a CO2 sen-

sor was fixed at the fan inlet to record the background concentration.

To measure the contaminant concentration distribution in the mockup,

two longitudinal sections (Y = 0.5 m, 1.275 m) were selected, and each
longitudinal section only had three measurement lines (X = 3 m, 5 m,

7 m). The details can be found in Fig. 3, and there are 12 concentration

sampling points in total. The measurement chose 8 min as the stability

time and 5 min for each sampling point [25].

3. Numerical methods

3.1. Turbulence models and discretization schemes

This section proposed some necessary simplification and hypotheses

[26]:

(1) The air and leakage gas (CO2) in the compartment are treated as

ideal gas, and the gas flow could meet ideal gas transport equation;

(2) The chemical reaction between the leakage gas and the air do not

exist, and the mixture gas flow is turbulent;

(3) The pressure of leakage hole is regarded as constant during the leak-

ing happened, which guarantees mass flow rate was a constant.

Based on the above assumptions, this study evaluated different tur-

bulence models to achieve reliable numerical simulation of airflow dis-

tributions in the full-scaled utility tunnel mockup. The standard 𝑘 − 𝜀

model, realizable 𝑘 − 𝜀 turbulence model, RNG 𝑘 − 𝜀 turbulence model,

𝑘 − 𝜔 turbulence model and Reynold stress model (RSM) were evaluated

according to their performances.

All turbulence model equations can be written in general form as:

𝜌
𝜕∅
𝜕t

+ 𝜌𝑢𝑗
𝜕∅
𝜕x𝑗

− 𝜕

𝜕x𝑗

[
Γ∅,eff

𝜕∅
𝜕x𝑗

]
= 𝑆∅ (1)

where ∅ is the variable, Γ∅, eff is the effective diffusion coefficient, S

∅ is the variable source term, 𝜌 is the fluid density, uj is the velocity

component in the j direction, and xj is the j direction coordinate. Zhai

et al. [27] and Zhang et al. [28] briefly summarized the mathematical

expressions of the turbulence models.

The Eulerian method assumes the gas phase to be continuum, and

the gas transport equation is:

𝜕𝜌𝐶

𝜕𝑡
+ 𝜕

𝜕𝑥𝑖

(
𝜌𝑢𝑖𝐶 − Γ 𝜕𝐶

𝜕𝑥𝐼

)
= 𝑆𝐶 (2)

where t is time, C is the pollutant concentration in the domain, 𝜌 is the

air density, and ui is the air velocity component in the i direction. The

scalar transport equation was used for solving tracer gas (CO2 in this

study) transport in the simulation. Details of different turbulence models

could be found in Zhai [27], Zhang [28], and Ansys Theory guide 16.0

[29].

This study applied the SIMPLE algorithm for coupling the pressure

and momentum equations [30]. The PRESTO! and the second order up-

wind scheme were used for pressure and other variable discretization

[31]. The absolute normalized residuals were set as 10
–3
for continuity,

momentum, and species transport equations. If the residuals were less

than the appointed values for all the cells in the flow domain, the cal-

culation was considered converged. In addition, the standard wall treat-

ment was adopted because the y plus value fell within 30–300 [32].
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Fig. 4. Comparison of different grid resolutions for

grid independent check in velocity field.

Fig. 5. Comparison of the vertical velocity profiles in three

typical positions with different air supply diffuser models (Po-

sition 3: X = 1 m, Y = 0.16 m; Position 4: X = 1 m, Y = 0.85 m;
Position 5: X = 1 m, Y = 1.275 m).

Meanwhile, monitoring points of velocity were applied as another cri-

terion for checking convergence. The air was assumed to be an incom-

pressible fluid, and all simulations were conducted under steady-state

conditions. The software ANSYS FLUENT17.0 was used as the numerical

solver.

3.2. Boundary conditions and grid independence

3.2.1. Air supply diffuser models

The velocity-inlet and pressure-outlet boundary conditions were

adopted for the inlet and outlet, respectively. The air supply diffuser

model should simplify the inlet geometry and maintain the real charac-
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Fig. 6. Comparison of the concentration profiles in three typical positions with

different air supply diffuser models (Position 6: Y = 1.275 m, X = 3 m; Position
7: Y = 1.275 m, X = 5 m; Position 8: Y = 1.275 m, X = 7 m).

teristics of the inlet for numerical simulation. To provide a proper air

supply diffuser model, this study compared the performances of three air

supply diffuser models: the random opening model, momentum source

model and fan model.

To specify the actual discharge velocity in computational fluid dy-

namics (CFD) simulations and reduce the effect of the overestimated

mass flow rate when the air supply diffuser was simplified to be fully

open, Zhang et al. [33] proposed a method with assigning the actual

velocity on a certain opening ratio while some cells were blocked ran-

domly. The corresponding function can be described as follows:

Random(𝑖) ≤ 𝜀 (3)

where Random(i) is a mathematical function used to obtain a random

number that is distributed from 0 to 1, i is the CFD cell index, ranging

from 1 to N, and ɛ is the effective area ratio of the opening area to the

total area. In this investigation, the effective area ratio is 0.0196. When

the Nth cell’s random number was lower than the effective area ratio,

the Nth cell diffuser was open, and the velocity was set as 0.85 m/s, as

calculated with the total area of inlet; otherwise, the velocity was set as

zero. The corresponding algorithm was adopted in Fluent 17.0 through

the user defined functions (UDFs) code.

The momentum source model used a single opening covering the air

supply diffuser, and the momentum flux was distributed uniformly and

satisfied the actual diffuser conditions. The model specified by Srebric

J et al. [34] decouples the momentum and mass boundary conditions

for the diffuser CFD simulation. In the CFD simulation, the momen-

tum source model ensures that the momentum flux was equal to the

actual values by specifying the momentum source in the conservation

equations. The momentum source term is calculated with the following

Fig. 7. Comparison of the vertical velocity profiles in three typical positions

with different turbulence models (Position 3: X = 1 m, Y = 0.16 m; Position 4:

X = 1 m, Y = 0.85 m; Position 5: X = 1 m, Y = 1.275 m).

equations:

�̇� = 𝜌𝐴0𝑈0 = 𝜌AU (4)

𝐽in = �̇�𝑈 (5)

𝐽eff = �̇�𝑈0 (6)

where �̇� is the mass flow rate, 𝜌 is the air density, A 0 is the diffuser

effective area, A is the diffuser total area, U 0 is the effective air sup-

ply velocity, U is the air supply velocity calculated by the total area, Jin

is the initial momentum flux, and Jeff is the effective momentum flux.

Therefore, the momentum source term can be obtained by calculating

the difference between the initial momentum flux and the effective mo-

mentum flux. The former flux was derived from the air supply velocity

calculated with the diffuser total area, while the latter was derived from

the effective air supply velocity with the diffuser effective area. In ad-

dition, the fan model is another model that can be used for improving

the simulated accuracy of the air supply diffuser, and it was applied to

the numerical simulation by accelerating the air discharge velocity to

satisfy the actual conditions of the diffuser. The supply air temperature

was set to 300 K, and the walls were considered adiabatic. All three

models were built for CFD simulation, and a comparison of these air

supply diffuser models was conducted to choose the most proper model

for this investigation

3.2.2. Grid independence test

Unstructured grids were used, and grid independence tests were con-

ducted for different grid numbers: 324,840, 481,380 and 685,692. Two

lines at the middle of the tunnel (X = 4.5 m, Y = 0.85 m and 1.275 m)
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Table 1

RRMSE for airflow velocity and concentration data

with different air supply diffuser models.

Air supply diffuser models Velocity Concentration

Momentum source 0.088 0.601

Random opening 0.093 0.263

Fan 0.091 0.454

were selected to compare the performances with different grid resolu-

tions. Fig. 4 shows the velocity profiles of the two lines, and the results

considering 324,840 grid cells are clearly different than those consider-

ing the other numbers of grid cells. Given the small difference between

the results considering 481,380 and 685,692 grid cells, it could be con-

cluded that grid convergence was achieved at 481,380 grid cells.

4. Results and discussion

The simulated results were then compared with the experimental re-

sults. Both qualitative and quantitative analyses were conducted. The

performances of different boundary air supply diffuser models and dif-

ferent turbulence models were discussed.

4.1. Comparison of air supply diffuser models

Several air supply diffuser models simulated with the standard 𝑘 − 𝜀

turbulence model were recommended by Fang et al. [21] in a previous

study. To evaluate the performance of different air supply diffuser mod-

els, both quantitative and visualized comparisons were implemented.

For the quantitative comparison, the pollutant concentration was nondi-

mensionalized using Eq. (7) as follows:

𝐶 =
𝐶local − 𝐶background

𝐶out − 𝐶background

(7)

where C is the dimensionless concentration of CO2. Li et al. [35] adopted

six quantitative indexes to assess the agreement of the simulation and

experimental results, and the RRMSE (relative root-mean-square error)

was used as a global index to report the model error. The RRMSE is

defined by Eq. (8):

RRMSE =

√∑𝑛

𝑖=1
(
𝜃pi − 𝜃expi

)2
𝑛

∕𝜃exp (8)

where 𝜃expi and 𝜃pi represent the experimental and predicted data, re-

spectively, of the velocity and concentration fields at typical position i

and 𝜃exp is the average of the experimental data. A RRMSE of zero means

that the experimental and predicted data have perfect agreement.

The results from the different air supply diffuser models are shown

in Fig. 5 and 6. For the velocity data, the random opening model could

produce considerable fluctuations in the results; thus, its predicted data

have some discrepancies with the experimental data. However, the other

models could not provide predicted data that were similar to the exper-

imental data. Therefore, it is difficult to evaluate the performance of

air diffuser models according to the visual comparison of velocity field

figure. In terms of the concentration data, the random opening model

could provide better agreement than other models. The CO2 concen-

tration at the lower part of Position 6 decreased and almost dropped

to zero because this position was close to the leaking source, and the

CO2 transport diffused rapidly without reaching the lower part of the

mockup.

Table 1 shows RRMSE results for different air supply diffuser mod-

els. For the airflow velocity, the RRMSE of the momentum source model

was slightly lower than those of other models. However, for the concen-

tration, the RRMSE of the random opening model was much lower than

those of the momentum source model and fan model at 34% and 19%

Fig. 8. Comparison of the concentration profiles in three typical positions with

different turbulence models (Position 6: Y = 1.275 m, X = 3 m; Position 7:

Y = 1.275 m, X = 5 m; Position 8: Y = 1.275 m, X = 7 m).

respectively. Zhang et al. [33] also verified the randomly blocked CFD

cells is better for diffusers with large supply areas such as the perforated

panel used in this study, since discharge flows are more uniform and sta-

ble. According to the above comparison and analysis, among these three

air supply diffuser models, the random opening model was the recom-

mended air supply diffuser model.

4.2. Comparison of turbulence models

As shown in Fig. 7, the performances of different models are simi-

lar except for the 𝑘 − 𝜔 turbulence model. The discrepancy of the 𝑘 − 𝜔

turbulence model is larger than that of the other models, indicating that

this model is not appropriate for this utility tunnel mockup simulation.

The difference between the other turbulence models is not obvious, and

the simulated results agree well with the experimental data. In the re-

sults of the other model profiles, velocity fluctuations still exist, perhaps

due to the random opening model.

Fig. 8 presents the concentration profiles along some typical verti-

cal lines. The standard 𝑘 − 𝜀 turbulence model provides CO2 concen-

tration profiles that agree with the experimental distributions the best.

The other turbulence models obviously have significant discrepancies

with the measured data. The profile at Position 6 is not as accurate as

those at Position 7 and Position 8. This is because Position 6 is closer to

the source location, and the concentration distributions are more eas-

ily affected by the velocity perturbation. In addition, the experimental

data in Fig. 6 and Fig. 8 show that the concentration profiles at Po-

sition 7 and Position 8 are similar and that the concentration increases

gradually from roof to floor. This finding occurs because during its back-

ward transmission, the CO2 concentration distribution will sink due to

its heavy density.
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Table 2

. RRMSE for airflow velocity and concentration data

with different turbulence models.

Turbulence models Velocity Concentration

Standard 𝑘 − 𝜀 model 0.378 0.278

RNG 𝑘 − 𝜀 model 0.444 1.384

Realizable 𝑘 − 𝜀 model 0.377 1.037

RSM model 0.397 0.497

𝑘 − 𝜔 model 0.331 1.174

Table 2 shows the calculated RRMSE for the velocity and concentra-

tion data of all the sampling points. The comparison among the differ-

ent turbulent models illustrates that the RRMSE of the standard 𝑘 − 𝜀

turbulence model is at least 21.9% better than those of the other tur-

bulence models for the concentration field. The 𝑘 − 𝜔 model performs

slightly better than the standard 𝑘 − 𝜀 model for the velocity field, but

the RRMSE values for the concentration field are too large. Finally, it

could be concluded that the standard 𝑘 − 𝜀 turbulence model should

be more accurate than the other turbulence models. The standard 𝑘 − 𝜀

turbulence model has a good robustness, and economy, and it already

has been widely used for predicting industrial flows [36]. Fang et al.

[21] evaluated different turbulence models and proposed the standard

𝑘 − 𝜀 turbulence model could provide reliable results for the numeri-

cal simulation of utility tunnels. Zhang [37] analyzed the advantage

and disadvantage of different turbulences models, including the stan-

dard 𝑘 − 𝜀 turbulence model and realizable 𝑘 − 𝜀 turbulence model, and

the standard 𝑘 − 𝜀 turbulence model was suggested to simulated utility

tunnels.

Conclusion

In this study, the gas diffusion characteristic in the utility tunnel was

investigated through experimental and numerical methods. The experi-

mental measurements were conducted in a 10 m utility tunnel mockup,

and three air supply diffuser models and different turbulence models

were evaluated for their prediction performances. The conclusions are

as follows:

1) The airflow velocity was distributed relatively uniformly in the util-

ity tunnel mockup, but the airflow through the air diffuser still fluc-

tuated slightly. The contaminant dispersion was easily affected by

the velocity fluctuation and source location, especially within the

sampling points arrangement for monitoring in the experiment.

2) For different air supply diffuser models, the evaluated index of

RRMSE for concentration field shows that the random opening

model was at least 19.0% better than other two air supply diffuser

models, which demonstrates that the random opening model could

provide better discharge airflow in numerical simulation of utility

tunnels.

3) The standard 𝑘 − 𝜀 turbulence model and RSM turbulence model per-

formed better than the other turbulence models studied with this

utility tunnel mockup according to visualized comparisons, espe-

cially for the concentration prediction. RRMSE comparison showed

that the standard 𝑘 − 𝜀 turbulence model had a slightly better per-

formance than the RSM turbulence model, and at least 21.9% better

than the other turbulence models. Therefore, the standard 𝑘 − 𝜀 tur-

bulence model actually is suited for utility tunnels simulation.

This study provided reasonable experimental data and a reliable vali-

dation of the numerical simulation for utility tunnel investigation, which

also can be used for other underground tunnel studies. The inverse algo-

rithm for source identification and the optimization algorithm for sensor

network-placement in the utility tunnel space will be considered in the

future.
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In the present work, a numerical investigation on the coaxial shallow borehole heat exchanger based on Com-

putational Fluid Dynamics (CFD) technique in Hefei city of China has been performed. The effects of design

parameters, including inlet flow rate, inlet fluid temperature, inner pipe material and outer pipe diameter, on

the heat transfer performance were systematically studied. Besides, the thermal behavior along the pipe has been

carefully examined with focus on the thermal short-circuiting phenomena. When the fluid inlet velocity is less

than the critical value, the turbulence intensity increases and the Nusselt number increases with the inlet flow

rate increasing. However, there is sufficient time for heat transfer between the fluid in inner pipe and outer pipe

because of low flow rates, leading to large heat loss, i.e., thermal short-circuiting phenomenon. It is found that

with the inlet flow rate increasing, the heat transfer increases first and then decreases, and the rate of reduction

slows down gradually. When the inlet flow rate increases, the pumping power undergoes exponential growth. As

the inlet temperature increasing, the heat transfer decreases almost linearly. Moreover, when the soil temperature

at the top of the casing is lower than that of the fluid in the casing, heat is transferred from the fluid in the casing

to the soil, and the heat loss increases with the increase of the inlet fluid temperature. The material of inner pipe

with high heat conductivity would result in large heat loss under the influence of thermal short-circuiting. The

heat load increases while the pumping power required decreases with the increasing of outer pipe diameter. This

study is very beneficial for the coaxial shallow borehole exchanger designs and energy conservation of buildings.

1. Introduction

As a result of global climate change and the decrease of fossil fuels,

renewable energy technologies have been adopted all over the world.

Ground source heat pump (GSHP) technique is one of them, and is

widely used for building heating and cooling. Borehole heat exchanger

(BHE) is one of the most significant parts of ground source heat pump.

Ground source heat pump (GSHP) system mostly utilizes shallow hole

heat exchanger to exploit geothermal resources within 300 m [1].

Typical BHEs for GSHPs mainly include three various types: a sin-

gle U-tube, multi U-tube and two coaxial circular tubes. Because the

diameter of this heat exchanger is much larger than U-tube, the heat ex-

change area is large and the heat exchange capacity of coaxial shallow

borehole heat exchanger is stronger. Generally, the space between the

soil and the outer pipe of the coaxial shallow borehole heat exchanger

system is filled with cement mortar. In some cases, the use of coaxial

shallow borehole heat exchanger does not require grouting, and the ex-

∗
Corresponding author at: Department of Built Environment, Hefei University of Technology, Hefei, Anhui 230009, China.

E-mail address: jianzhiy@hfut.edu.cn (J. Yang).

ternal pipe connects to the soil directly. It is also the case considered in

the present work. For example, Acuña and Palm [2,3] use flexible outer

pipes to study non-grouting coaxial shallow borehole heat exchangers.

By altering the geometrical structure of coaxial shallow borehole heat

exchangers and abating the thermal conductivity of inner pipes, the ther-

mal behavior of inner pipes can be improved.

There are many methods to study the heat transfer characteris-

tics inside and around coaxial shallow borehole heat exchangers, in-

cluding experimentation, numerical simulation and analytical models

[4]. Although computational cost of the analytical methods is much

lower than that of the numerical methods, the analytical models some-

times have restrictive assumptions that do not handle all complex

geometries.

In the experimental context, thermal response test (TRT) method

[5,6] is adapted to estimate the thermal performance of soil and to de-

sign coaxial shallow borehole heat exchangers. This method determines

the heat transfer characteristics of coaxial shallow borehole heat ex-

https://doi.org/10.1016/j.enbenv.2020.10.002
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Nomenclature

D i diameter of inner pipe (mm)

∆ i thickness of inner pipe (mm)

D o diameter of outer pipe (mm)

∆ o thickness of outer pipe (mm)

L i length of inner pipe (m)

L o length of outer pipe (m)

l the depth calculated from the top of the pipe (m)

c specific heat capacity (J/[kg•K])

k thermal conductivity (W/[m•K])

𝜌 density (kg/m
3)

V in water flow rate (kg/s)

v in water inlet velocity (m/s)

Q bottom heat load at the bottom (KW)

Q act actual heat load (KW)

Q loss heat loss (KW)

𝛼 heat loss ratio (%)

T water temperature (K)

T s soil temperature (K)

T in water inlet temperature (K)

T out water outlet temperature (K)

T bottom water temperature at the bottom (K)

Nu Nusselt number

q s heat flux (W/m
2)

W pump pumping power (KW)

Subscripts

pvc PVC

ppr PP-R

pb PB

pe PE

a AISI304 steel

j Seamless J55

changers according to the difference of inlet and outlet temperatures.

Up to now, it’s difficult to use the temperature distribution measured

throughout the thermal response test to validate the models. Acuña and

Palm [3] and Beier et al. [7] made thermal response test of heat exchang-

ers to get the whole temperature distribution of heat carrier. The test

method was called distributed thermal response test (DTRT), in which

the temperature distribution along the pipe was obtained. Zhao et al.

[8] have performed some lab-scale experiments on coaxial borehole sys-

tems. The results showed that the heat transfer in the ground occurred

almost near the outer pipe. Some researchers have performed researches

of various coaxial structures taking full-scale thermal response tests into

account [3,9,10].

Owing to the high initial cost of field test of coaxial shallow bore-

hole heat exchangers, some researchers used mathematical analysis or

numerical simulation to study thermal performance of coaxial shal-

low borehole heat exchangers. Ingersoll and Plass [11] and Eskilson

[12] used the finite line source models of coaxial shallow borehole heat

exchanger to verify temperature response of surrounding rock and soil.

On this basis, Lamarche and Beauchamp [13] offered a good heat source

for the optimization model. According to the finite line source model,

Diao et al. [14] studied the thermal response of coaxial pipe heat ex-

changer with explicit solution. The results showed that the algorithm

allowed a longer time step and was helpful to increase the efficiency of

numerical method. Molina-Giraldo et al. [15] studied the influence of

various dispersion circumstances by analyzing the moving line source

model, and provided a way of calculating the length of temperature

plume. Based on the discrete methods which include finite difference

method (FDM) [16], finite volume method (FVM) [17] and finite ele-

ment method (FEM) [18], the BHE numerical model can be optimized

or solved by commercial software or programming. Computational fluid

dynamics (CFD) method is able to be adopted to solve various thermal

transfer issues.
4
Many researchers used commercial software packages,

such as FLUENT [19],FEFLLOW [20, 21] or COMSOL [22], to study heat

performance of BHEs.

In context of borehole heat exchanger, Congedo et al. [19] and Zhou

et al. [23] studied thermal property of coaxial pipe heat exchanger on

the basis of computational fluid dynamics (CFD). The results showed

that the flow rate and diameter of pipes have a tremendous influence

on heat absorption. Using the FEFLOW code, Welsch et al. [21] stud-

ied the heat exchange efficiency of coaxial pipe heat exchangers under

various inlet fluid temperatures. The results showed that the heat load

has a great relationship with the temperature of the inlet fluid. Gordon

et al. [24] validated a new semi-analytical model which is called the

composite coaxial model, using the results of a lab-scale experiment.

Zanchini et al. [6,25] studied the thermal performance of coaxial bore-

hole heat exchanger (CBHE) in winter and summer by finite element

method. By increasing borehole diameter and heat transfer, the thermal

performance of CBHE is improved. Nevertheless, increasing the diam-

eter of pipes will cause much more costs. Liu et al. [1] discovered a

new numerical model of deep borehole heat exchanger with logarith-

mic discretization in radial direction and verified it. The model above

was solved by finite volumemethod. They studied the influences of some

design parameters on the heat performance along the pipe, energy effi-

ciency, and pumping power with the numerical model.

Many other researches of coaxial borehole heat exchangers have

been taken. Holmberg et al. [26] improved the thermal behavior of

coaxial casing heat exchanger by increasing the borehole diameter and

depth, but at the same time increased the cost. Iry and Refee [4] inves-

tigated the thermal and hydrodynamic behavior of the CBHE for vari-

ous pipe diameters when the heat was injected to the soil. The results

showed that the temperature distinction between the inlet and outlet of

the fluid increases as the diameter ratio decreasing. It is better to choose

coaxial pipe heat exchanger with low diameter ratio and large drilling

depth to reduce cost. In addition, the optimum diameter ratio consum-

ing the lowest pumping power was studied. Yekoladio et al. [27] found

the optimum inner-outer pipe diameter ratio to minimize the pressure

drop. But these results were gained by considering that there was no

heat flow crossing over the inner pipe and the convective thermal re-

sistance of the outer tube was neglected. Mokhtari et al. [28] also dis-

cussed the optimum inner-outer pipe diameter ratio of coaxial borehole

heat exchangers considering the variation of fluid properties. They also

optimized the thermal performance, considering heat transfer through

the inner pipe.

Mei and Fischer [29] proposed an experimental and theoreti-

cal (short-term response model) research for a deep hole using a

polyvinylchloride (PVC) pipe and the depth of the hole was 50m. During

the cycle operation, the predicted fluid temperature agreed well with

the measured value. They also studied the effects of geometric varia-

tions, velocity and ground thermal response. Śliwa et al. [30] studied

the renovation potential of developing discarded wells into deep coax-

ial borehole heat exchangers. Daneshipour and Rafee [31] studied the

performance of coaxial pipe heat exchangers with nanofluids as circu-

lating media, and drew a conclusion that the heat transfer with nanoflu-

ids could increase both heat behavior and pressure fall. Angelotti et al.

[32] investigated the influence of underground water on thermal per-

formance of heat exchangers. Hecht-Méndez et al. [33] improved the

heating capacity of coaxial tube heat exchanger by considering ground-

water flow.

However, in the above studies, there are still some restrictive as-

sumptions in the analytical solution. On the basis on FDM, Song et al.

[34] researched the thermal behavior of coaxial pipe heat exchanger,

and pointed out the importance of geothermal gradient effect. It is fea-

sible to analyze the thermal behavior of coaxial pipe heat exchanger by

adding complex conditions such as geothermal gradient into the numer-

ical simulation. Kohl et al. [35] demonstrated the feasibility of long-

term and short-term work of coaxial tubular ground source heat pump
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Fig. 1. Schematic representation of the heat transfer in coaxial shallow borehole

heat exchanger.

by making use of finite element method with taking the influence of

geothermal gradient into account. The results concluded that the simu-

lated data are in good agreement with the experimental data.

According to the previous works on coaxial shallow borehole heat ex-

changer mentioned above, the thermal behavior along the pipe is much

less studied. The heat transfer performance along the pipe is complex

and varies with parameters. In the upper part of coaxial shallow bore-

hole heat exchanger, heat could be injected into rock and soil rather

than absorbed from rock and soil, resulting in heat loss during heat ex-

changing in winter. Therefore, it’s of great significance to investigate

the heat transfer performance along the pipe in the subsurface. There

were also very limited works on the heat behavior under different in-

ner pipe materials which are associated with thermal short-circuiting

phenomena. In addition, although the influences of some parameters on

the thermal behavior of coaxial shallow borehole heat exchanger have

been studied, it is hard to find that all these effects were systematically

investigated in a work.

In this study, the influences of design parameters (inlet flow rate,

inlet fluid temperature, inner pipe material and outer pipe diameter)

on the heat exchange capacity of the coaxial shallow borehole heat

exchanger are systematically studied. The heat transfer capacity, heat

short-circuiting loss, pump energy consumption and water temperature

distribution along the pipe are carefully examined.

2. Numercial model

2.1. Problem definition

In the present work, the coaxial shallow borehole heat exchanger is

considered. CBHE has two flow modes. Mode A is the fluid flows down-

ward in the inner pipe and then upward in the outer pipe, while the

Mode B is converse. For heat load in winter operation, the behavior of

CBHE in mode B shown in Fig. 1 is superior to the behavior in mode A

[16]. The CBHE modelled have length L = 60 m and heat carrier used

is water. In the research, the effect of the outer pipe diameter is in-

vestigated, and different inner pipe materials are considered to study

the influence of thermal short-circuiting. The geometrical parameters of

CBHE, the properties of the solid materials and working conditions can

be obtained in Table 1.

Table 1

Geometrical parameters, properties of solid materials and working condi-

tions.

Symbol Value Quantity

Geometrical parameters of CBHE

Di 32 Diameter of inner pipe (mm)

∆i 3 Thickness of inner pipe (mm)

Do 75/100/125/150/175/200 Diameter of outer pipe (mm)

∆o 4/4/5/5/5.5/6 Thickness of outer pipe (mm)

Li 59.9 Length of inner pipe (m)

Lo 60 Length of outer pipe (m)

Thermal properties of PVC

cpvc 1550 Specific heat capacity (J/[kg•K])
kpvc 0.14 Thermal conductivity (W/[m•K])
𝜌pvc 900 Density (kg/m3)

Thermal properties of PP-R

cppr 2000 Specific heat capacity (J/[kg•K])
kppr 0.24 Thermal conductivity (W/[m•K])
𝜌ppr 900 Density (kg/m3)

Thermal properties of PB

cpb 2000 Specific heat capacity (J/[kg•K])
kpb 0.33 Thermal conductivity (W/[m•K])
𝜌pb 937 Density (kg/m3)

Thermal properties of PE

cpe 2300 Specific heat capacity (J/[kg•K])
kpe 0.42 Thermal conductivity (W/[m•K])
𝜌pe 960 Density (kg/m3)

Thermal properties of AISI304 steel

ca 500 Specific heat capacity (J/[kg•K])
ka 15 Thermal conductivity (W/[m•K])
𝜌a 7910 Density (kg/m3)

Thermal properties of Seamless J55

cj 498 Specific heat capacity (J/[kg•K])
kj 40 Thermal conductivity (W/[m•K])
𝜌j 7850 Density (kg/m3)

Thermal properties of outer pipe

co 502.48 Specific heat capacity (J/[kg•K])
ko 16.27 Thermal conductivity (W/[m•K])
𝜌o 8300 Density (kg/m3)

Working conditions

Tin 278.15 Water inlet temperature (K)

Vin 2.11 Water flow rate (kg/s)

2.2. Governing equations and turbulence modeling

Reynolds-averaged Naiver-Stokes (RANS) equations are used to sim-

ulate the fluid flow. In RANS, the governing equations for continuity,

momentum and energy for turbulent, steady and three-dimensional in-

compressible flow are:

𝜕𝑢
𝑖

𝜕𝑥
𝑖

= 0 (1)

𝜌

[
𝑢
𝑗

𝜕𝑢
𝑖

𝜕𝑥
𝑗

]
= − 𝜕𝑃

𝜕𝑥
𝑖

+ 𝜕

𝜕𝑥
𝑗

[
𝜇

(
𝜕𝑢
𝑖

𝜕𝑥
𝑗

)
− 𝜌𝑢′

𝑖
𝑢
′
𝑗

]
(2)

𝜌𝑐
𝑝
𝑢
𝑗

𝜕𝑇

𝜕𝑥
𝑗

= 𝜕

𝜕𝑥
𝑗

[
𝜆

(
𝜕𝑇

𝜕𝑥
𝑗

)
− 𝜌𝑐

𝑝
𝑢
′
𝑗
𝑇 ′

]
(3)

The energy equation of the solid parts for the inner and outer pipe

walls is:

∇
(
𝜆
𝑆
∇𝑇

𝑠

)
= 0 (4)

As the heat carrier is highly turbulent in the present work, the RNG

k-𝜀 model as widely used for industrial application is adopted here. The

RNG k-𝜀 model adds an item to the 𝜀 equation to improve the accu-

racy effectively, considers the effect of spin on turbulence to enhance

the accuracy for swirling flows, provides an analytical formula for the

turbulent Prandtl number, and presents a differential viscosity model to

account for low Re effects, and thus it performs better for more complex

shear flows, and flows with high strain rates, swirl, and separation [5].
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The transport equations for turbulent kinetic energy (k) and dissipa-

tion rate (𝜀) are as following [36]:

𝜕

(
𝜌𝑘𝑢

𝑗

)
𝜕𝑥
𝑗

= 𝜕

𝜕𝑥
𝑗

[(
𝜇 +

𝜇
𝑡

𝜎
𝑘

)
𝜕𝑘

𝜕𝑥
𝑗

]
+ 𝐺

𝑘
− 𝜌𝜀 (5)

𝜕

(
𝜌𝜀𝑢

𝑗

)
𝜕𝑥
𝑗

= 𝜕

𝜕𝑥
𝑗

[(
𝜇 +

𝜇
𝑡

𝜎
𝜀

)
𝜕𝜀

𝜕𝑥
𝑗

]
+ 𝜀
𝑘

(
𝐶
𝜀1𝐺𝑘 − 𝐶𝜀2𝜌𝜀

)
(6)

where, 𝜇is the molecular viscosity, 𝜎
𝑘
is the Inverse- Turbulent Prandtl

number for k, and 𝜎
𝜀
is the inverse turbulent Prandtl number for 𝜀, 𝐺

𝑘
is

the rate of generation of turbulent kinetic energy based on the average

velocity gradient:

𝐺
𝑘
= 𝜇

𝑡

(
𝜕𝑢
𝑖

𝜕𝑥
𝑖

+
𝜕𝑢
𝑗

𝜕𝑥
𝑖

)
𝜕𝑢
𝑖

𝜕𝑥
𝑗

− 2
3
𝜌𝑘𝛿ij

𝜕𝑢
𝑖

𝜕𝑥
𝑗

(7)

and 𝜇
𝑡
is the turbulent viscosity and calculated by 𝜇

𝑡
= 𝐶

𝜇
𝜌𝑘

2∕𝜀. The val-
ues for the model constants are: 𝐶

𝜇
= 0.0845, 𝜎

𝑘
= 0.7194, 𝜎

𝜀
= 0.7194,

𝐶
𝜀1 = 1.42, 𝐶

𝜀2 = 1.68.

2.3. Boundary conditions

At the entrance, the uniform velocity or invariant volumetric flow

rate is imposed. The surrounding soil temperature profile for Hefei city

in China is used. At the exit, pressure will be supposed to zero. At the

interfaces of the fluid and solid parts, the following assumptions are

made:

⇀
𝑢= 0 (8)

𝑇 = 𝑇
𝑠

(9)

−𝜆
𝑓

𝜕𝑇

𝜕𝑛
= −𝜆

𝑠

𝜕𝑇
𝑠

𝜕𝑛
(10)

where 𝑇
𝑠
is the solid wall temperature, 𝜆

𝑠
is the thermal conductivity of

the solid wall, 𝑛is the local coordinate perpendicular to the solid wall,

and 𝜆
𝑓
is the thermal conductivity of the heat carrier. In the simulation,

5% turbulence intensity of the inlet is taken into account. Thermophys-

ical and heat exchange features of the solid wall are shown in Table 1.

The ground temperature along depth changes and can be calculated by

Eq. (11) [37]:

𝑡
𝑠
(𝑥, 𝜏) = 𝑡

𝑚
+ 𝐴

𝑚
exp

(
−
√

𝜔

2𝛼
𝑠

𝑥

)
cos

(
𝜔𝜏 −

√
𝜔

2𝛼
𝑠

𝑥

)
(11)

where 𝑥is the soil depth calculated from the surface, m; 𝜏is the time

when the yearly amplitude of the surface temperature appears, h;

𝑡
𝑠
(𝑥, 𝜏)is the soil temperature when the depth is 𝑥and the time is

𝜏, °C; 𝐴
𝑚
is the yearly periodic amplitude of the surface, °C; 𝜔is the

yearly periodic frequency of the temperature, 𝜔 = 2𝜋∕𝑇 = 0.00071725;
𝑇 is the yearly fluctuation period of the temperature, 𝑇 = 8760ℎ; 𝛼

𝑠
is the

geothermal conductivity coefficient, m
2
/s.

It is noted that steady conditions are considered in the present work.

It is assumed that the heat pump has worked for a long time such as the

ground temperature does not vary with time. The ground temperature

profile with depth on January in Hefei, China is given in Fig. 2.

3. Grid independence study and model validation

The Fluent 6.3.26 Software is chosen to simulate the models. The

convection term is discretized by the second-order upwind method. The

spatial discretization of the diffusive terms is on the basis of the second-

order method and a second-order semi-implicit scheme is used to dis-

cretize the time derivatives. The SIMPLIC algorithm is used to solve the

pressure-velocity coupling. To perform the grid independence study, six

different meshes were generated. The calculated outlet temperatures for

different meshes for the case of D o = 100 mm, as shown in Fig. 3.

Fig. 2. The ground temperature profile with depth on January in Hefei, China.

Fig. 3. The calculated outlet temperatures for different meshes for the case of

D
o
= 100 mm.

As shown in Fig. 3, the outlet bulk flow temperature does not change

for meshes which have more than 200,000 cells. Therefore, the mesh

with about 200,000 cells is used in this study. The y+ value of the

first cells close to the wall are set in the range of 30 and 300, and non-

equilibrium wall functions are used, which attempts to improve the re-

sults for flows with higher pressure gradients, separations, reattachment

and stagnation. The convergence criterion will be set at 10
−6
as the fin-

ish of the iterative solution procedure.

The experimental parameters, shown in Table 2 and results, shown

in Fig. 4 by Wei [38] have been chosen to verify the numerical method

adapted in this paper. The inlet temperatures and the flow rates for

two cases are 282.65 K, 0.20 m/s and 305.71 K, 0.30 m/s, respectively.

The calculated temperature difference of fluid between outlet and inlet

is compared with experimental results, as shown in Fig. 4. Obviously,

the difference between simulated results and experimental data is very

small. The correctness of this method is illustrated.

4. Performance evaluation method

It is known that the parameters are significant for the thermal per-

formance of CBHE. The influences of the parameters such as inlet fluid

temperature, inlet flow rate, outer pipe diameter and pipe materials on

the thermal behavior for CBHE are thus systematically investigated in
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Table 2

Geometrical parameters, material properties and working conditions of simulation.

Model Material Thermal conductivity (W/[m•K]) Specific heat capacity (J/[kg•K]) Density (kg/m
3)

Heat carrier Water (Model 1) 0.57 4200 998

Water (Model 2) 0.61 4180 996

Inner pipe PE 0.43 2300 960

Outer pipe PE 0.43 2300 960

Fig. 4. Comparison between experimental and simulated results of coaxial shal-

low borehole heat exchangers.

this work. The thermal behavior performance is evaluated using the fol-

lowing methods:

4.1. Heat load of CBHE

The heat load is adopted to represent the heat exchange of the water

between inner tube and outer tube and the heat exchange between in-

tube water and soil. The thermal performance is able to be evaluated by

the specific heat load distributions and temperature profiles. The tem-

perature of heat carrier fluid in annular space increases downwards,

but when fluid flows up in inner pipe, the fluid temperature decreases.

Thus, heat extraction from the ground for CBHE is acquired by flow in

the annulus, which is shown as follows:

𝑄bottom = 𝑐
𝑝
𝑉in

(
𝑇bottom − 𝑇in

)
(12)

The realistic heat extraction is able to be expressed as follows:

𝑄act = 𝑐𝑝𝑉in
(
𝑇out − 𝑇in

)
(13)

and the heat loss ratio between the fluid in the inner pipe and the an-

nulus can be expressed as follows:

𝛼 =
𝑄bottom −𝑄act
𝑄bottom

=
𝑇bottom − 𝑇out
𝑇bottom − 𝑇in

(14)

According to the above equations, the heat behavior along the CBHE

can be analyzed.

4.2. Nusselt number

The Nusselt number represents the enhancement of heat transfer

through a fluid layer as a result of convection. In order to compute the

Nusselt number for the pipe wall of CBHE, the heat transfer coefficient

will be computed according to the following formula:

Nu =
ℎ𝐷

ℎ

𝜆
𝑓

(15)

ℎ =
𝑞
𝑠(𝑧)

𝑇
𝑠
(𝑧) − 𝑇ave(𝑧)

(16)

𝑇ave(𝑧) =
∫
Ac
𝜌𝑢𝑐

𝑝
TdA

∫
Ac
𝜌𝑢𝑐

𝑝
dA

(17)

𝑞
𝑠
and 𝑇

𝑠
are the heat flux and the temperature of heat carrier along

the pipe, respectively. 𝑇aveis the overall temperature of the heat carrier

at a certain depth of the annular region. The heat flux along the pipe is

computed by:

𝑞
𝑠
(𝑧) = −

(
𝜆
𝑓
+ 𝜆

𝑡

) 𝜕𝑇𝑓
𝜕𝑟

(18)

4.3. Pumping power

The power consumption of the circulating pump has a great influence

on the system performance coefficient. Therefore, the pumping power

is also analyzed. The pressure drop is acquired by:

Δ𝑃 =
fL

𝐷
ℎ

𝜌𝑢
2

2
(19)

The friction coefficient will be obtained using the Blasius correlation

[39]:

𝑓 = 0.3164
𝑅𝑒1∕4

(20)

Substituting Eq. (20) into Eq. (19) and because of invariant inlet

velocity and heat carrier features, the pressure fall in inner and outer

pipe can be calculated by Eqs. (21) and (22), respectively.

Δ𝑃
𝑖
=

𝐶1(
𝐷𝑖

𝐷𝑜

− 2Δ𝑖
𝐷𝑜

)4.75 (21)

Δ𝑃
𝑜
=

𝐶1(
1 − 𝐷𝑖

𝐷𝑜

)1.25
(
1 −

(
𝐷𝑖

𝐷𝑜

)2
)1.75 (22)

𝐶1is constant and calculated by:

𝐶1 =
1.7898𝐿

(
𝑉in

𝜋

)1.75
𝜇
0.25

𝜌𝐷
𝑜

4.75 (23)

Pumping power is calculated as follows:

𝑊pump =
Δ𝑃tot ∗ 𝑉in

𝜌
(24)

Δ𝑃tot = Δ𝑃
𝑖
+ Δ𝑃

𝑜
(25)

5. Results and discussion

5.1. Effect of inlet flow rate

The influence of inlet flow rate on the thermal behavior is first inves-

tigated. Fig. 5(A) plots the actual heat load profile with respect to the

inlet water velocity for three different outer pipe diameters. The ma-

terial of inner pipe is PE. Other parameters are shown in Table 1. It’s

noticeable that when the inlet flow rate rises, the heat load first increases
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Fig. 5. Thermal performance of coaxial shallow borehole heat exchangers under the conditions of various inlet flow rates: (A) actual heat load profiles, (B) the

zoom-in of (A), (C) temperature profiles for the case of D
o
= 150 mm, (D) Nusselt number profiles along the outer pipe for the case of D

o
= 150 mm.

sharply but then varies little at some range of flow rates, and finally de-

creases rapidly with the flow rates further increases. This can be more

clearly seen in Fig. 5(B), which is the zoom-in of Fig. 5(A). The maxi-

mum heat loads obtained at v in=0.115 m/s, 0.06 m/s and 0.035 m/s
with D o = 100 mm, 150 mm and 200 mm, respectively.

Fig. 5(C) plots the temperature profiles for the case of D o = 150 mm.
It is obvious that with the inlet flow rates rises, the temperature at the

bottom decreases. It is noted that fluid temperature from bottom to the

outlet in the inner pipe decreases rapidly at low inlet flow rates. This is

mainly because the low-speed water in the outer pipe can have enough

time to absorb heat from the ground, resulting in high temperature of

the bottom fluid. When the fluid flows upward in the inner pipe, the

heat absorbed will be transferred to fluid in outer pipe according to the

great temperature difference between the fluid in the inner pipe and

outer pipe and the long-time heat exchange.

Fig. 5(D) presents the Nusselt number profile along the outer pipe

with respect to the depth for the case of D o = 150 mm. It is found that
the Nusselt number rises when the inlet flow rate increases. Through

examining the results shown in Fig. 4, it can be stated that when the

fluid inlet velocity is less than the critical value, the turbulence inten-

sity increases and the Nusselt number increases with the inlet flow rate

increasing. However, there is sufficient time for heat transfer between

the fluid in inner pipe and outer pipe because of low flow rates, leading

to large heat loss, i.e., thermal short-circuiting phenomenon. When the

fluid inlet velocity is quicker than the critical value, the Nusselt number

along the outer pipe rises with the inlet flow rate increasing, and thus

the heat extraction per area increases. However, there is no sufficient

time for heat exchange between the water and the outer pipe, leading

to the decreasing of heat load. And the same situation occurs at the

heat exchange process between the inner and outer pipe, reducing the

effect of thermal short-circuiting phenomenon. However, it is worth to

be noted that the amount of decreasing of heat load in the outer pipe is

much greater than that of reduced heat loss because of thermal short-

circuiting. Therefore, as the inlet flow rates further rises, the total heat

load for CBHE decreases rapidly.

Fig. 6 shows the pumping power profile relative to the inlet flow rate

for the case of D o = 150 mm. It’s obvious that when the inlet flow rate

rises, the pumping power undergoes exponential growth. Therefore, it

should be to select a proper inlet flow rate considering both the heat

load and pumping power required.

In summary, there exists a critical inlet flow rate resulting in opti-

mal thermal performance of CBHE. When the inlet flow rate is lower or

higher than the critical value, it would lead to a worse thermal perfor-

mance of CBHE.

5.2. Effect of inlet fluid temperature

The inlet fluid temperature is also an important design parameter

affecting the thermal performance of CBHE. In this section, the thermal

performance of CBHE for various inlet water temperature is studied to

reproduce the typical operations in winter. The inlet fluid temperature is

usually set as 5 to 9 °C. The outer pipe diameter is fixed at D o = 100 mm
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Fig. 6. Pumping power required for the coaxial shallow borehole heat exchang-

ers under the conditions of various inlet flow rates.

and the material of inner pipe is PE. The other parameters are according

to Table 1.

Fig. 7(A) shows the specific heat load for cases with various inlet wa-

ter temperatures. It is found that the specific heat load decreases linearly

when the inlet water temperature rises. For every degree of the rise of

inlet water temperature, the specific heat load is reduced by about 4 KW.

This decrease is relatively large. This is mainly because the temperature

difference between the water and the soil underground decreases when

the inlet fluid temperature increases. As the inlet fluid temperature in-

creases, the outlet fluid temperature very slightly increases, as shown in

Fig. 7(B). One can note that the fluid temperature decreases at the top-

per part of outer pipe, indicating the heat is transferred from the water

in the annular space to the soil underground. And with the inlet fluid

temperature increasing, this heat loss increases. Therefore, the topper

section of the outer pipe should take thermal insulation measures.

In a word, it’s better to choose low inlet temperature to absorb more

geothermal heat. In the case of high outlet temperature required, the

outer pipe should be insulted at least in the topper part. This linear

function between the inlet water temperature and heat extraction was

also reported for DBHE by Liu et al.
1
, which is important for the system

design.

5.3. Effect of thermal short-circuiting

Because of the temperature difference between the heat carrier in

the inner and outer pipe, heat in inner pipe will be transferred to the

outer pipe, i.e., thermal short-circuiting. For investigating the influence

of thermal short-circuiting, six various materials are considered as the

components of inner pipe here. The outer pipe diameter is fixed at D

o = 100 mm and the water flow rate is 4.22 kg/s. Other parameters are

shown in Table 1.

Fig. 8(A) plots the heat extraction with various materials of inner

pipe. It is found that the material of inner pipe (especially the heat con-

ductivity [40]) significantly affects the thermal performance for CBHE.

For those materials of PVC,PP-R,PB and PE with low heat conductivity,

the heat load varies relatively small at about 42 ~43 KW. While for

the materials of stainless steel AISI304 and seamless steel J55 with high

conductivity, the heat loads decrease significantly and are about 37.5

and 36.4 KW, respectively.

The heat loss because of the thermal short-circuiting (𝑄loss =
𝑄bottom −𝑄act) is compared in Fig. 8(B). For the materials of PVC,PP-
R,PB and PE with low heat conductivity, the heat loss increases slightly

as the heat conductivity increases. While for the materials of stainless

steel AISI304 and seamless steel J55 with high conductivity, the heat

losses increase significantly.

And the heat loss ratio as defined in Eq. (14) is compared in Fig. 8(C).

For the materials of PVC,PP-R,PB and PE with low heat conductivity,

the heat loss ratios are less than 5%. While For the materials of stainless

steel AISI304 and seamless steel J55 with high conductivity, the heat

loss ratios are increased significantly to 19.8% and 25.1%, respectively.

The heat carrier fluid temperatures in the annular space for the cases

with materials of stainless steel AISI304 and seamless steel J55 as con-

stituents of inner pipe are always higher than those with inner pipe

materials of PVC,PP-R,PB and PE, as shown in Fig. 9(A). However, it

should be noted that this is not because of the heat exchange enhance-

ment between the water in the annulus space and the soil underground

but the heat exchange between the water in the inner pipe and the outer

pipe. As heat conductivity of inner pipe increases, the heat loss trans-

ferred from fluid in inner pipe to that in outer pipe increases. And with

the water flowing upward in inner pipe, the temperature difference be-

tween the water in the inner and outer pipe increases and thus the heat

loss increases further, leading to the decrease of the outlet fluid tem-

perature. In addition, since the fluid temperature increases in the annu-

lar space, the temperature difference between the water in the annular

space and the soil underground will decrease. Therefore, the heat load

from the ground will decrease. For the materials of PVC,PP-R,PB and

PE, the outlet fluid temperature slightly decreases with the increasing

of heat conductivity, as more clearly seen in Fig. 9(B).

In summary, the material of inner pipe with high heat conductiv-

ity would result in large heat loss under the effect of thermal short-

circuiting. Much better thermal performance can be obtained using in-

ner pipe materials of PVC, PP-R, PB and PE than those of metallic ma-

terials, and in the view of the thermal performance, the PVC is the best.

However, PVC pipe is not resistant to high temperature and it is easy to

age and leak. Therefore, PP-R is recommended to be selected to abate

the effect of thermal short-circuiting.

5.4. Effect of outer pipe diameter

The outer pipe diameter is also an important parameter affecting

the thermal behavior of CBHE. In this section, the effect of outer pipe

diameter is investigated. Here, the inner pipe diameter is fixed while

the outer pipe diameter is changed from 75 mm to 200 mm, shown

in Table 1. The inlet mass flow rates at 1.06,2.11 and 3.17 kg/s are

considered. The material of inner pipe is PE. The other parameters are

also set according to Table 1.

Fig. 10(A) shows the effect of the outer pipe diameter on the heat

load at three various inlet flow rates. Generally, the heat load goes with

the same trend as outer pipe diameter increases for all the three various

inlet mass flow rates. For each fixed mass flow rate, the heat load first

increases significantly but then slowly as outer pipe diameter further

increases. It is also obvious that the effect of the outer pipe diameter is

much more considerable at higher inlet flow rate.

The temperature profile with depth and Nusselt number distribution

along the outer pipe with different outer pipe diameters for the inlet

flow rate of 2.11 kg/s are presented in Figs. 10(B) and (C), respectively.

As the outer pipe diameter increases, the inlet velocity in the annular

space decreases at an invariant inlet flow rate, leading to the reduction

of Nusselt number and decrease of specific heat load per area. However,

there is sufficient time for heat exchange between the water in the an-

nular space and the soil underground since the fluid velocity decreases.

Therefore, the heat load increases but with the increasing rate becoming

less as the outer pipe diameter increases.

Fig. 10(D) plots the pumping power required with different outer

pipe diameters for the inlet mass flow rate of 2.11 kg/s. As the outer

pipe diameter increases, the inlet fluid velocity decreases and thus the

pumping power required is decreasing. A sharp decreasing of pump-

ing power is occurred when the outer pipe diameter increases from

75 mm to 125 mm. With the further increasing of outer pipe diame-
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Fig. 7. Thermal performance of coaxial shallow borehole heat exchangers under the conditions of various inlet fluid temperatures: (A) actual heat load profiles, (B)

temperature profiles for the case of D
o
= 100 mm and the water flow rate is 2.11 kg/s.

Fig. 8. Thermal performance of coaxial shallow borehole heat exchangers under the conditions of various materials of inner pipe: (A) actual heat load profiles, (B)

heat loss due to thermal short-circuiting, (C) heat loss ratio due to thermal short-circuiting.
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Fig. 9. Thermal performance of coaxial shallow borehole heat exchangers under the conditions of various materials of inner pipe: (A) temperature profiles for the

case of D
o
= 100 mm and the water flow rate is 4.22 kg/s, (B) the zoom-in of (A).

Fig. 10. Thermal performance of coaxial shallow borehole heat exchangers under the conditions of various outer pipe diameters: (A) actual heat load profiles, (B)

temperature profiles for the case of the water flow rate is 2.11 kg/s, (C) Nusselt number profiles along the outer pipe for the case of the water flow rate is 2.11 kg/s,

(D) pumping power.
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Fig. 11. The impact degree of the different parameters [41].

ter, the pumping power increases slowly. When the outer pipe diameter

increases from 125 mm to 200 mm, the pumping power changes very

little.

In a word, the heat load increases while the pumping power required

decreases with the increasing of outer pipe diameters. It is beneficial

to energy saving, but as the diameter of the outer pipe increases, the

cost of constructing of the buried pipe system increases. Therefore, in

actual engineering, both the heat exchanger thermal performance and

economic factors should be considered to comprehensively select the

outer pipe diameter.

According to the analysis above and the impact degree of the dif-

ferent parameters, shown in Fig. 11, it can be concluded that the inlet

water temperature has the greatest influence on the performance of the

coaxial shallow borehole heat exchangers, so it’s very useful to decrease

the inlet water temperature to improve the performance. In addition,

the inlet flow rate also effectively influences the thermal performance

of the coaxial shallow borehole heat exchangers, hence, it’s significant to

choose the fittest inlet flow rate. Compared with inlet water temperature

and inlet flow rate, the inner pipe material and the outer pipe diameter

has lower influence, but choosing the suitable inner pipe material and

outer pipe diameter is also important for improving the performance of

the coaxial shallow borehole heat exchangers.

6. Conclusions

Based on the simplification of practical engineering, a numerical

model using CFD for the coaxial shallow borehole heat exchanger is

constructed. The model is solved numerically by Fluent, and the influ-

ences of several parameters on the heat exchange capacity of the coaxial

shallow borehole heat exchanger are systematically studied. By contrast-

ing the simulated data with the experimental data, the accuracy of the

numerical model established in this paper is guaranteed. In the study,

the influences of several design parameters (inlet flow rate, inlet fluid

temperature, inner pipe material and outer pipe diameter) on the heat

exchange behavior of the coaxial shallow borehole heat exchanger are

carefully investigated. Some conclusions can be made as follows:

(1) As the inlet flow rate increasing, heat transfer increases first and

then decreases, and the rate of reduction slows down gradually. The

pump power increases exponentially when the inlet flow rate rises,

so the economic and reasonable inlet flow rate should be selected

according to the energy consumption of the pump.

(2) As the inlet temperature increasing, the heat transfer decreases al-

most linearly. Moreover, when the soil temperature at the top of the

casing is lower than that of the fluid in the casing, heat enters the

soil underground from the water in the pipe, and the loss increases

as the inlet water temperature increases. As a result, the lower inlet

temperature should be selected to extract more geothermal energy.

In addition, the outer pipe should be insulted at least in the topper

part.

(3) The material of inner pipe with high heat conductivity would result

in large heat loss under the effect of thermal short-circuiting. Much

better thermal performance can be obtained using inner pipe mate-

rials of PVC, PP-R, PB and PE than those of metallic materials, and in

the view of the thermal performance, the PVC is the best. However,

PVC pipe is not resistant to high temperature and it is easy to age

and leak. Therefore, PP-R is recommended to be selected to reduce

the influence of thermal short-circuiting.

(4) The heat load increases while the pumping power required decreases

with the increasing of outer pipe diameters. It is beneficial to energy

saving, but as the diameter of the outer pipe increases, the cost of

constructing of the buried pipe system increases. Therefore, in ac-

tual engineering, both the heat exchanger thermal performance and

economic factors should be considered to comprehensively select the

outer pipe diameter.

(5) Compared with the inner pipe material and outer pipe diameter, the

inlet water temperature and inlet flow rate have higher influence on

the performance of the coaxial shallow borehole heat exchangers.
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