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a b s t r a c t 

Energy consumption in urban environment in the EU accounts for about 40% of the total energy consumption, and 

the majority of this energy is utilised for heating and air conditioning of buildings. Hence the process of insulating 

and retrofitting of relatively old buildings is essential to enhance the thermal performance and hence contribute 

to energy and carbon emission reduction. There is a need to enhance people’s engagement and education in 

relation to such issues to inspire and encourage positive actions and investment from the public. This paper 

presents an approach of combining a novel training process using a low-cost infrared thermal camera with small 

scale building model to promote DIY (Do-It-Yourself) infrared survey for the public to evaluate the performance 

of their own homes in order to identify any issues related to insulation or air leaks from the building envelop to 

encourage them to take corrective actions. The work included the engagement of 50 people to survey their own 

homes to capture the technical findings as well as their personal reaction and feedback. The results show that 88% 

of participants have found the educational session helpful to understand the infrared thermography; and 92% 

have considered the infrared camera to be an effective tool to indicate location of heat losses. Additionally, 90% 

of participants trust that the thermal camera has helped them to identify insulation defects that cause heat losses 

in their homes. Moreover, 84% believe that the thermal imaging has convinced them to think more seriously 

about the heat losses of their homes and what they could do to improve that. The experimental thermography 

surveys have shown that many houses have limitations in terms of thermal insulation which have been identified 

by the participants. This DIY interaction has provided enhanced public engagement and energy awareness via 

the use of the technology. The financial issues are also found to be critical, as none of the participants would 

have done the survey if they had to pay for it. Hence, this paper provides a solution for households with limited 

budgets. 

1. Introduction 

There is a need for the improvement of public’s awareness and en- 

gagement in relation to energy consumption in buildings towards more 

comfortable indoor temperature, energy conservation, reduction in car- 

bon emission and improved sustainability. Thermal insulation is one 

of the most important factors that enhances the energy performance of 

buildings [ 1 , 2 ]. With improved insulation, new and renovated buildings 

will provide an acceptable level of energy conservation. According to the 

European Commission [1] , in 2018 energy consumption in buildings in 

the EU accounts for about 40% of the total energy consumption and 

75% of building stock is energy inefficient with 35% of EU’s buildings 

are over 50 years old. It has been found that 36% of CO2 emissions in 

EU are produced by buildings. From the above it is clear that the build- 

ing sector is the largest single consumer with high potential of efficiency 

∗ Corresponding author. 

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

improvements. The EU Directive 2018/844 had the goal of reducing en- 

ergy consumption and carbon emissions by 20% by the year 2020 [2] . 

The directive also emphasises that all new buildings have to be nearly 

zero-energy buildings by the same period. Also the Energy Union and 

the Energy and Climate Policy Framework for 2030 establish ambitious 

commitments to reduce greenhouse gas emissions further by at least 40 

% by 2030 in comparison with 1990 levels [3] . 

However, many countries in the EU and around the world have an 

old stock of houses that will still need improvement. To engage the pub- 

lic in this process, they need to understand the comfort, economic and 

environmental benefits of insulation and addressing any energy ineffi- 

ciency issues with building envelop. At the same time, the householder 

needs to identify the nature and the size of the required improvement 

before any decisions are taken in this respect. 

One of the actions which the UK government adopted to increase 

public energy awareness is the creation of Standard Assessment Proce- 

https://doi.org/10.1016/j.enbenv.2020.09.008 
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dure (SAP), which works as a calculation methodology for the energy 

performance of all new dwellings in UK. The first edition of SAP was 

published in 1993 and the present version is SAP 2012. RdSAP 2012 is 

the version, which is created for existing dwellings. The calculation is 

built on the energy balance in view of a range of aspects to promote 

energy efficiency [4] . At the end of October 2012 a new government 

policy launched in the UK by the Department of Energy and Climate 

Change. This policy is The Green Deal Home Improvement Fund, which 

permitted loans for energy saving measures for homes in England, Wales 

and Scotland [5] . According to a UK government report, at the end of 

December 2016 [6] , there were 27.7 million homes in the United King- 

dom, 19.1 million of which have cavity walls and 8.5 million have solid 

walls, 31% of the former had no cavity wall insulation and 92% of the 

latter had no solid wall insulation respectively. Additionally, 23.9 mil- 

lion homes had a loft, 34% of which were without loft insulation of at 

least 125mm. Hence, there is still significant potential for improvement 

of many homes to receive insulation, especially for those that have lofts 

and cavity walls [6] . Significant research has been done in exploring the 

benefits of improving the thermal performance of buildings envelop. For 

example, a methodology to analyse optimum insulation material for the 

building envelope and its thickness to achieve reduction in energy con- 

sumption is presented in [7] ; where up to 40% in energy demand can 

be reduced. Reference [8] presents the results of a study on increasing 

energy efficiency in collective residential buildings using infrared ther- 

mography. As expected, the heating energy consumption is significantly 

reduced when external or internal insulation is applied. Al-Habaibeh 

et al. [9] presented a case study of an existing university building, where 

the insulation has been improved, mainly by adding an internal doubled 

glazing. The energy saving outcome of the refurbishments estimated to 

be about 6 °C in winter, which covers an area of 2172 m 

2 . The study 

compared between thermal images of the building from 2005 and 2010 

before and after renovation respectively. The image comparison showed 

very clear improvement in the thermal insulation performance. Another 

study [10] has evaluated energy consumption, thermal properties and 

internal temperature of 14 dwellings as a result of a solid wall insulation 

retrofit. A decrease in heat transfer coefficient was calculated, indicating 

benefits of wall insulation. Friege [11] has investigated private home- 

owners’ insulation activities in Germany, to evaluate the related new 

policy options. The survey included 275 homeowners, and the result 

integrated into an agent-based model (ABM). The study found that the 

regulation factor, in terms of obligating new homeowners to carry out 

wall insulation has a significant impact in increasing the total insula- 

tion rate in Germany by up to 40%, while factors such as economical 

means and information instruments have a very limited effect in this 

context. Johansson et al. [12] explored the performance of retrofitting 

of an old listed, brick and wood building in Germany by using vacuum 

insulation panels (VIP). A brick and homogenous wood wall selected to 

be insulated with VIP externally, and hygrothermal sensors were used 

for recording of measures. The results indicate an improvement of the 

thermal resistance of the retrofitted wall. Antonyová et al. [13] experi- 

mentally measured the thermal conductivity throughout the insulation 

material of a specific thickness. By using Peltier module, an outside en- 

vironment temperature of − 18°C has been generated on one side of a 

cuboid section of insulation material. Additionally, the approach al- 

lowed testing of the internal thermal behaviour of the material with 

respect to the thickness and material shape. The method has been ap- 

plied on several selected insulation materials, and by using statistical 

methods, the results are particularly useful for determining the efficient 

thickness when selecting insulation material for building. Hilliaho et al. 

[14] have investigated the impact of added glazing on the indoor tem- 

perature of balconies in Finland’s climate. The study involved tempera- 

ture monitoring of 22 balconies (17 glazed) and their adjacent flats for 

circa 10 months’ period. The results show that on average, the tempera- 

ture of glazed balconies were 3.0 °C higher than the unglazed ones. The 

study stressed the effect of three main factors on the glazed balconies’ 

temperature: firstly and the most critical one, is the structural air tight- 

ness; followed by solar radiation and finally the heat loss from adjacent 

building to balcony, which allows the balcony to store the heat loss of 

the building in mid-winter. According to Kylili et al. [15] infrared ther- 

mography is one of the most employed tools among the non-destructive 

testing (NDT) methods for building diagnostics and to assess thermal 

performance. A recent literature review paper by Kirimtat and Krejcar 

[16] , has highlighted the importance and the effectiveness of infrared 

thermography to assess thermal performance. The visualisation of the 

heat loss from a building during winter nights, when the image is taken 

from outside, can be indicated normally by brighter areas which show 

where heat is escaping from. The areas of heat loss will be dark when 

the image is taken from inside which indicate cold points where heat 

is lost through the building envelop, e.g. through wall, window, door, 

roof, etc. Mauriello et al. [17] present an overview of increasing the role 

of thermal data collection techniques, and the future of thermography 

diagnostic as a kind of Human- Building Interaction (HBI). The reference 

presents a pilot study of the thermographic energy auditing, where the 

participants after a simple training offered to use a smartphone-based 

thermal camera to explore their environment. The study included three 

participants, who freely inspected different environment around them 

for 4 weeks’ period. The study has a long-term vision to evaluate the 

opportunity of using thermography by volunteers as an interactive tool 

to scan and identify issues within building infrastructure. 

1.1. Infrared thermography and behavioural theories 

Sense infrared technology provides simple visualisation techniques, 

it has been recognised as a tool for public engagement and commu- 

nication. According to a hypothesis of Boholm [18] , the visuals may 

challenge a "positioning power" on the observer’s mind, which may be 

resistant to observations that challenge the emotional state they crop. 

In comparison with the textual material, visual images significantly pro- 

vide more feat, engagement and concern [19] . The most noticeable dif- 

ference among the comparative impacts of text/verbal communications 

against visual messages comes to their emotional effect. It believes that 

visuals put people in an emotional position where the text/verbal ma- 

terial stay more logical, rational, and linear [20] . 

The Social Cognitive Theory by Bandura [21] views human as self- 

organizing, self-reflecting, proactive and self-regulating rather than as 

reactive creatures formed and driven by environmental factors or inner 

impulses. The model suggests a dynamic triadic interaction explanation 

for human functioning, which consist of personal, behavioural and envi- 

ronmental influences. Hence, energy users based on this theory, if they 

manage to understand the problem of their own house insulation, this 

‘self-regulating’ culture could play an important role for engagement to 

improve their own homes. The Theory of Planned Behaviour (TPB) can 

also be used for prediction of intention and behaviour [22] . The TPB 

suggest that behaviour is dependent on individual’s intention, which is, 

in its turn, depends on individual’s attitude, subjective norm and per- 

ceived behavioural control. According to the theory, the central element 

is the individual’s intention to perform a specified behaviour and it is 

expected to catch the motivational factors that influence people’s be- 

haviour. Generally, the stronger an intention to involve in a behaviour, 

the more possible must be its performance [23] . In this case, if occu- 

pants of buildings can be encouraged and motivated to take improving 

measures, this should lead to a better engagement. 

The environmentally relevant behaviour model by Matthies [24] dif- 

ferentiates between two types of action: habitual behaviour and con- 

scious decisions. The habitual behaviours are actions made regularly 

and are not reflected upon, and to these belongs most the energy con- 

sumption activities. However, based on this theory, to engage people, 

they will need to make conscious decisions, for a new norm should 

take place which is called by the theory ‘norm activation’. This be- 

haviour could be related to people’s behaviour in buildings, but also 

could be related to accepting or rejecting the current performance of 

their buildings and the need to do something about it to improve the 
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Fig. 1. Traditional thermography procedure. 

conditions and reduce the monthly energy bills particularly during win- 

ter months. The process of ‘norm activation’ consists of three stages, in- 

cluding realising the existence of the problem, realising that behaviour 

(or the lack of action) is relevant to the problem and finally becom- 

ing conscious that there is possibility to influence the behaviour and its 

outcomes. 

Hence some researchers have recognised this power of visualiza- 

tion and the influence of people’s behaviour to enhance people’s per- 

formance. For example, Goodhew et al. [25] has investigated the be- 

havioural effect of visualisation of heat loss from residential homes and 

the consequences for energy saving using infrared technology. By pro- 

viding thermal images, the study enabled householders to see how the 

heat escapes from their homes in order to study the eventual motiva- 

tional impact on behavioural energy conservation. The research con- 

centrates on a new examination of the behavioural effect, which is re- 

lated to problem visualisation and the ability to encourage residential 

energy saving measures through such visualisations. The results show 

potential energy conservation by using the demonstrated visualisation 

technology. The reference recommends that future work will provide 

more dynamic visualizations of the heat flows, without identification 

of a methodology for that. However, the images were provided to par- 

ticipants and explained to them. Balvedi et al. [26] have articulated 

the effect of people’s behaviour on energy consumption and have found 

that behaviour plays an important role in energy consumption. Pasini 

et al. [27] have showcased enhanced user engagement to practice en- 

ergy savings using game approaches to enhance participation and en- 

gagement. The link between energy poverty and homes coldness has 

been addressed in [28] . Other research work also involved the effect of 

visualisation of infrared thermography on people’s engagement [ 29 , 30 ] 

and results have shown significant effect on people’s response. 

In this paper, the lessons learnt from literature are combined to in- 

tegrate infrared thermography with a game approach and behavioural 

theories to explore a new strategy for enhancing people’s engagement to 

improve their building’s performance or their related energy saving be- 

haviour. The game approach is based on using the mobile based infrared 

camera to discover and identify defects within the insolation. The game 

approach should be driven by personal curiosity and provide excitement 

to the participants when using the technology. 

2. Methodology 

2.1. The new proposed strategy 

When the current common practise of using infrared thermography is 

considered, it only uses the visualisation aspect to inform people about 

their own house. Fig. 1 presents the common practise of employing a 

professional person to capture the performance of the buildings via in- 

frared thermography; and the points of concern to be reported and ex- 

plained to the householder. It can be argued that limited engagement is 

expected due to the lack of participation; in addition to the expected cost 

of the professional’s time. The report, which is normally done without 

the householder’s involvement, include different calculation that might 

be difficult for the non-technical person to understand. As result of the 

process, the householder receives a report with explanation and sugges- 

tions for improvements. To address the limitations in the current culture, 

Fig. 2 presents the suggested methodology which is based on a higher 

level of engagement. It includes the integration of knowledge, train- 

ing, game approach, behavioural theories and people performing their 

own infrared surveys. The argument is that when people do their own 

infrared surveys, they will feel empowered and motivated to improve 

the house they live in. Additionally, the impact of the game approach 

by utilizing the feeling of fun and the motivation to save energy will 

lead to identification of potential issues within the insulation. Also, if 

people have limited income and are not able to afford a professional, 

this approach forms a compromise to provide a reasonable evidence of 

information. 

As shown in Fig. 2 , the novel approach provides a thermography 

training for householders to be able to carry out their own thermography 

survey of their own house at a very limited or for free. The thermography 

training consists of a limited theoretical thermography session, followed 

by a practical training on a simple low cost and low resolution infrared 

camera (Flir-One) which is connected to a mobile phone. The practical 

training is applied on a simulation building model which is developed 

for this purpose [ 31 , 32 ]. The camera is the first version of mobile-based 

cameras that can be attached to an iPhone 5. To make it easier for par- 

ticipants, the infrared camera and the iPhone5 were lent as one unit to 

the participants. The camera had a sensitivity of 0.1 °C with blending 

technology of visual and infrared data. FLIR-ONE infrared images in this 

paper are displayed with visual edges of the objects to enhance the visu- 

alisation due to the low resolution of the original infrared image, which 

is named Thermal MSX (Multi Spectral Dynamic Imaging). 

The training aims to increase the householders’ awareness, under- 

standing and motivation in relation to energy consumption in build- 

ings. The thermography survey is an exercise for the householders to 

implement what they have learned in the educational session and to 

identify the areas of issues in the building simulator. The infrared mea- 

suring system is designed to improve the building energy awareness 

and engagement, particularly in relation to their respective own build- 

ing. In addition, it is expected to observe some behavioural changes 

as a consequence of the visualised insulation issues. The simulation- 

building-model consists of two identical buildings, an insulated build- 

ing and a non-insulated one, provided with control and temperature 

monitoring systems. For further details about the simulator, please refer 

to [ 31 , 32 ]. 
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Fig. 2. Schematic diagram of a novel suggested methodology. 

Fig. 3. A schematic diagram of the implemented methodology in this research work. 

2.2. Experimental work 

The study is designed to investigate the effect of enhancing people 

engagement in infrared thermography energy auditing by using a low 

cost thermal camera to scan their own buildings. To assess the value 

of people doing their own surveys, the study consists of three question- 

naires that have been provided to participants between the stages of the 

process, as shown in Fig. 3 . 

Questionnaire 1 (pre-test), includes two parts of questions, sociode- 

mographic characteristic part, which cover information about the par- 

ticipant and his/her household and the second part examine the partic- 

ipants’ awareness regarding energy consumption and insulation issues 

related to their specific household. Questionnaire 2, covers the edu- 

cational session, including participants evaluation of the session and 

what they have learned. Questionnaire 3 (post-test), consists of two 

parts, the first part is a repetition of the second part of the first ques- 

tionnaire, to compare and assess their energy and insulation awareness 

related to their own buildings, before and after the thermographic sur- 

vey. The second part of the questionnaire is related to their thermo- 

graphic experience of their buildings, potential detected problems and 

the action may they plan to take to improve the performance of their 

buildings. The request for participation was advertised and the first 50 

people who have responded were selected for this work. The partic- 

ipants have received the necessary instructions regarding health and 

4 
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Fig. 4. Educational session for participants. 

safety before they collected the infrared camera and the associated kit. 

The health and safety instruction included necessary information about 

participants’ safety while they carry out the thermography auditing of 

their building. Only thermal images of their own building from out- 

side were required, and indoor images were optional. The instruction 

included also technical recommendations regarding the optimal condi- 

tions for thermography, particularly the minimum temperature differ- 

ence between the inside and the outside of the building and the most 

suitable times for thermography. This includes to conduct the survey at 

night when the temperature difference between the indoor and outdoor 

is at least 10°C. 

The educational session, see Fig. 4 , was limited to general informa- 

tion regarding energy consumption in buildings and a training about 

how to use the infrared camera and carry out the simple thermography 

survey. Each training session lasted for about 60 minutes only including 

the experimental training. 

The thermal measurement system, see Fig. 5 , consists of a low-cost 

smartphone-based thermal camera (FLIR-ONE) connected to a smart- 

phone (iPhone 5). Two identical thermal systems were available to use 

in this study. Additionally, the auditing kit included a thermometer for 

monitoring of internal and external temperatures, a reflective vest, a 

health and safety instruction on how to carry out thermography survey 

and instruction on how to use the infrared camera. The training was 

done on the small model rather than an actual building, because the 

training in this case could be done in a safe and relaxed environment 

during the day time regardless of the outside temperature and weather 

conditions. Moreover, participants could attend at the same time and 

the insulated and poorly insulated building could be seen using the same 

image at the same time for comparison ( Fig. 5 -b). 

Fig. 5 shows the simulation model of two buildings, one is insulated 

and the other is poorly insulated. The simulation model help in two 

ways: (1) to train people on using the infrared camera; and (2) train on 

detecting issues with building insulation. Each model a base of 20 cm 

x 15 cm with a maximum highest of 18.5 cm. Wall thickness is modu- 

lar depending on the insulation used. For full details about the model, 

please refer to [ 31 , 32 ]. 

The participates collected the thermal system during daytime and re- 

turned it back on the next day, to be able to carry out the thermography 

during the night time. After the thermography survey, the participants 

completed the third questionnaire. The thermography survey was car- 

ried out between February and March in the city of Nottingham in UK in 

2016. The average highest and lowest temperatures were 9 °C and 1 °C 

respectively. Following the thermography survey, the researchers went 

through the images together with the participant and discussed quality 

of the images, the survey experience and the possible actions which may 

take place to improve the efficiency of the building. 

2.3. Houses characteristics 

In total 50 householders (n = 50), have participated in the data col- 

lection, see Appendix 1 . The analysis is conducted quantitatively via 

questionnaires and qualitatively via the response of the participants and 

comments via the case studies the infrared images they have captured. 

For a sample of (n = 50) for an infinity population this indicates a margin 

of error in the sampling process to be ± 12% with confidence interval of 

higher than 90%. Confidence interval is the probability that the sample 

accurately reflects the attitude of the population while margin of error 

is the range in percentage that the population’s response may deviate 

from the response of the sample. Appendix 1 shows the building demo- 

graphic data of the buildings included in this study, where 42% of the 

households are owners respective 58% tenants. The biggest group of 

the properties are semi-detached houses (36%), followed by detached 

houses (22%). The age of the buildings varies between new buildings 

16% (0-20 years old) and old buildings 24% (over 80 years old). Most of 

the buildings have double glazed windows (80%) and the rest are single 

glazed. At least 50% of the roofs are insulated, while 28% of household- 

ers are unsure if their roof is insulated or not. Appendix 2 illustrates a 

summary of a sociodemographic characteristic data of the participants 

and their households, which only include the relevant cases for discus- 

sion. Each participant is given a reference number (e.g. P1 for partici- 

pant number 1) and the results will be anonymously presented in this 

paper based on the reference number. 

3. Results 

For the presentation of results, the response of questioner 2 will be 

initially discussed to identify the feedback about the training session. 

The results of questionnaires 1 and 3 (pre and post testing) will be dis- 

cussed using the same graphs. Followed by the quantitative results of 

the participant’s comments and case studies. 

3.1. The effectiveness of the infrared thermography training session 

When participants are asked about the value of the conducted train- 

ing session, 88% of participants agree or strongly agree that the edu- 

cational session helped them to understand the infrared thermography 

of buildings, see Fig. 6 . The results of other questions show that the 

infrared camera is found to be comfortable tool to use to scan the build- 

ing simulator (94%), a very effective tool to reveal the heat losses (92%) 

and is very easy to use (96%) respectively. The results show that 82% 

of participants indicate an improvement in their awareness of the way 

in which energy is lost from buildings using the small-scale building 

simulator such as walls, windows, doors, frames and roof. In total, 88% 

of participants confirm that the educational session has helped them to 

understand the infrared thermography, and 84% have indicated that it 

has encouraged them to inspect the insulation of their own homes. 

Many comments expressing increasing of energy awareness after the 

session are communicated: 

“Teaching session was quite informative. ” (P20); “Learning how 

much energy certain types of heaters use and how that translates 

into actual cost on bills ” (P42); “ I found the comparison between ef- 

ficient and non-efficient technology very helpful and effective in un- 

derstanding energy consumption (P06); “The session made me also 

more aware of ways to prevent heat lost ” (P18); and “The teaching 

session gave some very good and simple (almost shocking!) exam- 

ples of efficient use of electricity, I was surprised how much heat 

is lost through house walls ” (P17); “I think the teaching course was 

good. I already have a background on thermal cameras but it is the 

first time to use the one attached to iPhone, it is brilliant idea ” (P02); 
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Fig. 5. Training the householders on the developed simulation building model, the use of FLIR-ONE camera is shown in figures. 

Fig. 6. How helpful the educational session has been in understanding the in- 

frared thermography. 

“The session made me very curious about the heat lost in my house and 

I was really intrigued by the infrared camera ”. (P18) and “[The training 

session] made me realise how much we ignore the importance of energy 

efficiency ” (P14). 

Both qualitative comments and quantitative analysis indicate that 

the majority of participants have found the teaching session of the in- 

frared camera and the building model informative. 

3.2. Pre and post testing response 

The participants’ reaction before training and after the survey is cap- 

tured in several questions. When they are asked about their awareness 

of the major energy-loss issues in their own homes, a clear improve- 

ment has been identified after they carried out the thermography sur- 

vey, see Fig. 7 . A comparison between the responses from the first ques- 

tionnaire (pre-test) and the third questionnaire (post-test) shows once 

again a clear improvement of people’s awareness concerning the insula- 

tion measures which make the biggest saving effect in their homes, see 

Fig. 8 . 

Providing such attractive modern device (FLIR-One) to be used on a 

smart phone to allow people to inspect their own homes and identify the 

areas of issues in insulation may increase their motivation to be engaged 

towards doing home insulation improvement and more sustainable en- 

Fig. 7. The pre- and post-test of participants’ response regarding the identifica- 

tion of the causes of heat losses. 

Fig. 8. The pre- and post-test of participants’ response concerning the energy 

measures, which make the biggest saving effect in their homes. 

ergy consumption. Many of the comments show a significant interest to 

the thermal camera and the thermal images: 

“This device is quite interesting and amazing because it tells me how and 

where heat is going out from my room. Now I know how to minimize 

room-heat loss ” (P12); “Thermal images revealed that from where the 

most of the heat is escaping from the house ” (P20); and “I was very 

surprised to find that there appears to be more heat lost through the walls 

than through the roof. I was also very interested to see the improvement 
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Fig. 9. The pre- and post-test of participants’ response regarding the need of 

improvement in their respective house. 

Fig. 10. The pre- and post-test of participants’ response regarding their plan to 

change the way they heat their houses. 

in the amount of heat lost through those parts of the walls that I know to 

be better insulated than other parts ” (P48); 

In total, 90% of the participants believe that the thermal camera 

has helped them to identify insulation defects causing heat losses in 

their own homes; 84% consider that the thermal camera helped them 

to identify changes they can make to improve the energy efficiency of 

their homes and 80% of participants agree or strongly agree that their 

respective house needs improvement, see Fig. 9 . 

About 84% of participants consider that the thermal images have 

convinced them that the heat is escaping from their homes. 94% agree 

or strongly agree that the thermal images helped them to see how much 

heat was lost from their homes. 84% believe that the thermal imaging 

has made them think more seriously about the heat losses from their 

homes. A number of participants are planning to change the way they 

heat their houses, see Fig. 10 , for example reducing the radiators’ tem- 

perature in some locations. 

The householders are found to be impressed with the thermal camera 

and how it helped them to identify the areas of defect in their insulation 

in a very easy way (P30, P43 and P47), and measures taken as a result 

can help in increasing the energy efficiency of the home and saving of 

money (P32 and P47). 

“Using the thermal camera enabled me to detect the areas where the heat 

escapes, and consequently do something about it to make the house more 

efficient and ultimately save money. ” (P47) 

According to the participants’ comments, along with the educational 

session the thermography survey they have done promoted the increase 

in their building energy awareness, particularly in relation to the par- 

ticipants own buildings (P22, P46, P12, P17, P43, etc.). 

Fig. 11. IR image with visual edges of a building taken by participant P49. 

“…the study has created more awareness about the use of energy in the 

house. ” (P22) 

Different behavioural changes are also observed followed the ther- 

mography inspection, for example many of the participants mentioned 

the use of curtains during the night (e.g. P17, P22 and P46): 

“I am trying to use curtains during the night to minimize the heat loss 

from the window. ” (P12). 

As a result of increasing of awareness and undertaking the thermog- 

raphy survey the householders became more oriented on the way in 

which they operate the heating of different part of their home. 

“I am planning to lower the volume of my e-heater so as to warm my 

room in an energy efficient way ” (P12); 

“… will change the sitting of the heater in the corridor to lower temp 

to decrease the loosed energy, because the place is not well insulated. ”

(P43). 

Some householders plan to take necessary actions in order to reduce 

the lost energy: 

“…. installing plastic secondary glazing to more windows and putting 

up more curtains. “ (P17) ; “… and purchase some door mats to keep the 

heat in. ” (P34); and “Will look into future upgrades as and when required 

repairing . ” (P33). 

Another tenant householder have chosen to move from an ineffi- 

cient house, and this can be an important message for the landlords to 

improve their rented properties, which in general use to be less efficient 

than the owned properties [11] . 

“I am planning to move out form this house, because I saw a lot of loss 

energy through the insulation. ” (P25). 

The study has also inspired a participant to raise his ambition re- 

garding his future super-efficient home. 

“Participating in this project has even further boosted my desire to design 

and build my own super-efficient home! ” (P17). 

In order to match the householders’ specific comments with the right 

images and provide high standard of research quality, the authors have 

arranged a meeting to discuss with the participants the captured thermal 

images in detail, and the following comment is one of these examples, 

where the householder has been satisfied with the efficiency of his house 

windows and doors. It also shows how the householder got confirma- 

tion about the benefit of the secondary door in saving energy, especially 

when he compares it with his neighbour’s, see Fig. 11 . 

In relation to Fig. 11 , the participant stated: “The thermal images 

reassured me that my three-year-old double glazing (a, b, c and d) is 
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Fig. 12. IR images with visual edges of doors 

taken by participants, a)P06, b)P13, c)P17, 

d)P42, e)P45, f) p48 and g)P50. 

working well. All the windows were replaced at the same time. At this time 

of year, the heating is on constantly. [My neighbour] His windows (f) were 

single glazed. (f) is the 19th Century main door but there is a second single 

glazed porch door in front of it. My neighbour’s door (g) is identical but he 

has no porch door in front of it ” (P49). 

3.3. The thermography survey and identification of insulation issues 

The results of the thermography survey are divided into five differ- 

ent categories respectively: Doors, windows, walls, roofs and floors. In 

this section, only the most typical cases are discussed which constitutes 

only part of the participants in this study (see Appendix 2 ). The thermal 

images of the buildings are taken by the householders (participants) and 

are linked to their own comments. 

The comments show that the thermography survey has enhanced 

the participants’ building energy awareness in general and particularly 

more awareness increasing is observed concerning the individual’s own 

building and its thermal performance. 

“Using the camera has helped prove some of my previous ideas about heat 

loss from my house, and also highlighted things that I was unaware of. 

For example, heat coming through the walls from my neighbours house; 

effects from heating with an open fire; the effectiveness of simply drawing 

curtains/blinds. ” (P17) 

The next sections are categorised based on the basic components of 

the building envelope which the participants were inspecting in the 

thermography survey, including doors, windows, walls, roofs and 

floors; thermal bridges or the slab-facade union issues are discussed 

within those sections as suitable. 

3.3.1. Thermal insulation of doors 

Doors and door frames together represents an important part of a 

building and is inspected widely by the participants in this study. 

Fig. 12 (a, b, c, e and f) shows some typical cases of door issues. Gaps 

around doors is generally a very common problem, even in this study, 

which mainly depends on the age of the doors in the old homes. In most 

of the cases, the participants tried to implement various measures to 

reduce the heat loss through these gaps, e.g. by adding draught seals 

around the doors or filling the gaps. 

“In the short term, I am planning to cover door openings, such as the cat 

flap and any other small openings around the doors, in order to avoid 

the heat loss noticed through the thermal camera . ” (P06); “I intend to 

insulate… also draft excluders around the doors. “(P13); “… I am fill- 

ing gaps around doors, adding draught strip around doors. ”(P17); “I am 

losing heat from around the front door frame, which I plan to reduce 

by fitting foam insulation strip. ” (P45); and “I may try and improve the 

draft proofing to the doors .. ” (P48). 

Some of old, external doors cannot be closed properly, which means 

loss of heat through these openings between the door and the frame 

( Fig. 12 -d). 

“Seeing how even small openings/cracks can leech heat and the impor- 

tance of properly sealing up things like windows and doors. Our external 

conservatory door struggles to close and it was very obvious from the 

images the effect that was having. ” (P42) 

There are even participants, who plan to make drastic improvement 

of their external doors, by replacing them with new ones ( Fig. 12 -g): 

“The external doors will be replaced with double glazed plastic doors in 

due course and funds allow. ” (P50). 

3.3.2. Thermal insulation of windows 

Fig. 13 presents examples of poorly insulated windows. Old win- 

dows, both single and double glazed, and even some low quality new 

double glazed are a cause for losing energy in buildings, but by using 

curtains at night times the heat loss through the windows can be re- 

duced, and the participants are aware about that now as a good practice. 

“As the thermal imaging let me know that most of the heat are escaping 

from my window (3 pieces’ windows), I am trying to use curtains during 

the night to minimize the heat loss from the window . “ (P12) 

Old double and single glazed windows installed before 2002, can 

need draught proofing. The potential draught in buildings can account 
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Fig. 13. IR images with visual edges of win- 

dows taken by participants; a) P12, b) P23, c) 

and d) P38, e) P44, f) P46 and g) P48. 

for massive amounts of energy loss, therefore draught proofing can make 

significant energy saving: 

“adding draught strip around doors and windows that do not have 

draught strip, or where old draught strip is worn, installing plastic sec- 

ondary glazing to more windows and putting up more curtains. ” (P17). 

Again, some participants feel the power of the visual image, which 

convinces them to plan to replace an inefficient window with a new one, 

which evaluates as a better solution in term of energy saving: 

“The thermal imaging showed that heat was being lost through the win- 

dows … It may be time to think about replacing my double glazed win- 

dows…” (P23); “We were thinking about insulating the bay window in 

the front bedroom which we will definitely do now. … and think about 

changing the other windows for better quality ones. ” (P38); “… change 

the single glazed window above the front door to a double glazed one. ”

(P44); and “Will upgrade windows ” (P46). 

Some of air leaking around the doors and windows can be more com- 

plicated, and the household has difficult to deal with. 

“… the cold spots around doors and windows I think are to do with 

design faults which would require fairly major renewal work to remedy. 

“(P48). 

3.3.3. Thermal insulation of walls 

Figs. 14 and 15 represent examples of the infrared images captured 

and the participant’s reference number. Some participants are convinced 

regarding the benefit of insulating their homes, particularly when the 

energy loss is significant and it feels cold. 

“I intend to have the bungalow fully insulated from exterior wall insula- 

tion, this is where most of the heat was lost in my property . ” (P13). 

Fig. 14 -a in relation to householder P13, shows a bright image of the 

house is specific locations, which indicate significant heat loss through 

windows, doors and walls. Fig. 14 -b demonstrates indoor image of two 

completely dark external walls, which means cold areas. Fig. 14 -c clearly 

illustrates that the walls at the right side of the window and the hallway 

below the window are completely dark, which is again an indication of 

cold areas. 

Most of the homes that built before 1919 probably have solid exter- 

nal walls and they lose twice as much heat as cavity ones do. Insulation 

of solid walls therefore have significant potential to save energy. 

“I plan on having the walls insulated as there are no cavity walls thus 

lots of heat escaping. “ (P14). 

Fig. 14 -d also represent an inefficient house. Below the window in 

Fig. 14 -e the wall is completely dark, which is absolutely cold non- 

insulated area. Fig. 14 -f shows a completely dark cold external wall, 

in clear contrast to a bright internal wall and ceiling. 

Some participants are surprised over the potential amount of heat, 

which is lost from their house, and thinking about the potential of im- 

proving it. 

“I saw how much heat is being lost through the exterior walls and how 

much difference it would make to insulate walls. However, this would be 

financially not viable . “ (P18). 

As image (b) in Fig. 15 illustrates, the external wall is com- 

pletely dark from inside, non-insulated wall, in contrast to the internal 

bright warm wall. Some participants were able to discover some de- 

fect/damage in their wall, which they did not suspect previously, and 

immediately they try to investigate and solve the issue in a professional 

way. 

“I’m going to contact a builder/expert to look into the heat loss in our 

back bedroom - there was a lot of heat loss at the top of the side wall (all 

the way across) where the guttering is externally . ” (P34). 

Image (d) in Fig. 15 represents a dark path at the top side of the 

window, which is seen as it spreads upwardly, while the thermal im- 

age ( Fig. 15 -c) of the mentioned window from outside did not show 

any wall defects. Also, another participant will investigate a potential 

defect/damage that indicated during the thermography: 

“We will also look at the small front bedroom above the window -there 

was a lot of heat loss there too. ” (P38) 

Fig. 15 -e illustrates another dark path above the window, which 

spreads down. 
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Fig. 14. IR images with visual edges of walls 

taken by participants; a), b) and c) P13, d), e) 

and f) P14. 

To be able to see cold spots on the wall by the necked eye, especially 

at the upper parts, is not easy; and when the thermal image revealed 

that, the householder became more convinced regarding the source of 

coldness, and further the extent of energy loss in the building. 

“Seeing darker, cold patches in the corner of a few walls made me realise 

just how much heat can be lost that way. “ (P42). 

Fig. 15 -g shows a dark hallway wall, which is a big source for cold- 

ness, while Fig. 15 -h reveals a cold dark sport on the wall very clearly. 

Some participants, by revealing cold spots in their walls have got an 

explanation for why his house is cold and inefficient, for example: 

“… there is cold spots in many places which make the house cold and 

inefficient. “ (P43) 

Fig. 16 -a shows many dark cold spots on the wall that are very dif- 

ficult to identify and quantify by the necked eye. Do-it-yourself (DIY) 

thermography is a good opportunity to inspect the efficiency of installed 

insulations, to see if everything is done properly. A participant found an 

unexpected big dark spot in the lounge ( Fig. 16 -b) and a bright area 

below the window ( Fig. 16 -c). 

“There is a very cold spot near my sofa in the lounge, which I Need 

to find the cause of and rectify. I have had cavity wall insulation 

but there are areas of heat loss through the walls, particularly from 

the radiator below the window in the lounge, where the photo taken 

outside shows heat loss right through the wall. Unfortunately, there is 

nowhere else suitable to site the radiator. The insulation needs improving, 

and there are cold spots on internal walls that need investigating . ” (P45). 

Fig. 16 -b and c demonstrate a big dark area on the wall, close to the 

sofa and a bright area below the window respectively. Both cases repre- 

sent poor quality insulation or a post-installation damage. Such defects 

are difficult for the householder to discover by herself. These issues may 

need to be investigated by a professional builder/thermographer. 

The thermography survey reveals the missing area of insulation, and 

the heat visualisation does not leave much space for speculations. The 

householder discovered easily that the insulation renovation was not 

done properly ( Fig. 16 -f). 

“It was revealing that in my new extension, which was built 8 years ago, 

there was a very cold area down one corner where two walls meet which 

must mean that the builders failed to take the cavity wall insulation right 

into the corners. “ (P48). 

An improper renovation work always leads to later confusion and 

dissatisfaction for the householder, when the costly investment un- 

able to be offering an improvement and the householder cannot af- 

ford an additional investment for improvement ( Fig. 16 -e and f). 

“Whilst the thermal imaging has educated me about the weak spots in 

the insulation of my home I am unsure whether I will take any action as it 

would require fairly invasive work to the walls. I have already got cavity 

wall insulation and I think the only way of improving on this would be to 

line all the walls internally with insulated board. ” (P48). 

The householder goes further and suggests thermography training 

for builders to give them a new perspective and a new tool to improve 

the accuracy of their work. 

“Thermal imaging would be a useful education tool to demonstrate to 

builders the impact of their failure to make sure every part of the building 

is properly insulated. It is easy during the building process for builders to 

lose sight of the reason why it is important to take care with insulation. 

If something is not visible when the building is finished builders can be 

tempted to miss that thing out! “(P48). 

3.3.4. Thermal insulation of roofs 

Fig. 17 presents examples of case studies for roofs and loft hatches. 

Loft hatch is an area within the building where lots of heat can be lost 

through, therefore it is necessary to make sure that the loft hatch fits 

snugly and draught proof strips are being fitted around the edges. This 

issue is shown clearly in the householders’ thermal images ( Fig. 17 -a, d, 

f and g). Some of the householders had identified the loss of heat from 

their roof during the thermography, and now they became more aware 

about the need of improvement. 

“I identified a few places in the attic that were losing lots of heat. It 

is clear that insulation needs improving in those places. ” (P18). 

While other householders want to take action and solve the defects 

observed by the thermal images, which is again show the power of the 

visual image to effect on the change of behaviour. 
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Fig. 15. IR images with visual edges of walls 

taken by participants; a) and b)P18, c) and d) 

P34, e) P38, f), g) and h) P42. 

Fig. 16. IR images with visual edges of walls 

taken by participants; a) P43, b), c) and d) P45 

and e) and f) P48. 
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Fig. 17. IR images with visual edges of roofs taken by householders; (a) P17, (b) P18, (c, d) P23, (e) 34, (f) P37 and (g) 38. 

“The thermal imaging showed that heat was being lost through the win- 

dows and especially through the hatch door to the roof space. … I shall 

certainly see to insulating the roof space hatch door. ” (P23); “I’m also 

going to have our loft insulated. ” (P34); “We will replace the loft hatch 

and insulate it “(P38). 

Some letting householders try to inform their landlords about the 

insulation issues and ask them to take action to improve it. 

“I will be asking the owner of the house to consider insulating the attic 

ceiling/roof. ” (P17); and “Might inform letting agency about my concerns 

to the roof and walls insulation, how it affects my bills . ” (P37). 

In contrast to the above cases, there are other householders who are 

happy with the result of their roof inspection. 

“I’m renting the house, therefore I will not change any insulation, but I 

will let landlord know that the new loft insulation is made well . ” (P43); 

and “It would appear that the roof is already adequately insulated. ”

(P48). 

3.3.5. Thermal insulation of floors 

Floor contributes to heat loss from the building, even if the amount 

is less that the other mentioned areas within the building. Some of the 

householders captured these heat losses during their thermography sur- 

veys ( Fig. 18 -a and b), as it can be seen in the both thermal images the 

floor has a dark colour which indicate the coldest areas in the respective 

image. 

“… assess the potential thermal bridge in the kitchen floor ” (P32); and 

“My kitchen floor is clearly not insulated; when I replace the kitchen I 

will address this ” (P45). 

4. Discussion 

From the results it is evident that the participants have been engaged 

in the process to do their own infrared surveys; and they were curious 

and enthusiastic in using the infrared mobile phone technology. This 

could be due to the ‘achievement’ component of the DIY survey and 

the ‘empowerment’ they have felt by doing the survey themselves. Also 

there is a ‘social’ component when the participants attended the training 

sessions in groups. Sense of accomplishment seems to be reflected in the 

feedback and the comments they have provided. 

Fig. 18. IR images with visual edges of floor, taken by householders, (a) P32 

and (b) P45. 

The results of this paper suggest that providing visible, real time, 

vivid, dynamic energy related information can promote energy saving 

behaviour changes and increase awareness and engagements. The drive 

to participate could also be related to people attraction to gadgets and 

the game approach, or interactive decision theory [33] . In this case, the 

individual who is doing the infrared survey is trying to utilize the fun of 

the game and seeking a ‘reward’ which occurs by identifying potential 

issues within the insulation. As a consequence of eventually discovered 

insulation issues, people may take actions to solve these issues. This 

interaction between the person and his home by applying a game ap- 

proach can lead to increasing individual’s engagement and awareness 

about its own building, which in its turn can lead to improvement of 

buildings performance. Fig. 19 summarised the suggested model of this 

paper and theories behand it. 

Unlike annual energy savings, infrared thermography provides im- 

mediate response which can evaluate the current situation and the ef- 

fectiveness when doing any thermal improvements such as using the 

curtains at night as an additional layer of insulation on windows. This 

instant feedback creates the drive of ‘action’ and ‘observe’ approach. An- 

other drive for the participants is to maximise their financial savings and 
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Fig. 19. The applied model of enhancing people engagement in energy conservation and background theories. 

reduce energy use. This unexpected output of the survey or the result of 

the modification, creates an inner motivation. 

In support to Matthies [24] , ‘conscious’ decisions are supported by 

the self-conducted infrared survey; and in line with Boholm’s opinion 

[18] , visual images have provided a strong influence to demonstrate 

issues which are far away from our daily experience and show them 

subjectively vivid, this impact of the visual image is clearly shown in 

the comments. With the DIY approach, which also normally gives peo- 

ple the satisfaction of achievement, the involvement of people has been 

significantly high. This psychological drive to participants, when inte- 

grated with the visual presentation of the infrared thermography, the 

training and knowledge gains, seems to create a motive to be involved 

and achieve positive outcome to change the performance of the house. 

From the qualitative and quantitative data, it is evident that partic- 

ipants have enjoyed using the smart-phone based infrared technology 

and the training on the small-scale building simulator. The building sim- 

ulator has the advantage of the ability to be used in-doors for training 

at any time and at any external temperature. Unlike training on real 

buildings, the simulator has achieved a similar outcome at much lower 

cost and without leaving the training room. 

According to [23] , the stronger an intention to involve in a be- 

haviour, the more possible must be its performance; and this DIY in- 

frared surveys have enforced such intention. The participants’ energy 

awareness and motivation have been improved after they have attended 

the educational session. The participants’ awareness concerning the con- 

dition of their own buildings’ insulation have also been improved after 

they have carried out the thermography survey and identified the insu- 

lation issues. The process, particularly the thermography survey, have 

promoted voluntary retrofit future plan engagement and change of be- 

haviour related to daily use towards more sustainable operation of their 

respective building. 

5. Conclusions 

This paper has suggested a novel approach for enhancing and en- 

couraging people’s engagement by training and educating them to do 

their own DIY homes’ infrared thermography surveys to identify main 

issues that would require improvement. Majority of people may not have 

a budget to spend on a professional infrared thermography survey; how- 

ever, low cost infrared cameras with some basic training could play a 

vital role in DIY surveys, when people do their own inspection of their 

houses. During this research work, participants were very keen to take 

part. This could be associated to the fun-related aspects of using the tech- 

nology, combined with people’s love to gadgets and the curiosity from 

what they will find when doing the work, which could be explained 

by the excitement of the game approach and behavioural theories of 

taking conscious decisions to enhance their homes energy performance, 

following the work that they have conducted themselves. 

The survey and equipment used in his case may not be at the same 

level as of professional surveys, but it has been found to provide some 

information and knowledge to house owners. The feedback from the 

50 volunteers in the quantitative and qualitative analysis indicates a 

positive response and high level of engagement. 

For example, the results show that 88% of participants have found 

the educational session helpful to understand the infrared thermogra- 

phy; and 92% have considered the infrared camera to be an effective 

tool to indicate location of heat losses. Also, 90% of participants trust 

that the thermal camera has helped them to identify insulation defects 

that cause heat losses in their homes. In total, 84% believe that the in- 

frared survey has convinced them to think more seriously about the heat 

losses of their homes and what they could do to improve that. The sug- 

gested DIY approach of using infrared thermography utilises the modern 

trend of people’s attraction to mobile phone applications and their in- 

terest to use smart phone gadgets. People have identified a wide range 

of main causes of heat losses such as solid walls, poor quality windows 

and poorly insulated roofs and floors. Future work is planned which will 

include a wider number of participants in several countries to be able 

to quantify the benefits of the approach. 
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Appendix 1: Building demographic data. 

Characteristics Frequency Percentage 

Ownership 

Owner 21 42 

Tenant 29 58 

Total 50 100% 

Property type 

A terraced house 5 10 

Detached house 11 22 

Semi-detached house 18 36 

A flat/ground floor 3 6 

A flat/middle floor 5 10 

A flat/top floor 8 16 

Total 50 100% 

Age of the property (Years) 

0-20 8 16 

21-40 10 20 

41-60 9 18 

61-80 6 12 

81 or above 12 24 

Do not know 5 10 

Total 50 100% 

Type of windows 

Single glazed 8 16 

Double glazed 42 84 

Triple glazed 0 0 

Total 50 100% 

Condition of the loft/attic 

Insulated 25 50 

Non-insulated 6 12 

Unsure 14 28 

Not applicable 5 10 

Total 50 100% 

Appendix 2: Summary of the sociodemographic data 

ID Participant’s age group Educational level Ownership Type of property Age of property (years) Type of windows No. of rooms No. of occupants 

P02 45-54 Post Graduate Owner Semi-detached 41-60 Double glazed 3 5 or More 

P06 25-34 Post Graduate Owner Terraced 81 or above Double glazed 4 2 

P12 25-34 Post Graduate Rental Middle floor flat Do not know Single Glazed 2 1 

P13 55-64 Secondary or lower Owner Detached 41-60 Double glazed 5 or more 2 

P14 45-54 Further Education Owner Semi-detached 61-80 Double glazed 5 or more 2 

P17 35-44 BSc or BA Rental Semi-detached 81 or above Single Glazed 5 or more 1 

P18 25-34 Post Graduate Owner Detached 41-60 Doble glazed 5 or more 4 

P20 25-34 Post Graduate Rental Semi-detached 81 or above Doble glazed 5 or more 4 

P22 35-44 Post Graduate Rental Semi-detached 0-20 Single Glazed 2 4 

P23 45-54 BSc or BA Owner Detached 21-40 Doble glazed 5 or more 4 

P25 25-34 Post Graduate Rental Middle floor flat 21-40 Doble glazed 5 or more 5 or more 

P28 25-34 Post Graduate Rental Top floor flat Do not know Doble glazed 3 4 

P30 35-44 Post Graduate Rental Top floor flat 21-40 Doble glazed 2 1 

P33 35-44 BSc or BA Rental Semi-detached 41-60 Doble glazed 5 or more 3 

P34 25-34 Post Graduate Owner Semi-detached 81 or above Doble glazed 4 3 

P37 25-34 BSc or BA Rental Top floor flat 0-20 Doble glazed 2 2 

P38 25-34 BSc or BA Owner Semi-detached 61-80 Doble glazed 5 or more 2 

P42 25-34 Secondary or lower Rental Detached Do not know Doble glazed 5 or more 4 

P43 25-34 Post Graduate Rental Top floor flat 61-80 Doble glazed 3 4 

P44 25-34 BSc or BA Owner Terraced 81 or above Doble glazed 5 or more 2 

P45 55-64 Further Education Owner Semi-detached 61-80 Doble glazed 5 or more 1 

P46 45-54 BSc or BA Owner Semi-detached 81 or above Doble glazed 5 or more 5 or more 

P47 25-34 BSc or BA Rental Top floor flat Do not know Doble glazed 3 1 

P48 55-64 BSc or BA Owner Detached 41-60 Doble glazed 5 or more 3 

P49 45-54 BSc or BA Owner Semi-detached 81 or above Doble glazed 5 or more 4 

P50 55-64 Secondary or lower Owner Detached 81 or above Doble glazed 5 or more 2 

∗ Throughout this paper, this unique code has been applied to mark questions 

drawn from the questionnaire. 
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a b s t r a c t 

The nZEB objectives have raised the standard of building performance and changed the way in which buildings are 
designed and used. Although energy dynamic simulation tools are potentially the most suitable way for accurately 
evaluating and forecasting the thermal performance, they need several data inputs and user’s knowledge that can 
affect the reliability of the results. It is precisely these two aspects that proved to be particularly critical, since 
the reliability of the ICT calculation tools has been widely proven in recent time. 

However, in order to foster credibility in sustainable architecture, bridging the gap between predicted and 
measured performance is pivotal to boost the building market towards energy efficiency and provide reliable 
data to inhabitant, investors and policy maker. 

The present research aims to identify and quantify the main factors that affect the energy performance gap 
through a detailed energy analysis carried out on a case study, which can be considered one of the first nearly 
zero energy residential complex built in Italy. Based on the analysis, the study identifies the main causes of the 
deviation between the calculated and measured data and demonstrates how it is possible to achieve very reliable 
models and, therefore, real buildings. 

Although the procedure traces a classic model calibration scheme, actually it consists of a verification of 
possible downstream errors mainly due to human factors, such as the provision of incorrect technical data or 
inappropriate operation. 

Some observations on the technical, management and regulatory gaps that may generate these errors are 
reported at the end of the study, together with practical suggestions that can provide effective solutions. 

1. Introduction 

As well known, efficient buildings are an essential component of 
sustainability and energy transition strategies and represent a techno- 
economic and socio-economic challenge. The decarbonisation of build- 
ing stock is one of the most important goals of policies, considering the 
energy impact of buildings at the global scale [1] . 

During the coming years, building sector will be galvanized by 
mandatory codes and standards that aim to reach nearly zero energy 
buildings (nZEBs) 1 [2–5] . The European Performance of Buildings Di- 
rective (EPBD) requires all new buildings to be nearly zero energy build- 
ings by 2020, including existing buildings through major renovations 
[6] . Despite the recent global health emergency, caused by the spread 
of COVID-19 [7] and the related socio-economic issues are likely to slow 

down this process, the road ahead is already marked. 

∗ Corresponding author 
E-mail address: claudio.delpero@polimi.it (C. Del Pero). 

1 nZEB definition varies across different EU countries based on different indi- 
cators; one of the most common indicator is related to Primary Energy Require- 
ment [8] 

A recent study [8] shows that so far, the penetration of nZEB in new 

and renovated buildings varies a lot across EU countries. This study also 
demonstrates that nearly-zero energy standards are preferably applied 
to newly constructed buildings, i.e. on EU28 level 27% times more new 

buildings are constructed in nearly-zero energy buildings standard than 
renovated buildings. However, it is not still possible to properly com- 
pare the ambition level of national nZEB definitions due to different 
indicators, calculation methodologies, applied primary energy factors, 
system boundaries, etc. [ 9 , 10 ]. 

Although building dynamic simulation tools are commonly recog- 
nized as a suitable way for accurately assessing the performance of 
buildings and thus to develop the nZEB policies, in general, more or 
less large discrepancy between simulated and real features can still be 
observed both for new or existing buildings [11–15] . Moreover, the ac- 
tual gap observed in many cases seems too wide to be acceptable; in 
fact, measured energy use can be as much as 2.5 times the predicted 
energy use [ 12 , 13 ]. 

Consequently, the design phase methodologies can negatively im- 
pact the reliability of building expected performance, considering the 
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Nomenclature 

nZEB nearly Zero Energy Building 
GIGO Garbage In - Garbage Out 
EPBD Energy Performance of Buildings 

Directive 
BEMS Building Energy Management Sys- 

tem 

HVAC Heating, Ventilation, Air- 
Conditioning 

PV Photovoltaics 
DC/AC Direct Current/Alternating Cur- 

rent 
DHW Domestic Hot Water 
COP Coefficient of Performance 
AHU Air Handling Unit 
H/C Heating/Cooling 
MBE Mean Bias Error 
cv(RMSE) Coefficient of Variation of the Root 

Mean Square Error 
ASHRAE American Society of Heating, Re- 

frigerating and Air-Conditioning 
Engineers 

Aux Auxiliaries 
Heating Demand Annual energy demand for space 

heating derived from energy 
balance of building envelope 
(kWh/m 

2 ) 
Cooling Demand Annual energy demand for space 

cooling derived from energy 
balance of building envelope 
(kWh/m 

2 ) 
Primary Energy Consumption Final energy Consumption of the 

building, considering the contri- 
bution of technical systems, de- 
rived from primary energy con- 
tent of different energy carriers 
(kWh/m 

2 ) 

essential problem of matching simulated and measured performance 
[ 16 , 17 ]. 

In the light of the above facts, it can be certainly said that bridg- 
ing the gap between predicted and measured performance is crucial to 
achieve the nZEB goals. 

This paper aims to identify and quantify the main factors that affect 
this mismatch, with particular reference to those that do not concern the 
correctness of the calculation model. Thus, through a detailed analysis 
carried out on a highly representative case study (one of the first resi- 
dential nZEB built in Italy) and its design and running phases, attention 
has been focused on these misleading factors. 

Finally, this work is intended to bring a further added value to cur- 
rent research, given that, generally, residential buildings have been al- 
most entirely overlooked in previous studies because of the complexity 
of the ways in which they are used and the difficulty of tracing them 

accurately [ 12 , 13 ]. 
In detail, Section 2 contains a brief overview of the main uncertainty 

factors in the energy simulation models, which must be considered as 
the background of the present research. After that, in Section 3 the case 
study is described, and the results of a “standard ” simulation carried 
out during the design stage are presented. The methodology applied 
to identify the performance gap and the obtained results are described 
respectively in Section 4 and 5 . Finally, before the conclusions, the main 
lesson learnt, and the outcomes of the specific research are highlighted 
in Section 6 . 

It is worth pointing out that the main purpose of this study is not 
the ex post fine tuning of simulation models (which has already been 
widely investigated), but rather the definition of how they can be used 
more effectively in the early decision-making and project phases, based 
on more reliable information and assumptions. Authors would like to 
remind, in fact, that one must not confuse the scientific interest of in- 
creasingly refined and precise simulation procedures with the practical 
need to rely on tools and information that preventively allow to analyse 
and design in detail real high-performance buildings. 

2. Uncertainty in energy simulation model: a brief literature 

review 

Literature on the energy performance gap suggests various causes for 
the mismatch between prediction and measurements. These causes can 
be grouped in three main categories related to design, construction and 
operational phases. 

The first cause of a performance gap within the design stage is re- 
lated to the energy modelling and simulation of the building [18] . In 
fact, although building dynamic simulation tools are potentially most 
suitable way for accurately assessing the thermal performance of build- 
ings, they are much time-intensive and require considerable experience 
and skill. Moreover, the correct use of tools alone is not sufficient; the 
user/analyst/modeller of tools also needs to have the proper knowledge 
and sensibility to apply them in the right manner [19] . 

Furthermore, the simulation tools are generally affected by sev- 
eral limitations [ 20 , 21 ]. Examples include the use of standard thermo- 
physical data measured on a dry sample to model a wet surface (e.g. 
the brickwork of an exterior facade of a building exposed to frequent 
dry/wet cycles due to rain) or the use of constant air leakages value, 
even if they vary with air pressure gradient [22] . Moreover, some other 
works point out that generally simulations do not take into account 
performance deterioration of materials [23] and technical component 
[ 24 , 25 ], which again will lead to a mismatch between prediction and 
measurement. 

However, even with a correct model applied by a well-trained ana- 
lyst, all predictions remain subject to fundamental uncertainties, related 
to the actual weather conditions, occupancy profile, inhabitants’ solar 
control effectiveness and internal heat gain distribution [ 13 , 26 , 27 ]. A 

further key problem, in fact, is that designers often cannot fully predict 
the precise future use (functions) of the buildings [ 13 , 28–31 ]. 

A different group of causes for the gap arises from the actual con- 
struction process undertaken and the handover to the client. Even if the 
design itself is energy efficient, lack of attention to buildability, sim- 
plicity, sequencing of the construction process, or of appropriate detail 
might be a built-in source for later underperformance [32] . 

Many authors point out that the quality of building is often not in 
accordance with the specification, with insufficient attention to both 
insulation and airtightness features [ 13 , 28 , 31 ]. Often, details are left 
unspecified by designers or the contractor are not able to build and 
solve them properly, for instance with potential risks for the creation 
of thermal bridges [33] . Problems where actual construction does not 
meet with specification might be hard to spot; some problems will be 
evident from measurement but in many cases also visual inspections 
are needed to establish the actual issues [24] . Further discrepancy be- 
tween design and actual building is introduced by the building services 
[ 26 , 33 ]. Nowadays, buildings are often equipped with advanced HVAC 

system even beyond the state of art [34] which generally require sev- 
eral complex control logic and hardware able to properly manage their 
operations. Such systems, however introduce further uncertainties, due 
to their complexity and limited capability to keep pace with changes of 
the boundary conditions [35] . 

Once a building is commissioned and in use, the operational side 
can also contribute significantly to the performance gap. Occupant be- 
haviour is often different from the assumptions made in the design 
stage; this is repeatedly mentioned as the main reason for the devia- 
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tion [ 13 , 28 , 29 , 36 , 37 ]. In the last decade, many researchers have dedi- 
cated their efforts to better understand occupant behaviour and appli- 
ance use models [ 36 , 38 , 39 ]. More specifically, assumptions regarding 
occupant behaviour often lead to a mismatch between input for any cal- 
culations/simulations and actual values for internal gain [ 36 , 40 ] and 
plug loads [26] . Technological developments can also cause a mismatch; 
for instance, parasitic or IT-related loads are often neglected or under- 
estimated [30] . Furthermore, the actual operation of the building is 
typically different from the idealized assumptions made in the design 
stage, both in terms of actual control settings (such as thermostat set- 
tings, operation hours, BEMS settings) as well as facility management 
[ 13 , 26 , 28 , 31 , 41 , 42 ]. 

The state of art about the performance gap also suggests underlying 
factors. These includes the overall industry culture of construction sec- 
tor, where traditional processes are hard to change in favour of innova- 
tive techniques and where there are often issues with quality, integrity, 
and responsibility [12] . Poor client knowledge and labour skills are also 
contributing to this situation [32] ; regulatory pressure to make buildings 
more energy efficient might in fact contribute to over-optimistic predic- 
tions, as a consequence of a “wishful design ”, and hence contribute to 
the performance gap [43] . 

In conclusion, many causes, which generally occur simultaneously, 
contribute to the performance gap of buildings. In this sense, the mag- 
nitude of the performance gap is also dependent on time, contextual 
factors such as climate and building use, as well as on the temporal res- 
olution at which the performance gap is assessed, as demonstrated by 
several research studies [ 12 , 44 ]. According to a recent literature review, 
the ratio between the calculated and the measured performance vary, 
on average, between 0.25 and 2.5 [44] . Very recently, a research paper 
summarized several studies to understand or proposed methods to over- 
come the performance gap [45] . Thus, in order to summarize the main 
causes that affect the performance gap have been outlined as follows: 

• wrong use of the simulation tools by the user; 
• application of statistical weather data rather than actual one; 
• uncertainties related to the user behaviour, heat gain distribution 

and airtightness; 
• neglection of the deterioration of materials and appliances; 
• HVAC systems and construction materials in real operating condi- 

tions might not perform as specified by the manufacturers in nomi- 
nal conditions. 

3. TerraCielo case-study 

In order to identify and quantify the main performance gap factors, 
a detailed energy analysis of a nZEB case study, designed, built and 
monitored in recent years with the support of Politecnico di Milano, is 
presented. It should be noted that it is a housing estate, so this study can 
have a twofold value: on the one hand, to deepen the issues related to 
the performance gap, and on the other to strengthen the related studies 
on residential buildings, which, as has been introduced, are currently 
scarce. 

The building process of the complex began in 2010, hence one of the 
main design references was represented by the Directive 2010/31/EU 

(EPBD recast), according to which: “nearly zero-energy building means a 

building that has a very high energy performance. The nearly zero or very 

low amount of energy required should be covered to a very significant extent 

by energy from renewable sources, including energy from renewable sources 

produced on-site or nearby ” [46] . 

3.1. Building description 

The residential estate TerraCielo is located in the eastern metropoli- 
tan area of Milan (latitude 45°28 ′ N, longitude 9°21 ′ E and altitude 112 
meters a.s.l.) [47] . It consists in 59 living units divided in three build- 
ings of approximately 14,800 m 

2 (7,500 m 

2 above ground and 7,300 
m 

2 underground) arranged around a courtyard, as shown in Fig. 1 . 

The complex has been designed in order to reduce as much as pos- 
sible the final energy consumption by addressing proper sustainable 
strategies, according to the following main priorities [48] : 

• maximize the envelope energy efficiency, through passive and 
climate-interactive solutions; 

• adopt high-efficiency technical systems and advanced con- 
trol/management strategies; 

• maximize on-site renewable energy production and self- 
consumption. 

More in detail, the building envelope has been carefully designed 
in order to achieve low transmittance values (thermal transmittances of 
vertical walls, as well as the basement floor are on average between 0.17 
and 0.19 W/m 

2 K, while the roof transmittance is around 0.2 W/m 

2 K) 
and a high global thermal capacity able to assure a good thermal iner- 
tia value [ 49 , 50 ], with time-lag higher than 14 hours. In addition, the 
morphological configuration of the entire complex has been conceived 
to maximize energy gain in winter and to reduce summer overheating, 
thanks to appropriate orientation, shape and shading devices [51] . 

Regarding the HVAC system, the emission sub-system consists in ra- 
diant floor used both in heating and cooling mode. 

In summer, relative humidity and condensation risk are controlled 
by means of temperature/RH sensors installed in every housing unit 
and different Air Handling Units (AHUs); each AHU serves dwellings 
connected to each staircase of the building. 

Heating and cooling are provided to all dwellings by a centralized 
water-to-water heat pump connected to a horizontal geothermal heat 
exchanger, integrated into the foundation slab. 

An insulated water distribution loop, placed in the basement floor 
of the complex, connects the central heat pump and all dwelling. This 
water loop is constituted by steel pipes with an average diameter of 100 
mm and a design insulation characterized by a thickness of 40 mm and 
a thermal conductivity of 0.04 W/mK. 

A photovoltaic system (86 kW p ) placed on the buildings’ roofs, sup- 
plies electricity to the centralized heat pump and subordinately to the 
complex common loads (e.g. garden lighting, intercoms, etc.). The PV 

generator is composed of multi-crystalline modules installed with 3 dif- 
ferent tilt angles (10°, 20° and 25°), depending on the features of the dif- 
ferent surfaces in which they are integrated, and the same azimuth angle 
(0°C = towards South). The DC/AC power conversion is done through 
inverters with a nominal efficiency of 98%. 

Given its innovative and experimental character, since its design 
phase it was decided to equip the complex with a series of sensors and 
specific meters, in order to monitor its performance during the opera- 
tional phase. For this, regarding the heat pump water temperatures on 
load and geothermal sides are monitored with 4 PT100 probes. More- 
over, individual heat meters are installed in each dwelling to monitor 
the actual thermal energy used for heating/cooling purposes. Finally, 2 
electric meters, in addition to the grid meter, measure the heat pump 
consumption and the PV production, respectively ( Fig. 2 ). 

3.2. Performance data 

As already mentioned, TerraCielo represents an advanced project, 
which has been carefully developed both in the design and operational 
phases, in order to reach high performance levels and draw also techni- 
cal and scientific learning. For this reason, its energy features and per- 
formance have been studied in detail, before construction by means of 
detailed computer simulations, after commissioning by means of moni- 
toring, in-situ surveys and cross-referenced data analysis. 

As stated above, the main focus of this study is on the deviation 
between forecasts and on-field collected data, the identification of the 
main mismatch causes and the correction of possible errors that may 
affect the design of high-performance buildings such as the one in the 
present study. 
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Fig. 1. Overview of TerraCielo complex. 

Fig. 2. General scheme of the HVAC system and main monitoring equipment. 

As a starting point for the entire study carried out, this section 
presents the assumptions made during the preliminary project evalu- 
ation, along with the main deviations that emerged from the first phase 
of post-occupancy analysis. 

3.2.1. Standard design simulation 

Within the design phase of the buildings, an energy performance 
simulation has been run, in order to ensure the compliance with reg- 
ulatory requirements and to guide the development of the project, to 
achieve better performance compare to the imposed baseline. The sim- 
ulations were carried out with the support of the EnergyPlus software, 
which represents the main reference for the international building en- 
ergy analysis community [52–54] . Being based on standard tools, reg- 
ulatory parameters and references, this is referred to as the standard 

simulation . 
In detail, the input parameters of such simulation were set according 

to national and regional building energy regulation [55–57] and manu- 
facturers specifications concerning building and technical systems. The 
Conduction Transfer Function, able to take into account the thermal iner- 
tia of the materials in EnergyPlus has been adopted as algorithm. Tech- 

nologies and related data have been selected in order to reach values 
that comply with or improve regulatory limits in force at the time of 
construction ( Tables 1–4 and Fig. 3 ). 

Regarding the climate context, the typical meteorological year sug- 
gested by the national building code for the reference location (Milan) 
[58] was adopted. 

For the simulation, each apartment has been divided into 2 thermal 
zones able to reflect the distribution of the flats in living and sleeping 
area. Further zones, such as staircase blocks, garage areas, underground 
cellars and small hollow spaces in the attic floor have been also modelled 
as no heated/cooled spaces. It should be noted that, since the interior 
partition of the walls are mainly built with plasterboard, the thermal 
inertia of such surfaces has not been considered in the simulations. 

In Fig. 4 the virtual model of the residential complex is shown, where 
also the neighbouring buildings and overhangs are represented (in pur- 
ple). Such surfaces have been considered as shadings areas with no ther- 
mal proprieties, since just the projection of their shading on the target 
buildings have been considered in the dynamic simulation. 

According to the above boundary conditions, a simplified external 
routine was applied to the model, in order to calculate with hourly steps 
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Table 1 

Design characteristics of the building envelope. 

Unit Building regulation Adopted value 

Exterior wall transmittance [W/m 

2 K] 0.34 0.19 

Roof transmittance [W/m 

2 K] 0.30 0.17 

Ground transmittance [W/m 

2 K] 0.33 0.20 

Transparent surfaces transmittance [W/m 

2 K] 2.20 1.35 

Solar gain coefficients of transparent surfaces with perpendicular radiation [-] - 0.30 

Opaque surfaces absorbance external walls [-] - 0.30 

Opaque surfaces absorbance external roof [-] - 0.60 

Table 2 

HVAC design conditions. 

Efficiency of the generation subsystem Based of manufacturer’s specifications ( Fig. 4 ) 

Efficiency distribution subsystem 84 % (average value based on design specification) 

Efficiency emission subsystem 98 % 

Efficiency control subsystem 97 % 

Auxiliaries working hours 13 hr/day 

DHW flow rate 60 l/day/person 

DHW Water supply 50°C 

Main water temperature 15°C 

Air flow rate of AHUs 6 m 

3 /m 

2 of heated/cooled surface 

Table 3 

Design PV features. 

PV peak power 86 kW p 

PV technology Multi-crystalline 

Temperature coefficient − 0.43 %/°C 

Inverter efficiency 98% 

the primary energy consumption starting from thermal energy demand, 
taking into account the dynamic performance of mechanical systems, 
such as variable performance curves depending on the specific applied 
loads. At this stage, in fact, it would be unnecessarily onerous and re- 
dundant to develop a complex E + model’s section, which would require 
the development of an HVAC final design even before having identified 
the final choices. 

It must be noted that the final consumption includes also the amount 
related to air handling and auxiliaries (water circulation pumps of the 
distribution loop and geothermal heat exchanger). 

Similarly, the PV production has been assessed based on a detailed 
simulation carried out with PVsyst [59] , one of the most reliable soft- 
ware adopted in such field [60] . 

It should be noticed that electricity is the only energy carrier present 
in the complex, covering all loads for space heating, cooling and DHW. 

In this analysis, however, household electricity consumption (e.g. 
TV, oven, etc.) has not been taken into account, in agreement with 
the current national regulation on building energy rating and perfor- 
mance calculations. In fact, for residential buildings, the evaluation of 

Fig. 3. Theoretical COP (Coefficient of Performance) of the heat pump. The 
data is based on technical data sheet provided by the manufacturer. 

energy demand for energy rating purposes considers space heating, cool- 
ing and DHW, excluding household appliances, which are not related to 
the quality of the design and of the construction of the building, but 
rather to the personal habits of the inhabitants. 

Table 4 

Buildings user profile. 

Apartment Garage and staircase Hollow space 

Internal gain W/m 

2 4 2 0 

h/day 24 24 24 

Day/year 365 365 365 

Infiltration V/h 0.3 0.5 0.1 

h/day 24 24 24 

Day/year 365 365 365 

Heating System °C 20 - - 

h/day 10 - - 

Day/year 183 - - 

Cooling system °C 26 - - 

h/day 10 - - 

Day/year 182 - - 
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Fig. 4. View of the energy model. 

Fig. 5. Comparison between measurements and re- 
sults of the standard simulation. 

Table 5 

Results of the standard energy simulation. 

Electric consumption 27.7 kWh el /m 

2 y 

PV production 18.7 kWh el / m 

2 y 

Net non-renewable primary energy consumption 17.7 kWh/m 

2 y 

Finally, the balance in terms of net non-renewable primary energy 
consumption was calculated, considering a conversion factor equal to 
1.95 [61] . 

As confirmed by the results summarized in Table 5 , TerraCielo com- 
plex was designed in order to reach a very low overall energy consump- 
tion with a share of 67% by photovoltaic energy. 

3.2.2. Post-occupancy preliminary evaluation 

After one year of operation (October 2014 - September 2015), the ac- 
tual energy consumption and PV production of the complex have been 
assessed through measurements carried out by means of the equipment 
described in Section 3.1 . Consequently, also the reliability of the simu- 
lation model has been checked. As reported in Fig. 5 , the actual building 
energy consumption resulted about 1.7 times higher than the prediction. 
It should be outlined that such gap is mainly due to the electric consump- 
tion for heating and cooling since the relative deviation related to the PV 

production and other uses (DHW, AHU and auxiliaries) are respectively 
equal to 4% and 6%. 

The various energy items were expressed with positive values if gains 
(photovoltaic self-production) and negative if loads (needs and con- 
sumption). 

As can be noted, albeit in line with what stated in Section 2 , the 
deviation recorded seems not to be acceptable and certainly requires a 
closer look at the methodologies adopted and the causes, or even errors 
that have affected them. 

Based on these observations and collected data, in next section a 
step-by-step methodology for the analysis and calibration of design and 
simulations procedures is presented. 

4. Methodology 

Starting from the deviation detected, the entire design, analysis, 
performance simulation and implementation phase were carefully re- 
examined. First of all, some important features have been verified and 
established: 

• the software tool used is commonly recognized as reliable; 
• simulation procedure was correctly followed; 
• all standard requirements were satisfied. 

Finally, as a precautionary measure, the simulation model developed 
in the design stage of the building and its results were carefully checked 
to ensure the absence of errors. 

Excluding calculation errors, the possible causes of deviation and 
errors were then analysed, based mainly on the review carried out pre- 
viously. Reasonably, these are the factors pertaining to the design as- 
sumptions, rooted in the construction stage and related to the opera- 
tional phase, as summarized below: 

• weather data parameters; 
• thermal features and performance of envelope; 
• building operations in terms of ventilation, occupancy, set point; 
• technical system’s features and performance; 

In detail, the proposed methodology aims to identify and rectify un- 
certainties and misleading effects related to the above possible causes. 
To this end, a step-by-step check and validation process has been devel- 
oped according to a two-phase approach, as described below. 
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Table 6 

ASHRAE Guidelines 14 threshold 
limits of metrics for model calibra- 
tion. 

Metric Monthly Hourly 

MBE % ± 5 ± 10 

cv(RMSE) % 15 30 

Phase A aims to reduce the uncertainty focusing only on factors 
that influence the thermal energy demand. It includes the adoption of 
a weather file based on actual monitored data (step 1); after that, geo- 
metrical/thermal properties of the building envelope (i.e. thermal trans- 
mittance, time lag, etc.) have been checked and updated according to 
on-site measurements (step 2); then, the occupancy/load profiles have 
been set according to a post-occupancy survey (step 3) and the real set- 
point adopted from the user has been replaced (step 4). 

In order to ease the comparison among results during the whole cal- 
ibration process, besides thermal demand, electric/primary energy data 
were also calculated in each step. It should be noted that in this first 
phase, no changes in HVAC standard parameters were made. 

Phase B is based on the validated energy demand obtained in Phase 
A, by adding calibration performances of the HVAC plant. More in detail, 
starting from the energy demand evaluated in step 4, the actual values 
based on experimental measurements of the COP of the heat pump and 
the insulation level of the distribution loop were updated in the model 
(step 5). Subsequently, the actual weather file used in the step 1 was 
also adopted as an input for the simulation of the PV production, and 
the updated output was used for the calculation of the final calibrated 
primary net energy demand (step 6). 

It must be noted that for the electricity consumption for air handling, 
DHW preparation and auxiliary equipment of HVAC system, a simplified 
assessment was used along the fine-tuning process, because the needed 
electric energy is not strictly related to the specific design features of 
the building for the following reasons: 

• the power consumption of circulation pumps is fixed, since they are 
switched on/off in specific time intervals of each day, independently 
from the energy demand of building. Thus, in the standard simula- 
tion the design operation interval was selected, while in step 6 the 
actual operation interval set by the facility manager is used. 

• the shares for DHW preparation and air handling are mainly related 
to users’ behaviour (hot water use profile of each dwelling and air 
flow rate manually adjusted in each room, respectively), the precise 
measure of which would be too complex and expensive in a post- 
occupancy assessment. In this case, in the standard simulation the 
design hypotheses were assumed (see Table 2 ) while in step 6 the 
actual electricity consumption for such items was determined as the 
difference between the whole electricity consumption and the sum of 
the amount used for heating/cooling and that of circulation pumps. 
The associated gap was consequently assessed separately from the 
one that is related to dynamic energy simulation. 

Fig. 6 shows a graphical scheme of the procedure. 
The main advantage of the proposed methodology is that mismatches 

related to the building envelope and user behaviour are first assessed 
separately from those related to technical systems, thus reducing recip- 
rocal interferences of the process. 

Regarding the validation process, in order to evaluate and compare 
properly the simulation results and measured data in operation phase, 
ASHRAE Guideline 14–2002 [62] was followed in the statistical valida- 
tion of the model, assuming the MeanBias Error (MBE) and the Coef- 
ficient of Variation of the Root MeanSquare Error cv(RMSE), as error 
indicators. 

The threshold metrics considered in ASHRAE Guideline 14, are re- 
ported in Table 6 . 

The above-mentioned errors related to monthly calculation have 
been adopted since the resolution of the main energy meters installed in 
the building are set on monthly basis. The reported metrics are evaluated 
in Phase A on the thermal demand of the building, while in Phase B on 
the corresponding heating and cooling electricity consumption. Finally, 
the overall deviation related to the net primary energy is also reported 
in each step. 

5. Detailed update and calibration of the energy model 

As explained above, the update/calibration procedure was carried 
out by comparing the calculated values with those measured in the field, 
about the various items of energy consumption and self-production, 
gradually correcting errors and updating the model. 

Characteristics and reliability of the measuring instruments used are 
shown in the following table. 

5.1. Phase A: thermal energy demand update 

This part of the study was carried out through comparisons between 
thermal demand for heating and cooling resulting respectively from 

standard simulation and real data acquired by heat meters installed in 
each dwelling, thus excluding the influence of HVAC systems. 

5.1.1. Step 1: set-up of proper weather data 

As already said, the first evaluation was carried out according to the 
weather file based on national standard [58] , which, however, refers 
to a record period between 1951-1970. Of course, the historical data 
cannot be considered longer reliable due to the climate change. In such 
respect a tailored weather file was set up based on the real measure- 
ments provided by ARPA Lombardia for Rodano, the site of the com- 
plex, corresponding to the years 2014 and 2015, coinciding with on-site 
measurement period of actual energy demand. 

By comparing the two set of data ( Fig. 7 ), it is possible to observe 
that both the outdoor temperature and the global solar radiation data ac- 
quired on-site are higher than the values from national standard. As well 
known, in fact, due to global warming effect the average outside tem- 
perature is constantly increasing from the 1990s. So, warmer summers 
and milder winters generally result both in higher demand for cooling 
consumption and in lower use or misuse of heating system. 

Based on these considerations, the simulation was run again adopt- 
ing the tailored weather data file. Obtained results in terms of thermal, 
electric and primary energy are shown in Fig. 8 . 

As a first remark, considering the results in terms of net primary en- 
ergy, it can be noted that the deviation between measured and simulated 
data grows, since it moves from 43.8% (standard simulation) to 49.7% 

(step 1). 
More in detail, as to be expected from the assessment of the weather 

data, the heating demand has been reduced in comparison to the previ- 
ous simulation, while the cooling increased a bit. 

As shown in Fig. 8 , in this case the actual energy needs (measured 
data) for heating is 49%, higher than the simulated values, while the 
demand for cooling is lower of about 34%. 

Finally, the MBE and cv(RMSE) were calculated (on thermal demand 
only) and compared to the calibration thresholds. The obtained results 
equal to 22.1% and 44.7% respectively, should be considered quite far 
from considering the simulation results reliable. 

5.1.2. Step 2: set-up U-values 

Once the correctness of the weather file used was ascertained, the 
second logical step is to verify the actual thermal characteristics of the 
envelope, through on-site instrumental measurements. 

In this respect it must be noted that the U-value experimental veri- 
fication only for external walls was considered feasible for the reasons 
described below. 
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Fig. 6. Overview of the proposed update/validation methodology. 

Fig. 7. Comparison between real and standard weather data in terms of temperature (left) and global solar irradiation (right). 

• Regarding glazed surfaces, the features of each window are certi- 
fied by the manufacturer according to a specific national standard 
[63] and considered reliable. A more detailed verification would re- 
quire piece-by-piece disassembly and laboratory tests, which would 
not be compatible with a post-occupancy survey. 

• Similarly, rooftop experimental verification would have been very 
critical. Given the complex type and stratification (wooden struc- 

ture and substructure, insulation and back-ventilated roof tiles, 
replaced in many parts by PV modules), it would have been 
very difficult to make exhaustive on-site measurements. Further- 
more, in order to obtain reliable data, invasive analyses would 
have been necessary, with the risk of compromising the wa- 
ter tightness and closing performance of the roof. Therefore, 
even since the roof consists in a dry construction system, par- 
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Fig. 8. Comparison between simulated and measured energy demand (Step 1). 

Table 7 

Measurement instruments and related accuracy. 

Instrument Measured parameters Accuracy Position 

Heat flow meter [W/m 

2 K] + /- 5% External walls 

PT100 [°C] + /-0.21°C Heat pump’s water inlet/outlet 

Ultrasonic water flow meter [l/s] + /- 1% Heat pump’s water outlet 

Electric meter [kWh el ] + /- 1% Grid connection 

Electric meter [kWh el ] + /- 1% Heat pump 

Electric meter [kWh el ] + /- 1% Photovoltaic system 

Radiant floor heat meter [kWh th ] + /- 1% Hydronic connection to each dwelling 

tially pre-assembled off-site, its design U-value was assumed 
reliable. 

• Finally, a precise experimental evaluation of the basement slab’s U- 
value was considered impracticable, since the slab contains the radi- 
ant floor and other technical systems (water pipes, cables, etc.) that 
would strongly invalidate the measure. It should also be noted that 
ground losses generally account for a minority share of the building’s 
energy balance [64] . Again, therefore, it was considered reasonable 
to assume the design value. 

Of course, ideally a complete evaluation would have required the ex- 
perimental verification of all the envelope components. However, being 
external walls custom-made elements, assembled and built on site and 
particularly subject to possible deterioration over time due to rain wet- 
ting and condensation, it seems reasonable to assert that the associated 
performance uncertainty is higher than that of the other components 
and deserves more in-depth examinations. 

Thus, the transmittance of the walls has been analysed with a heat 
flow meter (see Table 7 for technical details). The measurements were 
carried out on site in two different wall portions, both facing north, in or- 
der to prevent the effect due to solar radiation. The obtained results out- 
lined that the external wall transmittance is much higher than expected; 
in fact, while the value derived from the data sheets of the various layers 
(bricks, insulation, plaster) and standard calculation [65] , was around 
0.19 W/m 

2 K, the heat flow meter measured an average value of 0.35 
W/m 

2 K. 
The simulation model was consequently further updated, and results 

are reported in Fig. 9 . As shown, this correction highly affects the simu- 
lation outcomes: the net primary energy deviation decreases in fact from 

49.7% (step 1) to 32.5% (step 2). 
However, considering the deviation in term of heating and cooling 

respectively equal to 13% and 27%, and the related statistical indicators 
(based on monthly data), the simulation results cannot yet be considered 
within the acceptable threshold. The MBE and the cv(RMSE) are, in fact 
equal to -5.4% and 30.8% respectively. 

5.1.3. Step 3: set-up of building operation mode 

As described in the methodology, a further step to calibrate the 
model consists in the definition of the occupancy profile as well as the 

people behaviour to be added in the model, based on post-occupancy 
audit and interviews. In such respect, different profiles have been as- 
sumed concerning infiltration, ventilation flow rate and internal gains, 
as shown in Table 8 . 

The corresponding results ( Fig. 10 ), therefore, show a further reduc- 
tion of the mismatch. The deviation becomes equal to 29.5% for net 
primary energy and to 2.7% and 12% for heating and cooling. Simi- 
larly, the errors in terms of MBE and cv(RMSE) were reduced signif- 
icantly and respectively achieved the following values: -3.6%, 16.3%. 
In this case, even if the MBE comply with the validation threshold 
defined by the ASHARAE, the cv(RMSE) still doesn’t fall within such 
range. 

5.1.4. Step 4: Temperature set-point correction 

With respect to user profiles, an additional calibration has been 
performed, checking the actual heating and cooling set point defined 
by each tenant. It turned out that the real winter set points (and 
thus actual temperatures) in almost all the apartments were equal to 
22°C, rather than 20°C as defined by building and energy regulation 
[56] . Regarding the cooling set-point, it must be noted that a mini- 
mum temperature of 26°C was programmed in the thermostats, thus 
lower values are not allowed. It has to be mentioned that this is the 
regulatory threshold [56] , which corresponds to the comfort value, 
but is generally considered slightly higher by the user. In fact, a spe- 
cific survey confirmed that in all dwellings the actual air temperatures 
were held on average around such value during the whole summer 
period. 

Results shown in Fig. 11 highlights again a further reduction of the 
mismatch. The deviation between measured and simulated data for heat- 
ing and cooling resulted equal to 2.7% and 12% respectively. Similarly, 
the errors in terms of MBE and cv(RMSE) were reduced significantly 
and reached the values of -2.1% and 13.8%, finally complying with the 
validation threshold of the ASHARAE. It should be noted, however, that 
even if the results for heating and cooling energy demand fit quite well 
with measured data, the deviation in terms of net primary energy is still 
significant and equal to 29.1%. It confirms that a specific analysis on 
technical systems performance must be carried out, as described in the 
following section. 
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Fig. 9. Comparison between simulated and measured energy demand (Step 2). 

Table 8 

Detailed user profile. 

Hours 1-6 7 8 9 10-12 13 14 15 16-17 18-19 20 21 22 23-24 

Internal gain [W/m 

2 ] 1 6 8 8 1 8 10 1 8 1 8 10 8 1 

Air infiltration [V/h] 0.01 0.01 0.01 2.3 0.01 0.01 2.3 0.01 0.01 0.01 0.01 2.3 0.01 0.01 

Fig. 10. Comparison between simulated and measured energy demand (Step 3). 

Fig. 11. Comparison between simulated and measured energy demand (Step 4). 

5.2. Phase B: Update based on electric energy consumption 

In the second phase, a fine tuning based on the net final primary 
energy use, and therefore on the electricity consumption of HVAC and 
production of PV system, has been performed. The results of the sim- 
ulations were thus compared with the actual measured electricity final 
consumption. 

5.2.1. Step 5 and 6: set-up of real HVAC and PV performance 

The last discrepancy observed ( Fig. 11 ), underlines that probably 
some calculation parameters related to the HVAC system do not fit well 
with the actual performances. In such respect the real COP and EER, 

which are the main features that affect the efficiency of the heat pump, 
have been measured on site. In such regard, a specific testing campaign 
was performed using an additional monitoring equipment, by measuring 
the thermal energy output of the heat pump, the electricity consumption 
and the supply/return water temperatures in different operating condi- 
tions, manually forcing the machine’s control logic to simulate different 
load profiles. By elaborating such data, a new performance map of the 
heat pump was calculated. As can be noted by the results reported in 
Fig. 12 , there is a noticeable difference with theoretical data provided by 
the manufacturer. The deviation is more evident with low temperature 
differences between load and geothermal sides, thus at part-load condi- 
tions, when the frequent on-off switching of the compressor (which is 
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Fig. 12. Theoretical and measured COP of the heat pump. 

not a modulating type) strongly penalizes the performances. In general, 
an average performance difference of the same magnitude (20-25%) 
was measured also in other heat pump systems [66–69] and thus can 
be considered in agreement with actual on-field performances of such 
technology. 

For the sake of completeness, a further on-site measurement was car- 
ried out on the insulation type and thickness of the distribution pipes 
and it was found that a thickness of 20 mm is present instead of 40 mm, 
as indicated in the design of technical system. 

According to the measurements, the new data were added in the 
simulation model and the net primary energy was calculated again. In 
addition, as outlined in the proposed methodology, in this step the con- 
sumption for auxiliaries, DHW and air handling was updated according 
to the actual operating hours. In detail, for circulation pumps it was 
found that, during the heating seasons, the pumps are operated for 14 
h/day instead of 13 h/day, with an increase of 4.5% in the related elec- 
tricity requirements. The share for DHW and air handling was instead 
calculated as the difference between the overall measured electricity 
consumption and the sum of the amount used for heating/cooling and 
that of circulation pumps; in this case an increase of 26% was found. Of 
course, the latter amount is mainly due to the difference in the COP of 
the heat pump. 

As reported in Fig. 13 the final overall deviation results equal to 7.4% 

with related monthly error indices (based on electric consumption for 
heating and cooling) equal to -4.9% and 12.6% for MBE and cv(RMSE) 
respectively. 

Such values, of course, falls within the ASHRAE threshold, thus the 
model should be considered validated and reliable. 

Finally, the update of the PV production according to the actual 
weather data (step 6) doesn’t affect significantly the overall results. As 
shown in Fig. 14 , in fact, the deviation related to the PV production de- 
creases from 4% (step 1-5) to 3.3% (step 6) and the overall deviation in 
terms of primary energy changes just from 7.4% (step 5) to 7.3% (step 
6). 

Of course, a more detailed calibration on the PV performance could 
be carried out by means of complex experimental analyses such as the 
verification of actual power of each module (flesh test analysis); how- 
ever, considering the limited impact on the overall deviation, within the 
current research work it has been considered reasonable to skip further 
such detailed analysis. 

6. Results discussion 

In order to better understand the main factors that affected standard 
and further simulations, the net primary energy results obtained in each 
step and the related deviation are outlined in Fig. 15 . 

As can be observed from the graph, the deviation of the standard 
simulation from the real data is equal to 43.8%, with a remarkable dif- 
ference [70] . However, through the verification and the gradual update 
of the model inputs, the final deviation reaches 7.3%, which is a com- 
monly acceptable value [70] . 

Therefore, it can be affirmed that the data inaccuracy, mainly due 
to incorrect technical information, leads to an underestimation of about 
1/3 of the real energy consumption. This is definitely a critical aspect, 
especially in the framework of a design process aimed at minimizing 
building energy consumption. 

More in detail, it should be mentioned that the fine tuning of the 
results is based on progressive corrections, according to which each step 
represents an improvement of the previous one. According to a systemic 
approach, however, instead of evaluating the contribution of each step 
(in absolute value), it is interesting to evaluate the variation with respect 
to the preceding one. 

In this respect, it has been observed that step 1 (weather file), even 
if increasing the precision of the model, also slightly raises the deviation 
between the simulation and the measured data (13.5%), while the suc- 
cessive steps in turns reduce it. In particular, step 2 (vertical opaque en- 
velope’s transmittance) decreases the deviation approximately by 35%, 
while step 3 (use-profile) and 4 (set-point) bring a successive incremen- 
tal reduction respectively of 3% and 1.3%. Step 5 (HVAC), on the other 
hand, provides a further substantial reduction of the deviation by 74.5% 

compared to the previous step. The last step (weather file on PV produc- 
tivity) brings a final reduction of the gap by 1.3% 

The main influencing factors in the described procedure are therefore 
associated with steps 1, 2, 5, being represented by the climate context 
and energy data related to building envelope and technical systems (i.e. 
the main elements for the energy-efficient design). It should be noted, 
however, that the quantities involved depend on the specific case study 
which, although representative, does not allow to generalize the ob- 
tained results. 

7. Conclusions and lesson learnt 

In order to achieve sustainable architecture and specifically ZEB tar- 
gets, preliminary analysis and design phases, if carried out correctly, 
can guarantee the quality of the final product and its compliance with 
energy-environmental requirements. To this aim, together with appro- 
priate professional skills, modern IT tools offer excellent support. For 
example, energy simulation software can test and validate performance 
under conditions very similar to the real ones. These programs even al- 
low to put the building into a sort of virtual reality, where all boundary 
factors and features can be correctly taken into account and managed. 
These very precise instruments must, however, be based on correspond- 
ingly precise input data. According to the GIGO (Garbage In, Garbage 
Out) principle, if the simulations are based on incomplete or wrong in- 
formation, the whole process can only be negatively affected. For these 
reasons, in order to foster the building sector and design practices evolu- 
tion, it is necessary to identify the main causes of errors and deviations 
and to reduce or remove them. 

In this paper, after a review of the most recent literature dedicated 
to the topic, a focus on residential buildings is presented, through the 
analysis of a real case study. The impact of the most influencing factors 
has been confirmed and precisely quantified, with particular reference 
to those, which are independent of the calculation quality of the model. 
In particular, weather data, actual performance of building components 
and technical systems, operating profiles and user behaviour were con- 
sidered and possible countermeasures and remedies for calculation er- 
rors and deviations between predicted and final results were suggested. 

The analysis carried out allows to learn many lessons, ascribable to 
the design, building and operation phases of the case-study. These find- 
ings can undoubtedly be extended to similar cases, to improve the qual- 
ity of the whole process, from design to operation phase. 
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Fig. 13. Comparison between simulated and measured net primary energy consumption (Step 5). 

Fig. 14. Comparison between simulated and measured net primary energy consumption (Step 6). 

Fig. 15. Overall net primary energy results and related devi- 
ations. 

First, the adoption of generic weather data, based on historical acqui- 
sition, can lead to significant errors and different energy distribution be- 
tween heating and cooling. As well known, in fact, outdoor temperature 
is constantly increasing over years, therefore, the real consumption of 
buildings is progressively shifting from heating to cooling. Furthermore, 
the weather data are generally acquired from rural or decentralised ar- 
eas, far from urban centres where building are mainly located. Thus, 
also specific microclimates can significantly affect estimates and expec- 
tations. In such respect, a more up-to-date and specific set of weather 
data should be developed and taken as standard at national and local 
level, so that it can be used more consistently with respect to real cases. 

Second, the actual properties of the building material and compo- 
nents even can be quite different from the one shown in technical data 
sheet or derived by standard calculations. In this respect, operational 
performance should be clearly guaranteed by legal certifications, be- 
haviour in real conditions (e.g. under the action of weathering effects); 
and standardized guidelines for proper installation, use and mainte- 
nance should be provided. 

In addition, it is confirmed that the role of users is becoming increas- 
ingly important as the overall energy performance improves. Provided 
that individual variability and needs are respected, building operating 
conditions, if possible, should be more clearly defined since the design 
stage and checked for regulatory compliance. Energy-waste or inappro- 
priate user behaviour should also be discouraged or sanctioned (e.g. 
with specific repercussions on bills). 

Furthermore, the importance of the actual performance of technical 
systems under real conditions is stressed, since the related calculation 
and forecasting errors can severely distort the expected results. Products 
should be placed on the market with data sheets containing not only 
standard reference values, but also contextualised ones with respect to 
possible actual applications. 

Last but not least, the study of non-technical measures to bridge 
the performance gap of buildings should not be neglected. Encouraging 
communication and collaboration among building professionals and a 
better management of the whole building process can go a long way in 
reducing execution errors and related underperformance. 
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It can be concluded that, besides ensuring the correctness of design, 
construction and operating procedures, the various stakeholders (deci- 
sion makers, manufacturers, designers, builders, end users etc.) should 
contribute to the creation of a reliable and detailed reference and reg- 
ulatory framework, able to reduce the gap between expectations and 
actual results related to buildings’ energy efficiency. 

Since the urgent need to transform, as soon as possible, the build- 
ing sector from an energy-intensive to a highly efficient and sustainable 
system, it does not seem audacious to push for the implementation of 
concrete legislative actions that guarantee the above. 
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a b s t r a c t 

Solar lighting technologies can lead sunlight into indoor actively, which has been proved that has great potential 

to reduce electric lighting consumption and create a healthy visual environment. In this paper, a mathematics 

model was developed to explore performance characteristics and economic applicability of solar lighting/heating 

system that combine ordinary solar lighting system with nanofluids to spectroscopically utilize sunlight. The 

results show that the luminous efficiency of output visible light can reach at 242 lm/W, which is 1.62–2.42 times 

higher than that of current LED light. Moreover, it can be found that the energy-saving capacity of this system is 

remarkable when used in most areas of China. As for Harbin, its annual total solar radiation ranges 4190 MJ/m 

2 

to 5020 MJ/m 

2 , the system’s annual output energy (per square meter of collection area) is 188.15 kW 

•h for 

daylighting and 248.2 kW 

•h for domestic hot water. Besides, the integrated using of infrared radiation can 

improve the economy of solar lighting technologies by calculating the comprehensive price of unit output energy. 

1. Introduction 

With rapid development of urbanization in the world, improving the 

building energy efficiency and creating healthy building environment is 

both vital things for the sustainable development [1,2] . Building energy 

consumption of China occupies about 30% to 40% of the total energy 

consumption, among which electric lighting consumption covers about 

12% [3] . In America, over 4 quart energy was used to provide artificial 

lighting for buildings each year, the cost of which is about 40 billion 

U.S. dollars [4] . 

Furthermore, human has to stay in buildings for over 90% of whole 

life. As an essential part of building environment, visual environment 

can directly affect resident’s physical and mental health as well as the 

work efficiency. Nowadays, the myopia rate of teenagers is as higher 

than 20% [5] , many researchers believe it has strong relation with the 

bad visual environment. One of the main reasons is the light emitted by 

contemporary artificial light source always focuses on some intermittent 

wave band [6] . As for natural sunlight which spectrum is relatively con- 

tinuous and accord with human visual comfort requirements, so it can 

relieve visual fatigue, relax the mood of indoor staff and avoid negative 

emotions [7] . 

Besides, the luminous efficiency of sunlight is far higher than that 

of LED light and fluorescent lamp commonly used in buildings [8] , so 

it has the potential to reduce cooling energy consumption except from 

∗ Corresponding author. 

E-mail address: 18S134188@stu.hit.edu.cn (G. Lv). 

the lighting part. Thus, solar lighting technology has great application 

prospect and attracted various concerns in recent years [8,9] . 

At present, studies on solar lighting technology mainly focus on op- 

timal design of solar concentrator and transmission components, with 

the aim to improve system efficiency and maintain reliable operation 

[4,10] . In the design process, there are two problems remaining to be 

solved, which can affect the overall efficiency of the system largely. 

(1) The concentrated sunlight and the input end of the fiber should be 

guaranteed high-efficient stable coupling. The light shall enter into 

the input end of the fiber within a certain input angle so that it can 

be transmitted efficiently at total reflection within [11] . 

(2) The input end of the fiber must take good thermal protection 

method. For various reasons, the transmission component usually 

used in solar lighting system is PMMA fiber [12] , which has ex- 

tremely low efficiency of transmitting infrared solar radiation. In 

this instance, its input end face could fuse easily under high- 

magnification focus of sunlight if there are no protective measures 

[13,14] . 

To solve the problem of local overheating at the input end of fiber, 

many researchers have proposed some feasible solutions. Using filters 

to redirect solar radiation except the visible light into surrounding en- 

vironment is the most widely used method [15,16] , which usually be 

utilized with other measures, like add a section of glass fiber in front 
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Nomenclature 

𝐴 Cross-sectional Area, m 

2 

𝑐 Specific Heat Capacity, kJ/(kg ⋅K) 

𝐹 Focal length, mm 

ℎ Heat transfer coefficient, W/(m 

2 •K) 

𝐼 Radiation Intensity, W/m 

2 

𝑙 Length, mm 

𝑛 Refractive Index 

𝑞 Heat flux, W/m 

2 

𝑄 Quantity of Heat, W 

𝑟 Reflectivity 

𝑅 Thermal resistance, (K 

•m2/W) 

𝑇 Temperature, K
𝑉 Flow Rate, m 

3 /s 

𝛽 Porosity of fiber bundle 

𝜀 Emissivity 

𝜂 System Efficiency, % 

𝜃 Angle 

𝜅 Thermal conductivity, W/(m 

•K) 

𝜆 Wavelength, nm 

𝜌 Density, kg/m 

3 

𝜎 Stephen-Boltzmann constant, W/(m 

2 •K 

4 ) 

𝜏 Transmissivity, % 

𝜙 Luminous Flux, lm 

Symbols 

𝑓 Optical fiber 

𝑓𝑟𝑒 Fresnel lens 

𝑖𝑛 Inlet 

𝑜𝑢𝑡 Outlet 

𝑠 Solar Radiation 

of PMMA fiber, adopt a conical secondary concentrator [17] and use 

homogenizing device [18] , etc. The above measures reduce the system 

efficiency more or less. More importantly, the infrared radiation energy 

(about 47% of the total solar radiation) is reflected into the air directly, 

which is a huge waste in utilizing solar energy. 

Recently, the spectral utilization of solar energy has been paid to 

increasingly attention [19] . Hong [20] taken a hybrid approach inte- 

grating photovoltaic generation and solar thermochemical reaction to 

realize the full-spectrum solar energy utilization. Kandilli [21] devel- 

oped a lighting-power generation combined system, which use a cold 

mirror to separate the full solar spectra into different wavelengths. 

With the rapid development of nanofluid technologies, it shows a 

great advantage in the solar utilization systems because of its spectral 

selectivity and excellent thermophysical properties [22,23] . Compare 

with spectroscope and coating, nanofluids are very suitable to be com- 

bined with solar lighting system. It can not only solve the problem of 

heat resistance of PMMA fiber bundle in solar lighting system, but also 

make full spectrum utilization of solar energy. This has been confirmed 

in previous Lv’s research [24] , he developed a solar lighting/heating sys- 

tem using the spectral-sensitive of nanofluids. This paper aim to analyze 

the detailed performance characteristics and quantitative energy-saving 

benefits of solar lighting/heating system. In chapter two the operational 

principle of the system was introduced briefly. Chapter three introduced 

the process of system modeling and it was verified by experimental data. 

Chapter four found a series of specific characteristic about this system 

based on this model. 

2. The description of solar lighting/heating system 

As shown in Fig. 1 , the solar lighting/heating system uses a Fresnel 

lens to gather solar radiation. And then the concentrated sunlight enters 

into the nanofluid container, in which solar energy is split into two parts 

by the characteristic of spectrum sensitive of nanofluids. Because this 

system use ATO/graphite nanofluids [25] (high transmittance in visible 

part, high absorption in UV and IR part) as the circulating medium, the 

visible light pass though the container and is transferred to indoor via 

optial fiber for lighting, the UV and IR parts is converted to thermal 

energy by the spectral absorptive capacity of nanofluids. 

Fig. 2 shows the real pictures of nanofluid container, it is designed 

to be a hollow lens with conical top (HLTC). The design of cone top 

can convergent the concentrated solar radiation again, and the coupling 

between optical fiber bundle and concentrate light can be strengthened. 

In addition, when the system is operating, the fiber bundle is placed 

under the HLTC, which is a helpful method for the thermal protection 

of fiber bundle. 

3. System modelling 

Fig. 3 shows the process of model development. The AM 1.5 standard 

solar spectrum is taken as the input spectrum. Then, the spectral separa- 

tion element (nanofluid and its container), light transmission and heat 

absorption part is modeled respectively to explore the detailed char- 

acteristics of this system. With the rapid development of solar energy 

spectral utilization technology [19] , the concept of fine utilization of 

solar energy spectrum has been well used in PV/T system [26,27] , pho- 

tovolatile/daylighting system [28] , photovolatile/solar thermal fuel sys- 

tem [20] , etc. Therefore, the modeling process is not only suitable for 

this system, but also can provide ideas for all kinds of system modeling 

that using separately solar energy according to spectrum. 

3.1. Nanofluid absorption 

In the process of sunlight propagating in nanofluids, its intensity 

will be weakened due to the absorption of nanofluids. Transmissivity 

𝜏is generally used to express the attenuation of incident solar radiation. 

According to Lambert Beer law, the transmissivity 𝜏of nanofluids can be 

defined by Eq. 1 [22] , 

𝜏( 𝜆) = 

𝐼 𝜏

𝐼 0 
= 𝑒 − 𝐾𝑒 ( 𝜆) ⋅𝑙 (1) 

Where, 𝐼 𝜏 is transmitted solar radiation intensity (W/m 

2 ), 𝐼 0 is incident 

solar radiation intensity (W/m 

2 ), 𝐾𝑒 is extinction coefficient (mm 

− 1 ), 𝑙is 

optical distance (mm). 

As shown in Fig. 4 , the optical distance with various included angle 

𝑙( 𝜃𝑖 ) in HLTC can be calculated by Eq. 2 to Eq. 4 , 

𝜃𝑖 = arctan 
( 

𝑑 𝑖 

F 𝑓 

) 

(2) 

F 𝑓𝑟𝑒 − 𝑙 𝐻 

sin 
(
𝜃𝛼 − 𝜃𝑖 

) = 

𝑑 𝑖 

𝑠𝑖𝑛 𝜃𝑖 
(3) 

𝑙 
(
𝜃𝑖 
)
= 𝑙 ∗ + 𝑑 𝑖 sin 

(
𝜋

2 
− 𝜃𝑖 

)
(4) 

where, 𝜃𝛼 is cone angle of HLTC ( o ), F 𝑓𝑟𝑒 is focal length of Fresnel lens 

(mm), 𝑑 𝑖 is distance between a point of Fresnel lens and its center (mm), 

𝑙 ∗ is distance from the top surface to the bottom surface of HLTC (mm), 

𝑙 𝐻 is the distance from the center of Fresnel lens to the center of HLTC 

upper surface (mm). 

Then, the average optical path of the converging solar radiation can 

be calculated by Eq. 5 , 

𝑙 = 

∫
𝜃𝑚𝑎𝑥 
0 𝑙 

(
𝜃𝑖 
)
𝑑 𝜃𝑖 

𝜃𝑚𝑎𝑥 
(5) 

where, 𝜃𝑚𝑎𝑥 is the maximum incident angle of converging solar radiation 

( o ). 
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Fig. 1. Schematic diagram of solar lighting/heating system [24] . 

Fig. 2. Real pictures of HLTC 

Fig. 4. Schematic diagram of optical distance of solar radiation in HLTC 

3.2. Model of light transimission 

All the optical components in this system are non imaging optical 

components. The function of each part is to gather, divert and transmit 

solar radiation. The reflectivity of Fresnel lens 𝑟 𝑓𝑟𝑒 to solar radiation can 

Fig. 3. Flow chart of system modeling. 
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Fig. 5. AM1.5 solar standard spectrogram 

be calculated by Eq. 6 [11] , 

𝑟 𝑓𝑟𝑒 = 

( 

𝑛 𝑝 − 𝑛 𝑎𝑖𝑟 

𝑛 𝑝 + 𝑛 𝑎𝑖𝑟 

) 2 
(6) 

where, 𝑛 𝑝 is refractive index of Fresnel lens, 𝑛 𝑎𝑖𝑟 is refractive index of air. 

Then the total energy through the Fresnel lens 𝐼 𝑡𝑜𝑡 can be calculated 

by Eq. 7 , 

𝐼 𝑡𝑜𝑡 = 𝐼 𝑠 𝐴 𝑓𝑟𝑒 

(
1 − 𝑟 𝑓𝑟𝑒 

)
(7) 

where, 𝐼 𝑠 is direct solar radiation intensity (W/m 

2 ), 𝐴 𝑓𝑟𝑒 is cross sectional 

area of Fresnel lens (m 

2 ). 

The energy distribution of solar radiation converged by the Fresnel 

lens and transmitted into the HLTC can be calculated by Eq. 8 , 

𝐼 𝜏 ( 𝜆) = 

𝐼 𝑡𝑜𝑡 𝜏( 𝜆) 𝐼 0 ( 𝜆) 
∫ 1500 
0 𝐼 0 ( 𝜆) 𝑑𝜆

(8) 

where, 𝐼 𝑜 ( 𝜆) is AM1.5 standard solar spectral energy distribution (see in 

Fig. 5 ) (W/(m 

2 •nm)). 

In the same Eq. 6 , the reflectivity 𝑟 𝑓 at the input end of fiber bundle 

can be expressed by Eq. 9 , 

𝑟 𝑓 = 

( 

𝑛 𝑓 − 𝑛 𝑎𝑖𝑟 

𝑛 𝑓 + 𝑛 𝑎𝑖𝑟 

) 2 
(9) 

where, 𝑛 𝑓 is refractive index of fiber core. 

Furthermore, the transmission loss at the input end of fiber bundle 

can be determined, and the energy distribution enter into fiber bundle 

𝐼 𝑖𝑛 ( 𝜆) can be calculated, 

𝐼 𝑖𝑛 ( 𝜆) = 𝐼 𝜏 ( 𝜆) 
(
1 − 𝑟 𝑓 

)
𝛽 (10) 

where, 𝛽is porosity of fiber bundle. 

When the incident angle of light is larger than the critical angle de- 

termined by the refractive index of the inner core and outer interface of 

optical fiber, the light can be transmitted efficiently in fiber with total 

reflection. The relationship between the transmission loss and distance 

can be defined by Eq. 11 , 

𝐼 𝑜𝑢𝑡 ( 𝜆) = 𝐼 𝑖𝑛 ( 𝜆) × 10 − 𝑙 𝑓 𝑎 ( 𝜆) dB ∕10 (11) 

where, 𝐼 𝑜𝑢𝑡 ( 𝜆) is output energy distribution of optical fiber (W/nm), 

𝐼 𝑖𝑛 ( 𝜆) is input energy distribution of optical fiber (W/nm), 𝑎 ( 𝜆) is trans- 

mission loss of optical fiber in different wavelength (dB/km), 𝑙 𝑓 is optical 

fiber length (m). 

Based on the above calculation method, the light transmission effi- 

ciency of this system can be calculated by Eq. 12 , 

𝜂𝑣𝑖𝑠 = 

∫ 760 
380 𝐼 𝑜𝑢𝑡 ( 𝜆) 𝜙( 𝜆) 𝑑𝜆

∫ 760 
380 𝐼 𝑠 𝐴 𝑓𝑟𝑒 𝐼 0 ( 𝜆) 𝜙( 𝜆) 𝑑𝜆

× 100% (12) 

Fig. 6. Human visual sensitivity function 

where, 𝜙( 𝜆) is human visual sensitivity function (lm/(W ⋅nm)). The sensi- 

tivity of the human eye to visible light in different wavelength is differ- 

ent. The function describing the change trend was called the human vi- 

sual sensitivity function [29] . As shown in Fig. 6 , the only peak is located 

at the wavelength 555 nm. The luminous efficiency of the monochro- 

matic light source (yellow green) at 555 nm is 683 lm/W. 

3.3. Model of heat absorption 

According to the law of conservation of energy, the heat output 

by nanofluid is equal to the solar radiation energy absorbed by the 

nanofluid minus the heat loss of HLTC and the internal energy increased 

by the nanofluid in the lens at the same time (see in Fig. 7 ). Therefore, 

the heat transfer process of the system can be defined by Eq. 13 , 

𝑄 𝑜𝑢𝑡 = 𝐼 𝑡𝑜𝑡 ̄𝑎 − 𝑄 𝑙𝑜𝑠𝑠 − Δ𝑄 (13) 

where, 𝑄 𝑙𝑜𝑠𝑠 is heat loss from HLTC (W), 𝑄 𝑜𝑢𝑡 is system output heat (W), 

Δ𝑄 is increased energy of nanofluids in HLTC (W), �̄� is average absorp- 

tivity of nanofluids. 

The internal energy increment of nanofluid 𝑄 𝑠 in the HLTC in unit 

time can be defined by Eq. 14 , 

𝑄 𝑠 = 𝑐 𝑝 𝑚 0 
𝑑 𝑇 𝑓 

𝑑𝑡 
(14) 

where, 𝑐 𝑝 is specific heat capacity of nanofluids ( kJ ∕ kg ⋅ K), 𝑚 0 is mass 

of nanofluids in HLTC (kg), 𝑇 𝑓 is average temperature of nanofluids in 

HLTC (°C). 

As shown in Fig. 7 , heat loss consists of two parts: convection and 

radiation heat dissipation. It can be expressed by Eq. 15 and 16 , 

𝑞 𝑙𝑜𝑠𝑠 = 𝑈 
(
𝑇 𝑤 − 𝑇 𝑎 

)
(15) 

𝑈 = ℎ 𝑟 + ℎ 𝑐 (16) 

where, 𝑞 𝑙𝑜𝑠𝑠 is heat loss density of HLTC (W/m 

2 ), 𝑇 𝑤 is outer surface tem- 

perature of HLTC (K), 𝑇 𝑎 is environment temperature (K), 𝑈 is heat trans- 

fer coefficient (W/(m 

2 •K)), ℎ 𝑟 is radiation heat transfer (W/(m 

2 •K)), 

ℎ 𝐶 is convection heat transfer (W/(m 

2 •K)). 

The radiation heat transfer coefficient ℎ 𝑟 between the lens and the 

external environment is determined by the external surface emissivity 

and surface temperature. HLTC is surrounded by baffles, and the upper 

part is Fresnel lens. Thus, it can be assumed that the temperature of its 

radiation heat exchange surface equal to the environment temperature. 
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Fig. 7. Heat transfer diagram of HLTC 

Then ℎ 𝑟 can be defined by Eq. 17 [30] , 

ℎ 𝑟 = 𝜀 𝑤 𝜎
𝑇 4 𝑤 − 𝑇 4 𝑎 
𝑇 𝑤 − 𝑇 𝑎 

(17) 

where, 𝜀 𝑤 is outer surface emissivity of HLTC, 𝜎is Stephen-Boltzmann 

constant (W/(m 

2 •K 

4 )). 

Many researchers in the field of solar energy utilization technology 

have obtained the correlation of convective heat transfer through rele- 

vant experiments. Generally, for the sake of simplified calculation, the 

convective heat transfer coefficient can be written as a linear function 

as shown in Eq. 18 [31] , 

ℎ 𝑐 = a + b 𝑤 (18) 

where, a,b are constant, 𝑤 is wind speed (m/s). 

The outer surface temperature is hard to be obtained, which is deter- 

mined by the interaction between nanofluids and environment. Thus, it 

can be transformed into the boundary layer temperature distribution of 

nanofluids in the HLTC by Eq. 19 and 20 , 

(
𝑇 𝑓 − 𝑇 𝑔,𝑖𝑛 

)
𝑅 𝑐𝑜𝑛𝑣 

= 

(
𝑇 𝑔,𝑖𝑛 − 𝑇 𝑤 

)
𝑅 𝑐𝑜𝑛𝑑 

(19) 

1 
𝑅 𝑐𝑜𝑛𝑑 

= { 

𝜅𝑔 

𝛿𝑔 
𝑔𝑙𝑎𝑠𝑠 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

1 
𝛿𝑔 
𝑘 𝑔 

+ 𝛿𝑐 
𝑘 𝑐 

+ 𝛿𝑚 
𝑘 𝑚 

𝑖𝑟𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (20) 

where, 𝑇 𝑔,𝑖𝑛 is inner surface temperature (K), 𝑅 𝑐𝑜𝑛𝑣 is convective heat 

transfer resistance of nanofluid and glass inner surface (K 

•m 

2 /W), 

𝑅 𝑐𝑜𝑛𝑑 thermal resistance from inner to outer surface of HLTC, 

𝛿𝑔,𝑐,𝑚 thickness of glass, insulating cotton and iron shell (m), 

𝑘 𝑔,𝑐,𝑚 thermal conductivity of glass, insulating cotton and iron W/(m 

•K). 

The focused solar radiation is the only heat source of this system. 

Therefore, nanofluid in the projection region of the cone will absorb the 

radiant heat in a short period of time, enhance its internal energy and 

temperature, and then mix with the surrounding nanofluid with lower 

temperature and flow out from the outlet. It can be seen that the tem- 

perature distribution of nanofluids in HLTC was not uniform. The heat 

transfer of nanofluids should be described by differential energy conser- 

vation Eq. 21 [32] , and then solved by numerical method to obtain the 

surface temperature distribution of nanofluids in HLTC. 

HLTC 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 

𝜌𝑐 𝑝 
𝐷𝑇 

𝐷𝑡 
= 𝑑 𝑖𝑣 ( 𝑘𝑔𝑟𝑎𝑑 𝑇 ) − 𝑑 𝑖𝑣 ⃗𝑞 𝑅 

𝐷𝑇 

𝐷𝑡 
= 

[
𝜕 

𝜕𝑡 
+ 𝑢 

𝜕 

𝜕𝑥 
+ 𝑣 

𝜕 

𝜕𝑦 
+ 𝑤 

𝜕 

𝜕𝑧 

]
𝑇 

𝑔𝑟𝑎𝑑𝑇 = 

[
𝜕 

𝜕𝑥 
�⃗� + 

𝜕 

𝜕𝑦 
𝑗 + 

𝜕 

𝜕𝑧 
�⃗� 
]
𝑇 

𝑑𝑖𝑣 ⃗𝑞 𝑠 = 

[
𝜕 

𝜕𝑥 
�⃗� + 

𝜕 

𝜕𝑦 
𝑗 + 

𝜕 

𝜕𝑧 
�⃗� 
]
⋅ 𝑞 𝑠 = ∇ ⋅ 𝑞 𝑠 

(21) 

Among them, 𝑑 𝑖𝑣 ( 𝑘𝑔𝑟𝑎𝑑 𝑇 ) is the net outflow heat of fluid micro ele- 

ment due to heat conduction, 𝑑𝑖𝑣 ⃗𝑞 𝑠 is the net inflow heat of fluid micro 

element due to radiation heat exchange. 

After the surface temperature distribution of nanofluids was ob- 

tained, the heat loss of each micro element area on the outer surface 

𝑞 𝑙𝑜𝑠𝑠 can be obtained, sum it and get the total heat loss 𝑄 𝑙𝑜𝑠𝑠 . Then the 

heat absorption efficiency of the system can be calculated by Eq. 22 . 

𝜂h = 

𝐺 𝐴 𝑙𝑒𝑛𝑠 ̄𝑎 
(
1 − 𝑅 𝑓𝑟𝑒 

)
− 𝑄 𝑙𝑜𝑠𝑠 

𝐺 𝐴 𝑙𝑒𝑛𝑠 

× 100% (22) 

3.4. Model validation 

By analyzing the mathematical model of solar lighting/heating sys- 

tem established in this paper, it can be seen that the light transmission 

efficiency was only related to the internal design parameters of this sys- 

tem. The heat absorption efficiency was not only related to the design 

parameters, but also affected by external factors such as direct solar ra- 

diation intensity, outdoor environment temperature, nanofluid flow and 

so on. Based on the four sets of experimental test data collected by our 

research team, using MATLAB software to calculate the system’s heat 

absorption efficiency with the steps of 90 s. As shown in Fig. 8 , the cal- 

culation results are basically consistent with the experimental values. 

Therefore, the results based on the model can provide a strong basis 

to explore the effect of internal design parameters and external meteo- 

rological conditions on system performance ( Tables 1 and 2 shows the 

specific test conditions and device parameters [24] ). 

4. Results and discussions 

4.1. Spectral characteristics of output light 

The spectral characteristics of visible light under Case 1 were calcu- 

lated based on the light transmission model introduced in Section 3.2 . 

The calculation parameters required by the model are all actual parame- 

ters of experimental system. Fig. 9 shows the actual transmission loss of 

PMMA optical fiber adopted by this system (the data comes from man- 

ufacturers of optical fiber). The average transmission loss of the fiber 
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Table 1 

Test condition with variable of flow and concentration [24] . 

Parameter Case 1 Case 2 Case 3 Case 4 

Flow rate (L/h) 100 50 100 50 

Volume concentration 

of nanofluid (%) 

ATO 

Graphite 

0.025 

0.0001 

0.025 

0.0001 

0.05 

0.0001 

0.05 

0.0001 

Fig. 8. Compared with the calculated and experimental results of heat absorp- 

tion efficiency 

Table 2 

Properties of system components [24] 

Component Property Value 

Fresnel lens Cross-sectional area 

Focal length 

Material 

500 mm × 500 mm 

600 mm 

PMMA(n = 1.49) 

Hollow lens Dimension Cone angle 45 o 

Cone diameter 30 mm 

Bottom diameter 120 mm 

Material Quartz glass(n = 1.50) 

Optical fiber Cross-sectional area Single diameter 2 mm 

Bundle diameter 30 mm 

Length 

Transmission loss 

10 m 

200 dB/km 

in visible light band is about 200 dB/km and the transmission loss of 

465 nm–610 nm bands that is sensitive to human vision is relatively low 

than other parts, so the luminous efficiency of the output light could be 

guaranteed. 

Fig. 10 (a) shows the spectral characteristics of the visible light band 

of natural light, and Fig. 10 (b) shows the calculation results of the output 

visible light. It can be seen by comparing these two figures that the 

system can retain better the integrity of the spectrum without cut-off

spectrum loss in process of transmitted natural light. 

Fig. 10 (c) shows the spectrum distribution of LED light recorded in 

literatures [6] , from which it can be seen that as the most common light- 

ing device in contemporary building, the output spectrum of LED was 

focused in certain intermittent waveband, which could cause visual in- 

adaptability, visual fatigue and other negative effects to habitants and 

workers who stay long time in such light environment [33,34] . 

Fig. 9. Transmission loss of system using optical fiber 

Fig. 10. Spectral characteristics of visible band 

In addition, the output spectrum of LED is concentrated in the blue 

light band with low human visual sensitivity, so its luminous efficiency 

is normally 100–150 lm/W [34] . Combining the human visual sensitiv- 

ity function with the output light spectrum, it can be obtained that the 

luminous efficiency of the output visible light is 242 lm/W, which is 

1.61–2.42 times of that of LED lights. 
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Fig. 11. The relationship between heat absorption efficiency and outdoor en- 

vironment temperature 

4.2. Effect of parameters on the heat absorption 

Although Lv [24] has investigated the system’s justification by ex- 

periment. However, the heat absorption of this system is influenced by 

many internal and external parameters, so this section utilize the estab- 

lished model to study the detailed heat absorption rule of solar light- 

ing/heating system. 

4.2.1. Effect of outdoor environment temperature 

To study the specific influences of outdoor temperature on heat 

absorption efficiency, the efficiency within the temperature -30°C to 

40°C (computing interval is 1°C) is calculated with stable computation 

method based on the established model. The substituted value of solar 

radiation intensity is 1000 W/m2. The inlet temperature of the nanofluid 

is 50°C. The other parameters, such as nanofluid flow, and volume con- 

centration remain the same as the experimental condition (see Table 1 ). 

Fig. 11 shows the calculation results. With the decrease of outdoor 

temperature, the heat absorption efficiency of the system decreases ob- 

viously. When the outdoor temperature drops from 40°C to -30°C, Case 

1 to 4 drop 6.32%, 5.36%, 6.46% and 9.41%, respectively. Compared 

with Case 2 and 4, the relative values of heat absorption in Case 1 and 

3 drop significantly, indicating that the system has good capacity to 

resist external low-temperature environment in high flow rate. The rea- 

son could be that at high flow rate, circulating nanofluid can transport 

away the absorbed solar energy timely, which can reduce the heat loss 

of nanofluid container to external environment. 

4.2.2. Effect of flow rate 

Circular flow rate of nanofluid is one of the major parameters af- 

fecting the heat absorption efficiency of the system. To determine the 

relations between flow rate and the system performance, the same re- 

search method as Section 4.2.1 is adopted. As shown in Fig. 12 , the 

tendency of heat absorption efficiency is increasing with the increase of 

the flow rate, but when it increases to the scope of 40 L/h–55 L/h, the 

rising rate was slowed down significantly. 

The inflection point flow of high-concentration 

(0.05/0.0001%ATO/graphite) nanofluid is larger than that of low- 

concentration (0.025/0.0001%ATO/graphite), resulting in the differ- 

ence between the two concentrations keeping increasing as the flow rate 

increases. Only when the flow rate is larger than 90 L/h, the difference 

becomes stable, and then the effect of the spectral characteristics of 

the nanofluid on the heat absorption efficiency could be represented 

completely. Through the above analysis, for this system, when the 

circulation flow of the nanofluid is within the scope of 90 L/h and 

125 L/h, the revenue of the system operation is relatively good. 

Fig. 12. The relationship between the heat absorption efficiency and flow rate 

of nanofluids 

Fig. 13. The relationship between the heat absorption efficiency and direct so- 

lar radiation intensity 

4.2.3. Effect of direct solar radiation intensity 

The intensity of direct solar radiation directly determines the amount 

of the energy input into the system. Using the same method as in the first 

two sections study the regular pattern of the heat absorption efficiency 

changing with the direct solar radiation intensity. The outdoor tempera- 

ture was set as 25°C, and the inlet temperature of the nanofluid is 50°C. 

The calculation results are shown in Fig. 13 , from which it can be seen 

that the system heat absorption efficiencies under Case 1 to 4 increase 

sharply with the increase of the intensity of direct solar radiation, and 

the increase rate slows down when the radiation intensity is about 500 

W/m 

2 . The reason could be that when direct solar radiation rises, the 

energy enter into the system increases but heat loss of the system does 

not increase at equal ratio, resulting in rise of heat absorption efficiency 

of the system. 

In addition, the growth inflection points of high flow rate of Case 1 

and 3 appear earlier than in Case 2 and 4. It could be that the external 

surface temperature of the nanofluid rises quickly when the intensity of 

solar radiation is about 500 W/m 

2 , causing the increasing rate of heat 

loss from this system to rise sharply so that the rising rate of the heat 

absorption efficiency slows down significantly within this range of solar 

radiation intensity. It is calculated the heat absorption efficiencies un- 

der four working conditions are respectively 19.5%, 11.6%, 27.5% and 

16.5% when the intensity of solar radiation is 500 W/m 

2 , and when the 

solar radiation is 1000 W/m 

2 , the efficiencies are 24.4%, 18.5%, 35.9% 
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Table 3 

Sunshine hours and total annual radiation in China 

Region number 

Annual sunshine 

hours ( h ) 
Annual total solar 

radiation ( MJ ∕ 𝑚 2 ) Main area 

1 3200~3300 6700~8370 Northern Ningxia, Northern Gansu, Southern Xinjiang, Western Qinghai, Western Tibet 

2 3000~3200 5860~7960 Northwest Hebei, North Shanxi, Inner Mongolia, South Ningxia, Central Gansu, East 

Qinghai, Southeast Tibet, South Xinjiang 

3 2200~3000 5020~6700 Shandong, Henan, Southeastern Hebei, Southern Shanxi, Northern Xinjiang, Jilin, 

Liaoning, Yunnan, Northern Shaanxi, Southeastern Gansu, Southern Guangdong, etc. 

4 1400~2200 4190~5020 Shandong, Henan, Southeastern Hebei, Southern Shanxi, Northern Xinjiang, Jilin, 

Liaoning, Yunnan, Northern Shanxi, Southeastern Gansu, Southern Guangdong, etc. 

5 1000~1400 3350~4190 Sichuan, Guizhou 

Table 4 

Quarterly total energy output of each city 

Energy output ( kW ⋅ h ) Season 

City 

Tibet Zhangjiakou Jinan Harbin Chengdu 

Domestic hot water Spring 93.44 55.78 47.32 44.00 24.53 

Summer 128.57 108.31 93.37 89.83 56.91 

Autumn 116.43 101.04 70.94 80.50 56.30 

Winter 92.85 45.68 42.58 33.87 21.49 

Lighting Spring 65.65 42.15 37.14 34.49 22.99 

Summer 88.06 76.70 67.08 65.93 45.02 

Autumn 80.51 71.85 53.40 59.86 44.16 

Winter 64.68 35.54 33.88 27.87 20.89 

and 23.3%, when the solar radiation is 1500 W/m2, the efficiencies are 

26.0%, 21.6%, 38.8% and 25.8%, respectively. 

4.3. Annual energy output 

In this section, based on the operating parameters of Case 1, the to- 

tal annual energy output (per square meter) of the solar energy resource 

areas of five levels [35] (show in Table 3 ) in China is calculated to clar- 

ify the spatial distribution of the system’s production capacity. Based 

on the classification information and the geographical location of these 

cities, Tibet, Zhangjiakou, Jinan, Harbin and Chengdu which are repre- 

sentative that is selected from these five levels in turn to investigate the 

annual energy output of this system. The format of the meteorological 

data is CSWD(Chinese Standard Weather Data), which is loaded from 

‘Chinese Professional Database for Thermal Environment Analysis’. 

Fig. 14 shows the calculation results of the energy output. The peak 

energy output of each city appears in late spring and early autumn, 

among which the peak of domestic hot water production capacity in 

Lhasa and Chengdu exceeds 300 W. And the season with the lowest out- 

put energy in all cities is winter. By the way, the annual output energy 

is distributed uniformly in Lhasa, with the proportion between the total 

output energy in summer and winter being 1.38:1, while the distribution 

in Chengdu is the most uneven, with the proportion being 2.65:1. 

As shown in Table 4 , the total annual lighting output of each city is 

69.3–83.5% of the total annual heat output (among which the lighting 

output, converted according to the proportion between the luminous 

efficiency of the visible light output by the system and that of current 

LED light). In Harbin, the annual total lighting output is 188.15 kW ⋅ h , 
and the total domestic hot water energy is 248.2 kW ⋅ h . From Re- 

search Report on Annual Development of Building Energy Conserva- 

tion in China 2018, the annual lighting and domestic hot water con- 

sumption unit area of urban residential buildings are 11.54 kW ⋅ h and 

10.23 kW ⋅ h respectively, indicating that when the system is used in 

Harbin, the per square meter collection area nominally could cover 

lighting consumption of 16.30 m 

2 and domestic hot water consump- 

tion of 24.26 m 

2 . It deserves to mention that Harbin is just a city in 

the fourth grade of solar energy resources. If the system is used in re- 

gions of enrichment level 1–3 which occupy 2/3 areas of China, greater 

energy-saving benefits can be achieved. 

Table 5 

Quarterly total energy output of each city 

Component Price (CNY) Component Price (CNY) 

Fresnel Lens 1300 (1m 

2 ) Water pump 300 

HLTC 650 Pipes and insulation materials 500 

Optical fiber 440 Sun tracking system and support 2580 

Total (CNY) 5220 

4.4. Economic evaluation 

The system’s performance characteristic has been investigated in 

Section 4.1 to 4.3 . This section uses comprehensive energy pricing 

method to explore the improvement effect on economy. Comprehensive 

energy price is a parameter that can comprehensively reflect the cost of 

unit energy, which takes the initial investment into consideration. The 

principle is to discount the capital invested in different periods into the 

present value in the year of the initial cost for convenience of rational 

economical comparison of the technologies at the same value ( Eq. 23 ). 

𝑀 = 

[ 

𝑀 0 + 

𝑛 ∑
𝑡 =1 
𝑍 𝑡 ∕ ( 1 + 𝑖 ) 𝑡 

] 

∕ 
𝑛 ∑
𝑡 =1 
𝐸 𝑡 (23) 

Among them, 𝑀is present value of comprehensive energy price 

(yuan/( kW ⋅ h )), 𝑀 0 is initial total investment (yuan/( kW ⋅ h )), 𝑛 is effec- 

tive service life, 𝑖 is annual interest rate of bank deposit (%), 𝑍 𝑡 is main- 

tenance and operation cost (yuan), 𝐸 𝑡 is total energy output ( kW ⋅ h ). 
In calculating the comprehensive price, 𝐸 𝑡 can be regarded as a con- 

stant value, which equals to the total annual output energy of the system 

as shown in Table 4 . The initial investment of the system and the prices 

of the components are shown in Table 5 . The operating cost 𝑍 𝑡 in future 

years can be taken as 3% of the initial investment of the system. By sur- 

veying the solar lighting system and solar water heater in the market, 

the valid service life of the proposed system can be set as 15 years. In 

addition, the influences of inflation on the annual interest rate of the 

bank are ignored which is 2.25%, and the annual interest rate refer to 

the exchange rate policy issued by People’s Bank of China. 

By substituting the above data into Eq. 23 , comprehensive energy 

price of the system can be obtained. To clarify the contribution of re- 
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Fig. 14. The system is used for the annual energy output of each city 

Table 6 

System comprehensive energy price and city electricity price 

Price (yuan/( kW ⋅ h )) 
City 

Lhasa Zhangjiakou Jinan Harbin Chengdu 

Comprehensive price 0.3430 0.4664 0.5620 0.5740 0.8570 

Comprehensive price 

(only lighting) 

0.8380 1.1071 1.3081 1.3313 1.8826 

Electricity price 0.5400 0.5680 0.5469 0.5100 0.5224 

covering infrared heat to elevation of the economic efficiency of the 

system, the comprehensive energy price when the system has only the 

output end of lighting energy can be calculated after excluding the ex- 

penses of nanofluid container, pumps, pipelines and thermal insulation 

materials in initial investment. As shown in Table 6 , when the system 

is equipped with extra devices to recover the infrared energy of solar 

radiation, the comprehensive energy price is significantly reduced by 

44%–50% than when only the lighting (filtered infrared energy) is pro- 

vided, which has proved firmly that recovery of infrared energy can 

improve the economical efficiency of solar lighting technologies. 

In addition, by comparing the comprehensive energy price and local 

electricity price when the proposed system is used in five cities, it can be 

found that the energy prices in Lhasa and Zhangjiakou, which represent 

level 1 and level 2 cities of solar energy enrichment, are respectively 

36.48% and 17.89% lower than local electricity price, indicating that 

the proposed system has excellent spillover value when used in these 

two regions. The energy prices in Jinan and Harbin are close to local 

electricity price, indicating that the system can also generate good eco- 

nomic benefits when used locally. When the system is used in Chengdu, 

which is in level 5 region of solar energy resources in China, its com- 

prehensive energy price is 0.8570 yuan/( kW ⋅ h ), 0.3344 yuan/( kW ⋅ h ) 
higher than local electricity price. Considering that the system can pro- 

vide healthy and natural illumination, it has good potential in some 

special places, such as office rooms and schools. Above all, the solar 

lighting/heating system has extensive application prospect and good 

economical efficiency. 

5. Conclusions 

In this paper, a mathematics model was developed to investigate the 

solar lighting/heating system in detail, and the model was verified by 

the four case of experimental data. Then the performance characteristics 

analysis and economic evaluation were conducted. The main results are 

concluded as follows: 

• The spectrum of the visible light output by solar lighting/heating 

system has been explored, which is much more close to the spectral 

distribution of natural light compared with the contemporary LED 

light. In addition, its luminous efficiency could reach at 242 lm/W. 
• The effect of parameters on system efficiency was explored and the 

annual capacity of this system is quantified. As for Harbin, its an- 

nual output of lighting energy is 188.15 kW 

•h, and the domestic hot 

water energy is 248.2 kW 

•h (per square meter of collection area). 
• The economic evaluation was examined by the method of compre- 

hensive energy price. Adding additional devices to recover the in- 

frared energy can reduce the comprehensive energy price by 44%–

50%. 

In the future, the approaches to separately utilize solar energy with 

different bands will be promoted increasingly. As for solar lighting tech- 

nologies, it is a good choice to integrate with other systems to achieve 

the improvement of technical applicability though full spectral utiliza- 

tion. 
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a b s t r a c t 

The role of Photovoltaic technologies integrated or attached to the building envelope is crucial in managing the 

building energy demand. In this paper, the performance of PV technologies with the mounting methods of Build- 

ing integrated and Free-standing (Building attached) is discussed for six different climate zone of the country. 

A PVGIS program proposed with three PV cell technologies (Crystalline Silicon, Copper indium diselenide, Cad- 

mium Telluride) is used to evaluate monthly energy generation potential and losses of the 2 kW p grid-connected 

PV system at the latitude and 90°. A 2 kW p PV system is chosen for Economic Weaker Section (EWS) housing 

schemes depending upon the roof area. From the evaluation, the performance parameter has been estimated. A 

new parameter Energy Deviation (ED), is proposed to choose the best PV technology in terms of performance. 

The results of ED agree with the parameters Performance Ratio (PR) and Capacity Factor (CF) defined under the 

IEC Standard 61724. The potential generation of PV technologies at 90° varies from 41% (Warm and Humid) to 

64% (Cold and Sunny) when compared with the latitude. In case of Cold and Sunny and Cold and Cloudy at 90°, 

the generation performance of Copper indium diselenide is found better in Building integrated and Free-standing 

mounting methods, respectively. For the remaining zones, Cadmium Telluride technology shows better results. 

The Percentage loss in the system is found to be minimum in the case of Cold and Sunny, varies between 17% 

and 25%, and maximum is found for Warm and Humid and varies between 23.2% and 33.4% for the proposed 

PV technologies. The grid feed-in energy from these EWS houses for all the technologies and climatic zones is 

found above 45%. It is seen that the combined energy generation from the envelopes (Roof, walls, and facades) 

makes the houses energy plus in nature. The study has important implications for the government to promote 

the building integrated Photovoltaic policies in the country. 

1. Introduction 

In recent years the world has experienced the potential of renewable 

technologies. Most technologies fulfill the demand in electrical form by 

increasing the energy generation mix [1] . Countries are focusing more 

on sinking Green House Gas (GHG) emissions by reducing the fossil fuel- 

based electricity generation and shifting toward generation from renew- 

able technology, contributing to sustainable energy generation [2] . The 

global renewable generation capacity was amounted to 2472 GW by the 

end of 2018. The pie chart in Fig. 1 discusses the capacity of the various 

technologies in terms of percentage. Hydro, with an installed capacity 

of 1293 GW, has the maximum contribution, while wind and solar have 

a share of 564 GW and 486 GW, respectively. Other renewable tech- 

nologies included 115 GW of bioenergy, 13 GW of geothermal energy, 

and 500 MW of marine energy (tide, wave, and ocean energy) [3] . 

The dominance of the Asian countries was highest in this global 

expansion with a contribution of 70%. Along with China, Japan, and 

∗ Corresponding author. 

E-mail address: digvijaysingh019@gmail.com (D. Singh). 

the Republic of Korea, India played a substantial role in achieving this 

growth in global expansion [4] . 

With the availability of a high amount of solar radiation, India has a 

vast potential to become a global leader in the solar energy sector. Be- 

cause of this, the government launched the Jawaharlal Nehru National 

Solar Mission (JNNSM) on 11th January 2010. Under the mission, the 

intended target was 20 GW by 2022, later revised to 100 GW, which to 

be achieved by rooftop and other solar projects. The Additional 75 GW 

is added in the target to be fulfilled from wind biomass and small hydro 

projects [5] . As of 2020, Grid-connected renewable energy technolo- 

gies total installed capacity is 86.32 GW as given by the pie-chart in 

Fig. 2 [6] . 

India has experienced rapid growth in electricity generation through 

solar power with an average generation of 64% per year in the last few 

years [7] . Despite this steady growth, it is also facing several challenges: 

less land area availability, high initial investment, and Transmission and 

Distribution (T&D) losses. The government has introduced various poli- 

cies such as Grid Connected Rooftop and Small Solar Power Plant Pro- 
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Nomenclature 

Abbreviation 

GHG Green House Gas 

JNNSM Jawaharlal Nehru National Solar Mission 

SRISTI Sustainable Rooftop Implementation for Solar Transfig- 

uration of India 

PVGIS Photovoltaic Geographical Information System 

EWS Economic Weaker Section 

BIPV Building Integrated Photovoltaics 

BoS Balance of System 

AC Alternating Current 

DC Direct Current 

DG Distributed Generator 

I Irradiance 

STC Standard test condition 

PR Performance Ratio 

CF Capacity Factor 

ED Energy Deviation 

PMAY-U Pradhan Mantri Aawas Yojana-Urban 

PMAY-G Pradhan Mantri Aawas Yojana-Gramin 

kW p kilowatt peak 

kWh kilowatt hour 

MW megawatt 

GW gigawatt 

Symbols 

c-Si Crystalline Silicon 

CIS Copper Indium Diselenide 

CdTe Cadmium Telluride 

GaAs Gallium Arsenide 

CdS Cadmium Sulphide 

H t Total in-plane solar insolation 

E Energy Yield 

Y f Final Yield 

Y r Reference Yield 

P r Rated power of the installed PV array 

E G Energy generation 

E Gm 

Mean energy generation 

eV electron-volt 

ɸ Latitude 

gram and SRISTI (Sustainable Rooftop Implementation for Solar Trans- 

figuration of India) covering all the sectors (Industrial to Residential) 

to overcome the challenges [8] . These policies decrease the country’s 

energy demand gap, but some parts still have a high energy demand 

gap. At present, it is required for rooftop technology to increase its ca- 

pacity to achieve the targeted demand of 100 GW by 2022. Apart from 

the rooftop, the building envelopes can also play a substantial role in 

achieving the target when connected both in grid and off-grid manner. 

Several authors have studied the Building integrated or attached PV 

system in off-grid and on-grid mode using simulation software in recent 

years. Kumar [9] studied the performance of 7 kW CdTe technology 

installed at 60 m 

2 pitched roof under the tropical weather condition us- 

ing PVGIS software. The performance ratio, and energy losses found at 

seven pitched angles (15°, 18°, 22°, 30°, 35°, 40°, 45°) is in the range 

of 74.92–76.37% and − 23.63% to − 25.08%. For the same tropical cli- 

mate Kumar et al. [10] simulated the three technology, namely c-Si, 

CIS, and CdTe, with a rated capacity of 32.7 kW p , found the CdTe tech- 

nology performs better. Thotakura et al. [11] studied a 1 MW p grid 

connected PV system installed at the rooftop of an educational institute 

in the tropical wet and dry climate of India. The energy supplied to the 

grid from the system is 1325.42 MWh annually. Which was validated in 

various software like, PVWatts, PVGIS, PVSyst. From the comparative 

study, it was observed that the yearly average Mean Bias Error (MBE) 

Fig. 1. Global renewable generation capacity at the end of 2018. 

Fig. 2. Total installed capacity of grid connected renewable energy sources in 

India as on 31-01-2020. 

varies as 5.33% (PVGIS), 12.33% (PVWatts), and 30.64% (PVSyst) [12] . 

In another research, the results of freely available simulation tools like 

PVGIS, RET Screen, and PVWatts are almost close to practical results. 

Dondariya et al. [13] found licensed simulation software PV 

∗ SOL, a reli- 

able software tool for the simulation of grid connected PV systems. The 

performance ratio obtained by PVSOL is found higher than SOLARGIS 

software. Kumar et al. [14] simulated a 5 kW p monocrystalline silicon 

(mono c-Si) in PVWatts software to analyze the yield by open rack and 

roof mounted PV system. It was observed that the open rack mono c-Si 

module performed better than the roof mounted due to lesser air circu- 

lation than roof mount configuration. 

In this paper, the author tries to investigate the potential and per- 

formance of PV technologies in free-standing (attached) and integrated 

with building envelopes vertically using Photovoltaic Geographical In- 

formation System (PVGIS) Program [15] . The objective is to study the 

potential of energy yields and performance parameters for six different 

climatic zones of India. A 2 kW p system has been adopted for the simu- 

lation purpose considering the Economic Weaker Section (EWS) houses 

developed by the government in rural and urban areas. As per the re- 

port [ 16 , 17 ], around 37.7 lakhs EWS houses under the Pradhan Mantri 

Aawas Yojana-Urban (PMAY-U) scheme and 1.16 Crores houses under 

Pradhan Mantri Aawas Yojana-Gramin (PMAY-G) are identified. The av- 

erage roof area of EWS houses is around 25–30 m 

2 , by considering 80% 
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of the roof area to be available for installation of PV approximately a 

2 kW p rated system. Also, in case of wall, a south wall with an average 

area of 20 m 

2 is available which can be covered up with a 2 kW p rated 

system approximately. Which implies a total of 4 kW p rated system can 

be mounted on these EWS houses. 

The generation potential of the vertical PV system is obtained by 

comparing it with generation at the latitude. An appropriate PV tech- 

nology (Crystalline Silicon, CIS, CdTe) is identified with the help of per- 

formance parameters. Further, the impact of integrating 2 kW p of solar 

Photovoltaic in the grid has also been estimated. The paper estimates 

the potential and performance of grid connected BIPV and Free-Standing 

systems for the different climatic zones of the country. It is observed that 

the building envelops can also play a substantial role in making EWS 

houses energy plus in nature by meeting the energy demand for self- 

consumption and supplying the surplus energy generated to the grid. 

The findings and results of this paper will be helpful to the stakehold- 

ers and policy makers for making amendments in the Central and State 

Governmental policies and existing subsidy schemes or in drafting a new 

policy particularly for BIPV systems for the country. Furthermore, a new 

parameter ‘Energy Deviation’ (ED) is introduced for performance com- 

parison of different type of PV technology. 

The paper is structured in four sections. In Section 1.1 , a comparative 

study between different technologies of solar Photovoltaic in technical 

and economic vision and current practice of mounting method of PV 

technologies is given. In Section 2 , the benefits and limitations of the 

PVGIS tool, Climatic zones and the cities/location chosen for the study, 

and performance evaluation parameters like Performance Ratio (PR), 

Capacity factor (CF) along with the newly introduced parameter ‘En- 

ergy Deviation’ (ED) are discussed. From Sections 3.1 to 3.3 , the results 

of Performance evaluation parameters like Performance Ratio (PR), Ca- 

pacity Factor (CF) and Energy Deviation (ED) are discussed. Further, 

a comparison of performance parameters for a particular location is 

shown and Energy feed into the grid and energy consumption covered 

by PV is also discussed in Sections 3.4 and 3.5 , respectively. Finally, the 

paper is concluded in Section 4 . 

1.1. An overview of Photovoltaic technologies and mounting methods 

Photovoltaics is solid-state drives that convert sunlight into electric- 

ity having simple construction with little to no maintenance, no mov- 

able parts, without any polluting products, and no significant depletion 

of material resources. Only 14.4% of sunshine reaches successfully on 

land after filtering from the earth’s atmosphere, where it can be col- 

lected and utilized as per requirement using technologies [18] . 

1.1.1. Comparative study between different technologies of solar 

Photovoltaic in technical and economic vision 

In 1839 a French physicist Alexandre Edmond Becquerel, reported 

the photovoltaic effect on which Solar cells depend. He observed a light- 

dependent voltage between electrodes immersed in an electrolyte [19] . 

The first silicon solar cell was reported in 1941 and had less than 1% en- 

ergy conversion efficiency [20] . Sunlight is composed of photons pack- 

ets when photons strike a solar cell photovoltage is generated across the 

solar cell which drives current in a load connected between the cell ter- 

minals and therefore delivers power. Photovoltaic semiconductor ma- 

terials include Silicon, Copper indium diselenide (CIS), Cadmium Tel- 

luride (CdTe), Gallium arsenide (GaAs), and Cadmium sulphide (CdS) 

[21] . 

i Crystalline Silicon (c-Si) 

Silicon belongs to group IV of the periodic table, with energy band 

gap of 1.1 eV. The silicon cells can be of either monocrystalline or poly- 

crystalline in nature [22] . The laboratory efficiency of monocrystalline 

silicon solar cells is about 26.7% [23] , and commercially available ones 

about 14% to 19% [24] . The average efficiency of polycrystalline cells 

Fig. 3. Solar cells efficiencies and band gap energies (laboratory scale). 

is around 12%. Due easy and cheaper manufacturing process of poly- 

crystalline cells compared monocrystalline; these crystalline silicon cells 

lead the solar cell market [21] . In general, the estimated area require- 

ment of monocrystalline cells for 1 kW p is 6 m 

2 –8 m 

2 [25] . 

ii Cadmium Telluride (CdTe) 

It’s a polycrystalline material of group II–IV of the periodic table ver- 

ified in 1972 with an efficiency of 6% [26] . The material is deposited 

as P-type layer, with a band gap of 1.45 eV. For N-type deposition, Cds 

is used which act as a buffer layer having a band gap of 2.45 eV, due 

this it is also called Cds-CdTe solar cells [21] . The highest cell efficiency 

reported is 21% [23] , The CdTe modules are found to be well suited for 

rooftops as well as for large ground-mounted power generation. In gen- 

eral, the estimated area requirement of CdTe cells for 1 kW p is 11 m 

2 –

13 m 

2 [25] . 

iii Copper-Indium Diselenide (CIS) 

CIS, (CuInSe 2 ) involves materials from group I, III and VI of periodic 

table have direct energy band gap of 1.04 eV [22] . Commercially avail- 

able cells have the efficiency of 7–16% [24] efficiency and laboratory 

ones with 23.4% [23] . In general, the estimated area requirement of 

these cells for 1 kW p is 9 m 

2 –11 m 

2 [25] ( Fig. 3 and Table 1 ). 

In the Current scenario, about 95% of PV systems produced are multi 

(~60%) or monocrystalline (~35%) silicon-based. At the same time, 

thin film technologies, such as cadmium telluride (CdTe) and copper- 

indium-[gallium-]diselenide (CI(G)S), only account for about 5% of PV 

production. CdTe is having the largest market share among thin films 

technologies [28] . According to Green [29] , the cost of PV modules has 

seen a dramatic reduction after 2008. The improved technology, eco- 

nomics of sale, and supply chain competitiveness were also the key rea- 

sons for the plummeting cost of PV technologies. The current cost of 

the technologies and the market share of their production are given in 

Fig. 4 . 

1.1.2. Mounting methods 

The PVGIS proposes two possibilities of mounting PV modules: Free- 

standing and Building integrated 

i Free-standing 

The free-standing mounting (shown in the Fig. 5 ) needs to be cohe- 

sively fixed with the building envelope. When fixed on the façade and 

flat or tilted roof, they are having provision for air movement on its rear 

side. Hence this method of mounting can also be termed as Building At- 

tached Photovoltaics. The PV modules are fixed using moving rails and 
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Table 1 

Comparison of PV Technologies [ 25 , 27 ]. 

Parameter Mono-crystalline CdTe CIS 

Thickness 0.3 mm 0.008 mm + 3 mm glass substrate 0.003 mm + 3 mm glass substrate 

Color Dark blue, black with AR coating, grey without AR 

coating 

Dark green, Black Black 

Features Lengthy production procedure, wafer sawing 

necessary. Best researched solar cell material –

highest power/area ratio. 

Poisonous raw materials, significant 

decrease in production costs expected 

in the future 

Poisonous raw materials, significant 

decrease in production costs expected 

in the future. 

Lowest price/ watt 

(Module only-2015) 

$0.75/W $0.55/W $0.55/W 

Cost Highest Lowest Lowest 

Advantages High conversion efficiency, the most mature 

technology, high reliability 

Ideal band gap, high light absorption 

rate, high conversion efficiency, stable 

performance, simple structure, low 

cost 

Low cost, nonrecession, good weak 

light performance, wide applicability 

of substrate, adjustable optical band 

gap, strong antiradiation ability 

Disadvantages High cost, large silicon consumption, complex 

production process 

Limited natural tellurium reserves, 

high cost of module and base 

material, toxic cadmium 

Rare materials, the difficulty of 

controlling four elements precisely 

Life (years) 30 15 5 

Temperature coefficient 

(%/C) 

− 0.40 − 0.20 − 0.45 

Fig. 4. Market share of PV Production and cost of PV modules [ 25 , 28 ]. 

additional mounting structures like rack; due to this, the system can be 

easily adjusted at the optimum angle for achieving maximum generation 

[30] . 

ii Building integrated 

PV modules, when used as building envelope (roof, facade) termed 

as Building Integrated Photovoltaics (BIPV) (shown in the Fig. 6 ), which 

means there is no air movement behind the modules. BIPV act as Dis- 

tributed Generator (DG) when connected to the grid. The system can 

also be used in an off-grid manner for remote areas, damping out the 

transmission and distribution losses in electrical energy [31] . These PV 

technologies can serve as a shading device for a window (overhangs), 

contributing comfort to the built environment and improving the fabric 

quality of the building [32] . Further, a semi-transparent PV technology, 

when used as a glass façade, skylight act as a source of daylighting and 

electrical generation [33] . The sustainability of the BIPV system can be 

maintained by selecting the orientation and location with higher inci- 

dent solar irradiance . 

2. Methodology 

For analyzing the performance of Free-standing PV and BIPV EWS 

houses, different factors are considered which will affect the perfor- 

mance of the system. The location under the climatic zones and weather 

factors where PV systems are proposed are to be studied. A simulation 

methodology is applied by selecting appropriate simulation tool. The 

proposed 2 kW p Free standing PV and BIPV systems at latitude and 90°, 

were simulated using the Photovoltaic geographical information system 

Fig. 5. Free-standing PV system. 
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Fig. 6. Building integrated PV system. 

(PVGIS) software, the details about the software, climatic zones, and 

performance parameters are discussed below. 

2.1. Simulation software 

The software PVGIS has been developed at the European Commission 

Joint Research Centre at the JRC site in Ispra, Italy, in 2001. It allows 

the user to get data on solar radiation and Photovoltaic (PV) system 

energy production, with defined tilt angles, azimuth angles, and mount- 

ing positions for the different PV technologies in either grid-connected 

or standalone manner. Moreover, it provides accurate and quick results 

for the user’s input parameters for calculating the electricity generation 

potential of a PV plant. 

The focus of PVGIS is to research in solar resource assessment, Photo- 

voltaic (PV) performance studies, and the dissemination of knowledge. 

However, there are some limitations of PVGIS: 

i The study on shading analysis of module, selection of inverters, cable 

sizing cannot be performed. 

ii It cannot estimate the cost of the PV system and perform cost-benefit 

analysis due to lack of financial metrics for PV systems. 

Due the limitation, it can be said that the software will be more 

beneficial for predicting the potential and performance estimation at a 

large scale, instead of simulating an installed plant with a specific load 

and BoS (Balance of System). 

2.2. Climatic zones 

India is very rich in climatic conditions due to its coverage in tropical 

in south to sub-tropical in the Himalayan north and creates low- and 

high-pressure belts. Due to the climatic conditions, the performance of 

the PV system may vary. India’s northern half lies in the Temperate zone 

while the southern half is in the Tropical zone. 

Based on the available data, the climate in the country has been 

divided into six climatic zones [34] as shown in the Fig. 7 [35] . 

i Hot and dry 

ii Warm and humid 

iii Moderate 

iv Cold and cloudy 

v Cold and sunny 

vi Composite 

We have selected six locations which can be considered typical of 

each climatic zone. 

i Hot and dry (Jodhpur) 

Jodhpur is located at 26.28° N and 73.02° E and covers an area of 

214.47 km 

2 . The city is having terrain sloped towards the west, covering 

some of the areas of the great Thar Desert [36] . The city has an elevation 

of 224 m above mean sea level, and the annual global solar mean ra- 

diation received by the location is 2527 kWh/m 

2 [34] . Yearly in-plane 

irradiation for Jodhpur is 2321.83 kWh/m 

2 [15] . The city experiences 

uncertain rainfall and the rainy season from late June to September, 

with an average annual rainfall received of 37 mm [37] . Summers start 

from April and last till the month of June and with the temperature 

exceeding 40°C. The average maximum temperature and the average 

minimum temperature during summer are reported to be 42.2°C and 

27.3°C, respectively, and during winter the average maximum temper- 

ature is 27.5°C and the average minimum temperature is 9.5°C [38] . 

During the months of July to September, humidity is very high, and the 

values of relative humidity in the morning are about 60–80% [39] . 

ii Warm and humid (Chennai) 

Chennai is also known as ‘Detroit of India’ and located at 13°5 ′ N and 

80°16 ′ E and exhibits almost similar climate throughout the year as it lies 

on the thermal equator and is on the south-eastern coast of India [40] . 

The city covers an area of 426 km 

2 (164.5 sq mi). The city has an ele- 

vation of 6 m above sea level and receives an annual global solar mean 

radiation of 2729 kWh/m 

2 [34] . Yearly in-plane irradiation for Chen- 

nai is 2137.24 kWh/m 

2 [15] . The city gets most of its seasonal rainfall 

from the north-east monsoon winds, from mid-October to mid-December 

[41] . The Average annual rainfall received by the city is 109 mm [37] . 

Late May and early June are the hottest months of the year and Jan- 

uary is the coolest month [40] . Sometimes the temperature in the city 

exceeds 45°C. While the average annual minimum and maximum tem- 

perature varies between 24.3°C and 32.9°C respectively. Average annual 

temperature of the city is 28.6°C. November and December are the most 

humid month while June is the least humid month and it varies from 

65% to 80% throughout the year [34] . 

iii Moderate (Bengaluru) 

Bengaluru, the Silicon Valley of India, is located at 12°59 ′ N and 

77°35 ′ E in the southern part of India on the Deccan Plateau at an alti- 

tude of 921 m above mean sea level. It covers an area of 741 km 

2 (286 
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Fig. 7. Climatic zones of India. 

sq mi). Bengaluru is considered as climatologically the most pleasant 

city. Bengaluru in the southern part of India, with an average annual 

rainfall of 94 mm [42] . The city’s area is 709 km 

2 (274 sq mi) and re- 

ceives annual global solar mean radiation of 2730 kWh/m 

2 [34] . Yearly 

in-plane irradiation for the city is 2160.69 kWh/m 

2 [15] . The coolest 

month is January while April month is the hottest, and the average an- 

nual minimum and maximum temperature varies between 18.4°C and 

28.8°C respectively. The average yearly temperature is 23.6°C [34] . Au- 

gust is the most humid month of the year while March is the least and 

it varies from 60% to 79% throughout the year [43] . 

iv Cold and sunny (Leh) 

The location of Leh is 34.16°N and 77.58°E and it is located at an 

altitude of 3514 m above mean sea level. The topography of the lo- 

cation is dominated by mountains and receives an annual global solar 

mean radiation is 2350 kWh/m 

2 [34] . Yearly in-plane irradiation for 

Leh is 2137.71 kWh/m 

2 [15] . It receives less rainfall from monsoon 

because it lies in rain shadow side of the Himalaya, where dry mon- 

soon winds reach after exhausting its moisture in plains and Himalayas 

mountain the district combines the condition of both arctic and desert 

climate. Therefore, Leh is also called as “Cold Desert ” [44] . The Aver- 

age annual rainfall received is 97 mm [44] . Average annual minimum 

and maximum temperature varies between − 1.4°C and 12.4°C respec- 

tively. Average annual temperature is 5.5°C [34] . The period from April 

to November is the driest part of year, when relative humidity is about 

25% to 40%. Winter months January and February are slightly high 

humid, when humidity is around 50% [44] . 

v Cold and cloudy (Srinagar) 

Srinagar is located in the center of the Kashmir valley at 34°5 ′ 24 ″ N 

and 74°47 ′ 24 ″ E. It has an elevation of 1586 m above mean sea level and 

spreads on both sides of the river Jhelum covering an area of 294 km 

2 

(114 sq mi) [45] . The city receives an annual global solar mean radi- 

ation of 2350 kWh/m 

2 [ 34 ]. Yearly in-plane irradiation for Srinagar is 

2021.27 kWh/m 

2 [15] . Generally, the monsoon arrives in the staring 

of July and lasts till September and the average annual rainfall received 

by the location is 56 mm [37] . Average annual minimum and maximum 

temperature varies between 13.4°C and 19.5°C respectively. Average an- 

nual temperature is 7.2°C [34] . The period from November to February 

is more humid when the values of relative humidity are about 90% in 

the mornings while it is slightly less humid during March to October 

especially in the afternoons when relative humidity is at about 45% to 

55% [44] . 

vi Composite (Delhi) 

Delhi, the National Capital Territory (NCT) of India is located at 

28°36 ′ 36 ″ N and 77°13 ′ 48 ″ E and comes under composite climatic Zone 

and covers an area of 1484 km 

2 (573 sq mi). It is located at an altitude 

of 216 m above mean sea level. The city receives an annual global solar 

mean radiation of 2476 kWh/m 

2 [34] . Yearly in-plane irradiation for 

Delhi is 2133.98 kWh/m 

2 [15] . The city is bounded with the Gangetic 
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Fig. 8. Annual monthly sum of global irradia- 

tion received by the modules at 90°. 

Fig. 9. Annual monthly sum of global irradia- 

tion received by the modules at latitude. 

plains, the Yamuna flood plain and the Aravalli Hill range encircling the 

south through to the west, northwest and northeast region of the city 

[46] . The Aravalli hill ranges dominates the climate of Delhi and is the 

major reason for creating monsoon pressures. The Average annual rain- 

fall received by the city is 60 mm [37] . Monsoon hits the city in June 

and the months from July to September are most humid months [47] . 

December and January are the coolest month for the NCT while April to 

June are the hottest month [48] and the average annual minimum and 

maximum temperature varies between 18.8°C and 31.7°C respectively. 

Average annual temperature is 25.3°C [34] . 

Figs. 8 and 9 show the average monthly sum of the global irradia- 

tion in kWh/m 

2 , responsible for energy generation from different cell 

technologies [49] , for the locations of different climatic zones. 

2.3. Performance evaluation parameters 

For evaluation of the performance of the PV plants in different cli- 

matic zones with the PV cell technologies, the parameters like final yield 

( Y f ), the Reference yield ( Y r ), the Performance Ratio (PR) and the Ca- 

pacity Factor (CF) were calculated as defined by the IEC Standard 61724 

[50] . 

The Energy yield E [kWh AC ] as a function of change in Irradiance ( I ) 

and module temperature ( T ) [ 51 –55 ] has been proposed and simulated 

by the PVGIS program. 

2.3.1. Final yield ( Y f ) 

The final yield is defined as the ratio of the annual, monthly or daily 

net AC energy output ( E ) of the system to the rated power of the installed 

PV array ( P r ) at standard test conditions (STC) [56] . The units are hours 

or kWh/kW. 

𝑌 𝑓 = 

𝐸 

[
kW h AC 

]

𝑃 𝑟 
[
K W DC 

] (1) 

2.3.2. Reference yield ( Y r ) 

The reference yield is the total in-plane solar insolation H t (kWh/m 

2 ) 

divided by the array reference irradiance (1 kW/m 

2 ) [56] . The reference 

yield is the number of peak sun-hours. 

𝑌 𝑟 = 

𝐻 𝑡 

[
kW h ∕ m 

2 ]

1 kW ∕ m 

2 (2) 

2.3.3. Performance ratio (PR) 

The performance ratio is the final yield divided by the reference 

yield. It represents the total losses incurred during the conversion of 

DC to AC. Typically the losses considered are due to panel degrada- 

tion ( 𝜂deg ), temperature ( 𝜂tem 

), soiling ( 𝜂soil ), internal network ( 𝜂net ), 

inverter ( 𝜂inv ), transformer ( 𝜂tr ) and system availability and grid con- 

nection network ( 𝜂ppc ) [ 43 –56 ]. PR values are reported on a monthly or 
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yearly basis, and values are within the range of 60% to 80.0% [57] . PR 

is expressed as: 

𝑃 𝑅 = 

𝑌 𝑓 

𝑌 𝑟 
= 𝜂𝑑𝑒𝑔 . 𝜂𝑡𝑒𝑚 . 𝜂𝑠𝑜𝑖𝑙 . 𝜂𝑛𝑒𝑡 . 𝜂𝑖𝑛𝑣 . 𝜂𝑡𝑟 . 𝜂𝑝𝑐𝑐 (3) 

2.3.4. Capacity factor (CF) 

Capacity factor (CF) is defined as the ratio of the actual annual en- 

ergy output to the amount of energy the PV plant would generate if it 

operated at full rated power ( P r ) for 24 h per day for a year [56] . CF is 

location specific and higher the CF better is the system. 

𝐶𝐹 = 

𝑌 𝑓 

24 × 365 
= 

𝑌 𝑓 

8760 
= 

𝐸 

𝑃 𝑟 × 8760 
= 

𝐻 𝑡 × 𝑃 𝑅 

𝑃 𝑟 × 8760 
(4) 

2.3.5. Energy deviation (ED) 

Due to the recent development of new semiconductor materials, 

the efficiency of solar cells is increasing with plummeting costs. Apart 

from silicon, other technologies are also expected to become mature 

technologies on a large scale. Under such conditions, ED may prove 

a decision-making parameter for comparing and determining the best 

performing technology at Inter (with different PV technology) and Intra 

Level (within the same PV technology). The comparison requirement 

may arise due to the availability of modules with different efficiency, 

percent degradation, temperature coefficients, etc. estimating the per- 

formance under different mounting methods and variation in climatic 

or geographical conditions. 

The definition of Energy deviation is given by the Eq. (5) . It compares 

the performance of different PV technologies (c-Si, CIS, CdTe). More 

positive the ED better will be the performance of the technology. 

𝐸𝐷 = 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑌 𝑒𝑎𝑟𝑙𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝑀𝑒𝑎𝑛 𝑜𝑓 𝑌 𝑒𝑎𝑟𝑙𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 
(5) 

𝐸𝐷 = 

𝐸 𝐺 − 𝐸 𝐺𝑚 

𝐸 𝐺𝑚 

(6) 

Where, E G = Energy generation [kWh] 

E Gm 

= Mean energy generation [kWh] 

In terms of percentage: 

𝐸𝐷 ( % ) = 

𝐸 𝐺 − 𝐸 𝐺𝑚 

𝐸 𝐺𝑚 

× 100 

3. Results and discussions 

3.1. Generation potential 

The results of the 2 kW p grid-connected system in terms of Gener- 

ation potential are discussed here for the different climatic zones with 

the help of Figs. 10 –12 , respectively. 

3.1.1. Hot and dry (Jodhpur) 

i Free-standing 

The c-Si technology generates 285.41 kWh/year at the latitude, 

and at 90°, it is about 167.94 kWh/year. CIS technology generates 

284.18 kWh/year at latitude and at 90° it is about 164.83 kWh/year. 

CdTe technology generates 301.73 kWh/year at the latitude and at 90°

it is about 171.79 kWh/year. 

ii Building integrated 

The c-Si technology generates 272.88 kWh/year at latitude and 

at 90° it is about 162.85 kWh/year. CIS technology generates 

277.38 kWh/year at latitude and at 90° it is about 162.08 kWh/year. 

CdTe technology generates 296.32 kWh/year at latitude and at 90° it is 

about 169.75 kWh/year. 

Fig. 10. Yearly electricity production from c-Si technology in different climatic 

zones. 

Fig. 11. Yearly electricity production from CIS technology in different climatic 

zones. 

Fig. 12. Yearly electricity production from CdTe technology in different cli- 

matic zones. 
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3.1.2. Warm and humid (Chennai) 

i Free-standing 

The c-Si technology generates 270.19 kWh/year at latitude and 

at 90° it is about 115.13 kWh/year. CIS technology generates 

266.90 kWh/year at latitude and at 90° it is about 111.51 kWh/year. 

CdTe technology generates 288.44 kWh/year at latitude and at 90° it is 

about 116.86 kWh/year. 

ii Building integrated 

The c-Si technology generates 259.64 kWh/year at latitude and 

at 90° it is about 112.73 kWh/year. CIS technology generates 

260.57 kWh/year at latitude and at 90° it is about 109.91 kWh/year. 

CdTe technology generates 283.76 kWh/year at latitude and at 90° it is 

about 115.85 kWh/year. 

3.1.3. Moderate zone (Bengaluru) 

i Free-standing 

The c-Si technology generates 273.18 kWh/year at latitude and 

at 90° it is about 124.80 kWh/year. CIS technology generates 

270.38 kWh/year at latitude and at 90° it is about 122.04 kWh/year. 

CdTe technology generates 288.61 kWh/year at latitude and at 90° it is 

about 125.83 kWh/year. 

ii Building integrated 

The c-Si technology generates 262.00 kWh/year at latitude and 

at 90° it is about 121.97 kWh/year. CIS technology generates 

264.18 kWh/year at latitude and at 90° it is about 120.30 kWh/year. 

CdTe technology generates 283.85 kWh/year at latitude and at 90° it is 

about 124.70 kWh/year. 

3.1.4. Cold and sunny (Leh) 

i Free-standing 

The c-Si technology generates 276.62 kWh/year at latitude and 

at 90° it is about 175.16 kWh/year. CIS technology generates 

283.53 kWh/year at latitude and at 90° it is about 179.50 kWh/year. 

CdTe technology generates 271.22 kWh/year at latitude and at 90° it is 

about 166.46 kWh/year. 

ii Building integrated 

The c-Si technology generates 264.29 kWh/year at latitude and 

at 90° it is about 169.46 kWh/year. CIS technology generates 

277.46 kWh/year at latitude and at 90° it is about 176.68 kWh/year. 

CdTe technology generates 266.91 kWh/year at latitude and at 90° it is 

about 164.59 kWh/year. 

3.1.5. Cold and cloudy zone (Srinagar) 

i Free-standing 

The c-Si technology generates 253.73 kWh/year at latitude and 

at 90° it is about 159.38 kWh/year. CIS technology generates 

254.48 kWh/year at latitude and at 90° it is about 158.49 kWh/year. 

CdTe technology generates 256.94 kWh/year at latitude and at 90° it is 

about 156.13 kWh/year. 

ii Building integrated 

The c-Si technology generates 242.24 kWh/year at the latitude 

for 90°, it is about 154.26 kWh/year. CIS technology generates 

249.10 kWh/year at latitude for 90°, it is about 156.06 kWh/year. CdTe 

technology generates 252.59 kWh/year at the latitude for 90°, it is about 

154.33 kWh/year. 

3.1.6. Composite zone (Delhi) 

i Free-standing 

The c-Si technology generates 265.46 kWh/year at latitude and 

at 90° it is about 161.97 kWh/year. CIS technology generates 

263.30 kWh/year at latitude and at 90° it is about 158.57 kWh/year. 

CdTe technology generates 280.67 kWh/year at latitude and at 90° it is 

about 165.66 kWh/year. 

ii Building integrated 

The c-Si technology generates 254.30 kWh/year at latitude and 

at 90° it is about 157.27 kWh/year. CIS technology generates 

257.33 kWh/year at latitude and at 90° it is about 156.01 kWh/year. 

CdTe technology generates 275.88 kWh/year at latitude and at 90° it is 

about 163.81 kWh/year. 

The generation potential of technologies at 90° compared to latitude 

shown in Figs. 10 –12 , was found to be in the range of as follows: 

i By means of free-standing (Building attached) the c-Si technology 

generates 42.6% (Chennai) to 63.3% (Leh) compared to latitude. 

The technology CIS and CdTe generates 41.8% (Chennai) to 63.4% 

(Leh), 40.5% (Chennai) to 61.4% (Leh), respectively. 

ii By means of Building Integrated the c-Si technology generates 43.5% 

(Chennai) to 64.1% (Leh) compared to latitude. The technology CIS 

and CdTe generates 42.2% (Chennai) to 63.7% (Leh), 40.9% (Chen- 

nai) to 61.7% (Leh), respectively. 

Here, Leh is located at higher latitude, its elevation (3514 m above 

sea level), is 10–15 times more than the other locations. The yearly in- 

plane irradiation received in Leh is higher, thus maximizing the gen- 

eration potential. Whereas, Chennai receives low yearly in-plane irra- 

diation at 90° than other locations due to lower latitude and elevation 

(6 m above sea level) and has less generation potential. Therefore, it 

can be concluded that the generation potential is greatly affected by the 

yearly-in plane irradiation received by the location due to its elevation. 

It is observed that due to the irradiance losses, the generation at 90°

is significantly lower compared to the latitude. In most cases, due to the 

better temperature coefficient, the thin-film CdTe technology performs 

better than the c-Si and CIS. As the average ambient temperature of the 

climatic zones for most of the months is above 30°, the CdTe technology 

shows higher generation potential. It can be said that the CdTe technol- 

ogy, can be a viable option for Building integrated mounting method. 

3.2. Performance ratio and capacity factor 

The results of the 2 kW p grid-connected system in terms of Perfor- 

mance Ratio and Capacity Factor are discussed here for the different 

climatic zones with the help of Figs. 13 –16, respectively. 

3.2.1. Hot and dry (Jodhpur) 

i Free-standing 

PR and CF for c-Si is 73.75% and 19.55% at latitude and at 90° it is 

about 72.48% and 11.50% respectively. For CIS it is 73.43% and 19.46% 

at latitude and at 90° it is 71.14% and11.29% respectively. CdTe has 

77.97% and 20.67% at latitude and at 90° it is about 74.14% and 11.77% 

respectively. 

ii Building integrated 

PR and CF for c-Si is 70.51% and 18.69% at latitude and at 90° it is 

about 70.28% and 11.15% respectively. For CIS it is 71.68% and 19.00% 

at latitude and at 90° it is 69.95% and 11.10% respectively. CdTe has 

76.57% and 20.30% at latitude and at 90° it is about 73.26% and 11.63% 

respectively. 
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Fig. 13. Performance Ratio (PR) using c-Si technology for 2 kW p plant using 

technologies in different climatic zones. 

Fig. 14. Performance Ratio (PR) using CIS technology for 2 kW p plant using 

technologies in different climatic zones. 

Fig. 15. Performance Ratio (PR) using CdTe technology for 2 kW p plant using 

technologies in different climatic zones. 

3.2.2. Warm and humid (Chennai) 

i Free-standing 

PR and CF for c-Si is 75.85% and 18.51% at latitude and at 90°it is 

about 71.97% and 7.89% respectively. For CIS it is 74.92% and 18.28% 

at latitude and at 90° it is 69.71% and 7.64% respectively. CdTe has 

80.97% and 19.76% at latitude and at 90° it is about 73.05% and 8.00% 

respectively. 

ii Building integrated 

PR and CF for c-Si is 72.89% and 17.78% at latitude and at 90° it is 

about 70.47% and 7.72% respectively. For CIS it is 73.14% and 17.85% 

at latitude and at 90° it is 68.71% and 7.53% respectively. CdTe has 

79.66% and 19.44% at latitude and at 90° it is about 72.42% and 7.93% 

respectively. 

3.2.3. Moderate zone (Bengaluru) 

i Free-standing 

PR and CF for c-Si is 75.86% and 18.71% at latitude and at 90° it is 

about 72.71% and 8.55% respectively. For CIS it is 75.08% and 18.52% 

at latitude and at 90° it is 71.10% and 8.36% respectively. CdTe has 

80.14% and 19.77% at latitude and at 90° it is about 73.30% and 8.62% 

respectively. 

ii Building integrated 

PR and CF for c-Si is 72.75% and 17.95% at latitude and at 90° it is 

about 71.06% and 8.35% respectively. For CIS it is 73.36% and 18.09% 

at latitude and at 90° it is 70.08% and 8.24% respectively. CdTe has 

78.82% and 19.44% at latitude and at 90° it is about 72.65% and 8.54% 

respectively. 

3.2.4. Cold and sunny (Leh) 

i Free-standing 

PR and CF for c-Si is 77.64% and 18.95% at latitude and at 90° it is 

about 72.71% and 12% respectively. For CIS it is 79.58% and 19.42% 

at latitude and at 90° it is 71.10% and 12.29% respectively. CdTe has 

76.13% and 18.58% at latitude and at 90° it is about 73.05% and 11.40% 

respectively. 

ii Building integrated 

PR and CF for c-Si is 74.18% and 18.10% at latitude and at 90° it is 

about 74.37% and 11.61% respectively. For CIS it is 77.88% and 19.00% 

at latitude and at 90° it is 77.53% and 12.10% respectively. CdTe has 

74.92% and 18.28% at latitude and at 90° it is about 72.23% and 11.27% 

respectively. 

3.2.5. Cold and cloudy zone (Srinagar) 

i Free-standing 

PR and CF for c-Si is 75.32% and 17.38% at latitude and at 90° it is 

about 74.71% and 10.92% respectively. For CIS it is 75.54% and 17.43% 

at latitude and at 90° it is 74.29% and 10.86% respectively. CdTe has 

76.27% and 17.60% at latitude and at 90° it is about 73.18% and 10.69% 

respectively. 

ii Building integrated 

PR and CF for c-Si are 71.91% and 16.59% at the latitude and at 90°, 

it is about 72.30% and 10.57%, respectively. For CIS, it is 73.94% and 
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Fig. 16. Capacity Factor (CF) of 2 kW p plant using technologies in different climatic zones. 

17.06% at the latitude and at 90° it is 73.15% and 10.69% respectively. 

CdTe has 74.98% and 17.30% at the latitude, and at 90° it is about 

72.33% and 10.57% respectively. 

3.2.6. Composite zone (Delhi) 

i Free-standing 

PR and CF for c-Si is 74.63% and18.18% at latitude and at 90° it is 

about 73.50% and 11.09% respectively. For CIS it is 74.02% and 18.03% 

at latitude and at 90° it is 71.96% and 10.86% respectively. CdTe has 

78.91% and 19.22% at latitude and at 90° it is about 75.18% and 11.35% 

respectively. 

ii Building integrated 

PR and CF for c-Si is 71.49% and 17.42% at latitude and for 90°

it is about 71.37% and 10.77% respectively. For CIS it is 72.34% and 

17.63% at latitude and at 90° it is 70.80% and 10.69% respectively. 

CdTe has 77.56% and 18.90% at latitude and at 90° it is about 74.34% 

and 11.22% respectively. 

The PR depends on the irradiation, the angle of tilt, air temperature, 

and the type of PV technology used. The CdTe technology have low 

sensitivity to the temperature among all technologies, found to perform 

better in higher temperature zone. Due to the high sensitivity of CIS 

to temperature, the PR increases in case of cold climatic zones (Leh 

and Srinagar) which are at higher altitude. It can be concluded that PV 

modules with less sensitivity to temperature are preferable for the high 

temperature regions and more sensitive to temperature will be more 

effective in the low temperature regions. However, the degradation rates 

is also one of the factor to be considered for these technologies. The 

CF apart from solar radiation, also depends on air temperature of the 

locations. 

3.3. Energy deviation 

In the current study the ED has been estimated for different PV tech- 

nologies in terms of climatic zones and mounting methods (at Latitude 

and 90°) using Eq. (6) and as shown in Figs. 17 –20 are: 

i For Building Integrated at 90°, the c-Si technology shows no positive 

deviation in any climatic zone. CdTe technology shows a maximum 

Fig 17. Energy Deviation (ED) of technologies with Building Integrated mount- 

ing method at 90°. 

positive deviation of 3.01% technology for Delhi. However, surpris- 

ingly, CIS technology shows maximum positive deviation among all 

the three technology with 3.78% for Leh. 

ii For Building Integrated at Latitude, the c-Si technology shows no 

positive deviation in any climatic zone. CdTe technology shows a 

positive deviation for all the climatic zones except for Leh with a 

maximum positive deviation of 5.88% for Chennai. However, CIS 

technology surprisingly shows a positive deviation of 2.93% for Leh. 

iii For Free-Standing 90°, the c-Si technology doesn’t show any notable 

positive deviation in any climatic zone. But CIS has shown an out- 

standing positive deviation of 3.34% in the case of Leh, while CdTe 

shows positive deviation for most of the climatic zones with a max- 

imum deviation of 2.22% for Delhi. 

iv For Free-Standing at Latitude, the c-Si technology does not show 

any positive deviation in any climatic zone. But CIS has surprisingly 

shown a positive deviation of 2.31% in the case of Leh, while CdTe 
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Fig. 18. Energy Deviation (ED) of technologies with building integrated mount- 

ing method at latitude. 

Fig. 19. Energy Deviation (ED) of technologies with free-standing mounting 

method at 90°. 

shows a positive deviation for the rest of the climatic zones with a 

maximum positive deviation of 4.82% for Delhi. 

3.4. Comparison of the performance parameters 

In this section the results of the performance parameters discussed in 

the methodology section are compared for a particular location as given 

in Table 2 and similar comparison can be done for other locations. From 

Table 2 , it is observed that the technology with higher positive ED will 

also have higher PR and CF. It can be concluded that though ED does 

not take into the consideration of many factors unlike PR (discussed in 

the Section 2.3.3 ) but the conclusions drawn from their result agrees 

with each other. 

3.5. Energy feed-in to the grid and energy consumption covered by PV 

The per-capita unit consumption in India is around 1000 unit/year 

[58] . A single-family (four-member), commonly shared approximately 

30% to 40% of the unit/year (due to lighting, electronic gadgets, Fan, 

Fig. 20. Energy Deviation (ED) of technologies with free-standing mounting 

method at latitude. 

Table 2 

Comparison of performance parameters for Leh (cold and sunny). 

Mounting 

method 

Cell 

technologies PR (%) CF (%) ED (%) Result 

BI. at 90° c-Si 74.37 11.16 − 0.45 CIS 

performs 

better 

CIS 77.53 12.1 3.75 

CdTe 72.23 11.27 − 3.32 

FS. at 90° c-Si 72.71 12 0.84 CIS 

performs 

better 

CIS 77.1 12.29 3.34 

CdTe 73.05 11.4 − 4.17 

BI. at ɸ c-Si 74.18 18.1 − 1.95 CIS 

performs 

better 

CIS 77.88 19 2.93 

CdTe 74.92 18.28 − 0.98 

FS. at ɸ c-Si 77.4 18.95 − 0.18 CIS 

performs 

better 

CIS 79.58 19.42 2.31 

CdTe 76.13 18.58 − 2.13 

∗ BI. – Building Integrated, FS. – Free-Standing. 

air coolers, etc.). So, the yearly average consumption of Photovoltaic 

integrated EWS houses for a single-family is around 2500 units approx- 

imately. The additional electricity generation from these houses is sup- 

plied to the grid. Table 3 shows that the total annual electricity gener- 

ation calculated by addition of generation at latitude (from roof) and 

90° (from wall). It has been found that for a particular location around 

3–4% of variation is observed in the energy feed-in to the grid by dif- 

ferent technologies and mounting method. Also, despite of different cli- 

matic zones and cell technologies, the houses are capable of feeding 

more than 45% of the generated energy to the grid, which makes EWS 

houses as a perfect Distributed Generators (DG) as well as Energy Plus in 

nature. 

3.6. Losses in the system 

The Loss occurs due to the intermittent parameters like solar radia- 

tion, wind speed, and ambient temperature, dust accumulation over the 

years, which causes the yearly degradation of PV technologies. All the 

system losses, which lowers the actual power delivered by the PV sys- 
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Table 3 

Results of grid integrated EWS houses. 

Zones (city) Mounting method Cell technology 

Annual electricity 

generation (kWh) Grid feed-in (kWh) % Self consumption % Grid feed-in 

Hot and dry (Jodhpur) BI. c-Si 5228.7 2728.7 47.81 52.19 

CIS 5273.5 2773.5 47.41 52.59 

CdTe 5592.8 3092.8 44.7 55.3 

FS. c-Si 5440.2 2940.2 45.95 54.05 

CIS 5388.2 2888.2 46.4 53.6 

CdTe 5682.3 3182.3 44 56 

Warm and humid 

(Chennai) 

BI. c-Si 4468.4 1968.4 55.95 44.05 

CIS 4445.7 1945.7 56.23 43.77 

CdTe 4795.3 2295.3 52.13 47.87 

FS. c-Si 4623.8 2123.8 54.07 45.93 

CIS 4540.9 2040.9 55.06 44.94 

CdTe 4863.6 2363.6 51.4 48.6 

Moderate (Bengaluru) BI. c-Si 4607.6 2107.6 54.26 45.74 

CIS 4613.7 2113.7 54.19 45.81 

CdTe 4902.6 2402.6 50.99 49.01 

FS. c-Si 4775.7 2275.7 52.35 47.65 

CIS 4709 2209 53.09 46.91 

CdTe 4973.2 2473.2 50.27 49.73 

Cold and sunny (Leh) BI. c-Si 5205 2705 48.03 51.97 

CIS 5449.6 2949.6 45.87 54.13 

CdTe 5178 2678 48.28 51.72 

FS. c-Si 5421.3 2921.3 46.11 53.89 

CIS 5556.3 3056.3 44.99 55.01 

CdTe 5252.1 2752.1 47.6 52.4 

Cold and cloudy 

(Srinagar) 

BI. c-Si 4758 2258 52.54 47.46 

CIS 4861.9 2361.9 51.42 48.58 

CdTe 4883 2383 51.2 48.8 

FS. c-Si 4957.4 2457.4 50.43 49.57 

CIS 4955.6 2455.6 50.45 49.55 

CdTe 4956.9 2456.9 50.43 49.57 

Composite (Delhi) BI. c-Si 4938.8 2438.8 50.62 49.38 

CIS 4960 2460 50.4 49.6 

CdTe 5276.2 2776.2 47.38 52.62 

FS. c-Si 5129.1 2629.1 48.74 51.26 

CIS 5062.4 2562.4 49.38 50.62 

CdTe 5355.9 2855.9 46.68 53.32 

∗ BI. – Building Integrated, FS. – Free-Standing. 

tem to the load center, is estimated here (given in Table 4 ). A default 

value of 14% for the system losses (includes losses in cable and invert- 

ers) provided by the software is used here to compare the technologies. 

The temperature and irradiance losses are maximum in case of build- 

ing integrated (BI) PV at the latitude because it receives maximum inci- 

dent radiation at the latitude with no air gap or restricted airflow present 

behind the modules, which increases the cell temperature. Further, the 

incidence losses differ due to the placement of PV modules. At latitude, 

the incidence losses in all the technologies are lower than at 90° for both 

free-standing and BIPV cases. Hence, it can be concluded that incidence 

losses does not depend upon the mounting type of PV modules and the 

air temperature of the location. 

From the Table 4 , it is observed that, in most cases, CdTe technology 

has the least combined system losses among the PV technologies. 

4. Conclusion 

The maximum yearly average generation in the case of Free-standing 

at 90° was 179.50 kWh for Cold and Sunny (Leh) climatic zone achieved 

from CIS technology. At the same time, it also has the highest PR and 

CF of 78.77% and 12.29%, respectively. Similarly, the minimum yearly 

average electricity generation was 111.51 kWh for the Warm and Humid 

(Chennai) climatic zone achieved with CIS technology. At the same time, 

it has the lowest PR and CF of 69.71% and 7.64%, respectively. 

For Building Integrated at 90°, the maximum yearly average elec- 

tricity generation is 176.68 kWh for Cold and Sunny (Leh) achieved 

from CIS technology. It also has the highest PR and CF of 77.53% and 

12.10%, respectively. Similarly, for the Warm and Humid (Chennai) cli- 

matic zone, the minimum generation was 109.91 kWh achieved with CIS 

technology. Simultaneously, it has the lowest PR and CF of 68.71% and 

7.53%, respectively. 

It is seen that the generation potential, is minimum for Warm and 

Humid (Chennai) and the maximum for Cold and Sunny (Leh) of all the 

technologies. This can be due to change in the altitude and temperature 

of the locations. 

The CdTe technology performs better, with positive Energy Devia- 

tion for both the mounting methods at 90° in the climatic zones (Hot 

and Dry, Warm and Humid, Moderate, and Composite). However, in 

the case of Cold and Cloudy and Cold and sunny, CIS shows a better 

result at 90°. It is observed that the results of ED agree with the results 

of PR and CF. In the case of performance comparison of two or more 

PV technologies, the parameter ED can be used for opting for better 

technologies. 

The PV integrated/attached EWS houses, when connected to the grid 

fed more than 45% of electricity generated by the PV system, which 

makes them energy plus houses in nature. 

Further, the cost-economics and optimization of these proposed PV 

technologies and mounting methods can be studied. 

This paper provides valuable information on PV technologies when 

integrated with the building. The Government can introduce new poli- 

cies and schemes to expand building integrated and applied technologies 

in India. 
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Table 4 

Estimated losses of PV technologies in different climatic zones. 

Zones (city) 

Mounting 

method 

Estimated losses due to temperature and low 

irradiance on: Estimated loss due to angle of incidence on: System losses (losses in cables, inverter etc.): Combined PV system losses on: 

c-Si solar 

modules (%) 

CIS solar 

modules (%) 

CdTe solar 

modules (%) 

c-Si solar 

modules (%) 

CIS solar 

modules (%) 

CdTe solar 

modules (%) 

c-Si solar 

modules (%) 

CIS solar 

modules (%) 

CdTe solar 

modules (%) 

c-Si solar 

modules (%) 

CIS solar 

modules (%) 

CdTe solar 

modules (%) 

Hot and dry (Jodhpur) BI. at 90 ° 13.57 13.75 10.1 5.68 5.68 5.68 14 14 14 33.25 33.43 29.78 

FS. at 90 ° 10.86 12.29 9 5.68 5.68 5.68 14 14 14 30.54 31.97 28.68 

BI. at ɸ 15.91 14.44 9.5 2.58 2.58 2.58 14 14 14 32.49 31.02 26.08 

FS at ɸ 12.04 12.34 7.85 2.58 2.58 2.58 14 14 14 28.62 28.92 24.43 

Warm and humid 

(Chennai) 

BI. at 90° 12.57 14.2 12.31 6.87 6.87 6.87 14 14 14 33.44 35.07 33.18 

FS. at 90° 10.71 12.95 11.55 6.87 6.87 6.87 14 14 14 31.58 33.82 32.42 

BI. at ɸ 13.33 12.64 8.13 2.63 2.63 2.63 14 14 14 29.96 29.27 24.76 

FS. at ɸ 9.81 10.52 6.61 2.63 2.63 2.63 14 14 14 26.44 27.15 23.24 

Moderate (Bengaluru) BI. at 90° 11.89 12.31 11.35 6.58 6.58 6.58 14 14 14 32.47 32.89 31.93 

FS. at 90° 9.82 10.25 10.54 6.58 6.58 6.58 14 14 14 30.4 30.83 31.12 

BI. at ɸ 13.24 12.75 8.13 2.73 2.73 2.73 14 14 14 29.97 29.48 24.86 

FS. at ɸ 9.54 11.5 6.58 2.73 2.73 2.73 14 14 14 26.27 28.23 23.31 

Cold and 

sunny (Leh) 

BI. at 90° 4.51 4.55 5.28 5.54 5.54 5.54 14 14 14 24.05 24.09 24.82 

FS. at 90° 1.29 3.02 4.22 5.54 5.54 5.54 14 14 14 20.83 22.56 23.76 

BI. at ɸ 7.65 7.04 5.22 2.59 2.59 2.59 14 14 14 24.24 23.63 21.81 

FS. at ɸ 3.34 5.01 0.369 2.59 2.59 2.59 14 14 14 19.93 21.6 16.959 

Cold and cloudy 

(Srinagar) 

BI. at 90° 10.16 9.83 8.57 5.67 5.67 5.67 14 14 14 29.83 29.5 28.24 

FS. at 90° 7.19 8.43 7.51 5.67 5.67 5.67 14 14 14 26.86 28.1 27.18 

BI. at ɸ 13.22 11.72 8.5 2.61 2.61 2.61 14 14 14 29.83 28.33 25.11 

FS. at ɸ 9.11 9.81 6.92 2.61 2.61 2.61 14 14 14 25.72 26.42 23.53 

Composite (Delhi) BI. at 90° 12.45 12.81 9.64 5.57 5.57 5.57 14 14 14 32.02 32.38 29.21 

FS. at 90° 9.85 11.38 8.6 5.57 5.57 5.57 14 14 14 29.42 30.95 28.17 

BI. at ɸ 14.87 13.6 9.07 2.63 2.63 2.63 14 14 14 31.5 30.23 25.7 

FS. at ɸ 11.13 11.59 7.5 2.63 2.63 2.63 14 14 14 27.76 28.22 24.13 

∗ BI. – Building Integrated, FS. – Free-Standing. 
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a b s t r a c t 

Natural ventilation and cooling have played an essential role in providing comfort conditions. Windcatchers are 

passive cooling systems and one of the most familiar elements in Iranian architecture. They can significantly 

influence on reduce cooling loads and supply the necessary ventilation rate of buildings. This paper aims at 

providing an in-depth review of the recent developments and applications of windcatchers in modern architecture. 

The efficiency of windcatcher is also discussed according to the windcatcher’s relevant parameters, i.e., height, 

configuration, and cross-section. This comprehensive review reveals that these factors have significant impacts on 

the performance of windcatchers. It is also shown that a one-sided windcatcher is a better choice in regions with 

privileged wind direction. However, other types of it are better in regions with variable wind directions. Finally, 

windcatchers’ potential for applying in the contemporary architecture and urban planning shown in the using 

windcatcher in contemporary buildings, windcatchers in the urban context, new designs, and new technologies 

of windcatchers sections. 

1. Introduction 

The building sector has a significant proportion of total energy con- 

sumption in various countries. Therefore, finding solutions for energy 

saving inthis sector has a considerable impact on total energy consump- 

tion [1] . The other main problem is air pollution, especially in big cities. 

According to researches, the amount of CO2 from 1995 to 2018 be- 

came three times. An important factor that affects air pollution is the 

use of fossil fuels [2] . Natural ventilation reduces the use of fossil fu- 

els [ 3 , 4 ]. Past generations found the solutions to be compatible with 

nature [ 5 , 6 ]. In the arid and semi-arid regions, elements like wind- 

catchers, courtyards, and domes have been used to attain a more com- 

fortable condition [7–14] . Wind catchers (or wind towers) have been 

used in the Middle-East countries (for example, more than one thou- 

sand years in Iran, which is the origin of this technology [41] ) with dif- 

ferent names and shapes [ 10 –12 ]. In Iran, windcatchers were common 

spacially in hot and arid regions and called Badgir. They were decora- 

tive as well as functional elements [15] . The most prominent examples 

of traditional windcatchers are the windcatcher of Dowlat Abad garden 

[16] , the Amirchakhmaq mosque’s windcatchers, and the windcatchers 

of Alzubair’s historical city [ 11 , 12 , 17–19 ]. Although windcatchers are 

useful, the architecture and lifestyle changes need modern wind catchers 

with new designs [20–23] . The new windcatchers should be harmonious 

with new architecture in any aspect and also be more controllable and 

flexible. The mechanism of modern and traditional windcatchers is the 

same. The traditional windcatchers provided comfort conditions in two 
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ways. The traditional houses in the arid areas have two main parts: the 

southern part where inhabitants dwelled in cold seasons, and the north- 

ern part where residents inhabited in warm seasons. The windcatchers 

have been positioned in the north part facing and catching cold north- 

flowing winds to fulfill maximum ventilation and cooling [24–28] . In 

some cases, Qanat increased the evaporating cooling, decreasing tem- 

perature, and increasing humidity, velocity, and density of incoming 

airflow and eventually improving windcatchers’ performance [29–31] . 

Evaporating cooling has been used in some modern windcatchers, but 

using it depends on climate [ 32 , 33 ]. The second mechanism has been 

utilized when the wind velocity is low. In this condition, indoor air has 

been sucked into outdoor space. In this way, the windcatcher has at- 

tributes of the solar chimney and used buoyancy forces [ 24 , 34 ]. Be- 

tween two main forces impacting windcatchers’ efficiency, wind-driven 

power plays a more critical role than the buoyancy force [ 35 , 36 ]. Nowa- 

days, with advanced and accurate software and calculative formulas, 

achieving a general understanding of windcatchers, their process, and 

the factors which impact their performance are more feasible than in 

the past [ 37 , 38 ]. This realization is the first step for designing an effi- 

cient and ideal modern windcatcher [39] . In this paper, the first stage 

tries to obtain comprehensive knowledge about types and configurations 

of windcatchers. This knowledge helps to understand new ideas about 

windcatchers and new technologies applied to them, mentioned in the 

second stage. The last step is about using modern windcatchers in build- 

ings. This use indicates that modern windcatchers have high potential to 

be a pretty decorative element, an efficient natural ventilation device. 

https://doi.org/10.1016/j.enbenv.2020.10.005 

Received 29 September 2020; Received in revised form 25 October 2020; Accepted 27 October 2020 

Available online 5 November 2020 

2666-1233/Copyright © 2020 Southwest Jiatong University. Publishing services by Elsevier B.V. on behalf of KeAi Communication Co. Ltd. This is an open access 

article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.enbenv.2020.10.005
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/energy-and-built-environment/
mailto:parham.kheirkhah@gmail.com
https://doi.org/10.1016/j.enbenv.2020.10.005
http://creativecommons.org/licenses/by-nc-nd/4.0/


P.K. Sangdeh and N. Nasrollahi Energy and Built Environment 3 (2022) 56–72 

1.1. Literature review 

There are many papers about various aspects of windcatchers. How- 

ever, there are some issues that the number of researches about them is 

few. For example, the number of researches about the impact of mate- 

rial, height, and neighborhood on the performance of windcatchers and 

the economic benefits of using windcatchers is not significant. Table 1 

shows the number of investigations carried out on windcatchers. 

Fig. 1 shows the proportion of any topics about windcatcher. If “Fac- 

tors which impact on the performance of windcatcher ” are considered as 

a topic, according to this figure, it has the most portion of the investiga- 

tions about windcatcher (25 percent), and surveys about the economic 

aspect of using windcatcher have the lowest proportion (2 percent). 

Fig. 1 shows the focuses of researches have been on modern wind 

catchers instead of traditional windcatchers. Rezaeian et al. [40] , in 

their study, confirm this. Since the year 2000, they have expressed the 

focusses of studies that have been changed from traditional windcatch- 

ers to the development of innovative windcatcher systems. Fig. 2 shows 

the number of articles in different decades. According to this figure, the 

number of items about windcatchers increases in the 2010s. This in- 

Table 1 

Number of investigations about various aspects of windcatcher. 

Topics Frequency 

Types of windatcher 10 

Methods for evaluating the performance of windcatcher 12 

Performance of windcatcher 21 

The economic aspect of using windatcher 2 

Factors which impact on the 

performance of windatcher 

Number of 

openings 

7 

Height of 

windatcher 

4 

Wind approach 10 

velocity 6 

configuration 8 

Architectural solutions for improvement Efficiency of 

windcatchers 

3 

New designs for windcatcher 38 

Using windcatchers in contemporary buildings 10 

New technologies of windcatcher 19 

windcatchers in urban context 9 

crease indicates that nowadays, windcatchers are essential and have a 

high potential for modern societies. 

Rezaeian et al. [40] explain the procedure of researches about wind- 

catchers. According to their investigation, research about windcatchers 

started in 1984. A significant increase in the number of articles occurred 

in 1990. It reached its saturation level in 1997. After the year 2000, 

by appearing CFD (Computational Fluid Dynamic) number of research 

increased. This growth has continued until today. Rezaeian et al. fore- 

casted number of researches about windcatchers will arrive at 142 pa- 

pers. 

2. Types of windtchers 

Windcatchers have various kinds. Windcatchers have been classified 

into different groups, including numbers of openings, number of stores, 

cross-section, and interior dividing [41] . Table 2 shows these classifica- 

tions. 

2.1. Types of windcatchers according to the number of openings 

Windcatchers, according to the number of openings classified to 

[42] : 

- One-sided windcatchers 

- Two-sided windcatchers 

- Four-sided windcatchers 

- Six-sided windcatchers 

- Eight-sided windcatchers 

One-sided windcatcher has an inlet incoming the north direction 

and has no opening in the east, west, and south, bringing cold north- 

ern winds into indoor spaces [41–43] . This type of windcatchers can be 

found in Ardakan and Maybod [42] . However, just 3 percent of wind- 

catchers in Yazd is one-sided. One-sided windcatchers are more resistant 

to the storm than other types of windcatchers [44] . Respecting dimen- 

sions, two-sided windcatchers are smaller than one-sided windcatchers. 

Two-sided windcatchers called twin windcatchers too [45] . For divid- 

ing them into two separate parts, brick blades are used. Roaf [46] states 

that 17 percent of windcatchers in Yazd are two-sided, and all of them 

were used for wealthy people, but Bahadori [40] says most of them were 

used for storage of water (Ab-Anbar). Four-sided windcatchers are taller 

and bigger than others. Usually, these windcatchers have been used in 

Fig. 1. Proportion of all relevant topics with regard to the windcatcher. 
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Fig. 2. Number of papers about windcatchers in different decades. 

Table 2 

Different types of windcatchers in various aspects [45] . 

areas with desert-like climate. Their heights are varying according to cli- 

mate conditions [43] . Four-sided windcatchers are the prevailing type 

[47] . All of the windcatchers in hot and humid areas are four-sided. 

Eight-sided windcatchers usually have been used for water storage, and 

roughly 2 percent of Yazd’s windcatchers are from this type [ 43 , 46 ]. 

2.2. Types of windcatchers according to the cross- section 

Windcatchers classified into five main groups based on their cross- 

section [42] : 

- Cylindrical windcatchers 

- Square windcatchers 

- Rectangular windcatchers 

- Hexahedral windcatcher 

- Tetrahedral windcatchers 

Table 2 illustrates the classification of windcatchers according to the 

cross-section. Construction of cylindrical windcatchers is more compli- 

cated than square, rectangular, and even tetrahedral and hexahedral 

cross-section windcatchers. Therefore, cylindrical windcatchers were 

not too common comparing to the others. However, designing cylindri- 

cal windcatchers is based on winds’ aerodynamic characteristics, so they 

have high efficiency [42] . Square windcatchers are more common than 

those with the circle, hexahedral, and tetrahedral cross-section. How- 

ever, windcatchers with rectangular cross-sections are the most con- 

ventional type of windcatchers [42] . Hexahedral and tetrahedral wind- 

catchers are shorter than the other types and usually were used for water 

storage [ 43 , 46 ]. 

2.3. Types of windcatchers according to number of stores 

Windcatchers are one-story, two-story, and scarcely have more sto- 

ries. The number of two-story windcatchers is remarkably lower than 

one story windcatchers and even considered as scarce types. Several 

outstanding samples of two-story windcatchers are in Amir Garden in 

Tabas city (eight-sided), in Aghazadeh House in Abarkooh (four-sided), 

in Chehel Sotoon in Sarhanabad (cylindrical) [42] . In addition to one 

and two-story types, there are some with more stories. For example, 
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Fig. 3. Different types of square windcatchers in aspect of internal dividing 

[45] . 

Fig. 4. Internal dividing of six-sided and eight-sided windcatchers [45] . 

a windcatcher in Sadra Garden in Taft is three-story. However, wind- 

catchers with more stories are scarce, and ignoring them is possible. 

The one-story windcatchers are the most frequent [42] . 

2.4. Types of windcatchers according to positions of blades 

Interior blades play an essential role in the efficiency of windcatch- 

ers. They divide the cross-section of windcatchers into smaller parts 

and consequently impact the velocity and turbulence of airflow. There- 

fore, windcatchers with different types of division have various features, 

affecting windcatcher performance. Windcatchers with square cross- 

section have four kinds of divisions illustrated in Fig. 3 [48] . 

Each of the windcatchers with tetrahedral and hexahedral cross- 

section has one division. In these divisions, blades are connected to the 

tip of the tetrahedral and hexahedral. Fig. 4 illustrates these types [48] . 

The different shapes of blades in the rectangular windcatchers are in- 

cluding X shape blades, + shape blades, and H shape blades. Fig. 5 shows 

a rectangular windcatcher with X shape blades. The ratio of height to 

width in these windcatchers are 1.5. The number of this type is insignif- 

icant. In the study of Amirkhani et al. [43] from 58 investigated wind- 

catchers, just 2 of them have X-shaped blades. Sometimes, K-shaped 

blades appear for dividing. It’s a combination of + and X-shaped parti- 

tions [49] . 

Fig. 6 shows a Rectangular windcatcher with + shape blades. This 

type is the most frequent type of dividing [50] . 

The number of windcatchers with H-shaped blades is scanty. Fig. 7 

illustrates this type. The principal blade is placed in the center of the 

channel [43] . 

Table 2 shows the various classifications of windcatchers with dif- 

ferent aspects. 

3. Methods for evaluating the performance of windcatchers 

Methods for assessing the performance of windcatchers have been 

classified into two groups. To fulfill this purpose, both experimental and 

theoretical techniques are useful. However, each of them has its pros 

and cons. The experimental method has two types. In the first type, a 

scaled model has been built and investigated in a lab, and the second 

type (field measurements) has been used to investigate a real model 

in a real condition, so the results are more reliable. However, scaled 

models are more money and time saving than the field measurements, 

and more importantly, a generalization of results to other conditions can 

be achieved [ 15 , 51 , 52 ]. Moreover, changes in various parameters are 

possible easily. Therefore, each parameter’s effect on the windcatcher’s 

performance can be revealed, but this process in the field measurements 

is impossible [ 15 , 53–55 ]. 

Fig. 5. Rectangular windcatcher with X shape blades [45] . 

Fig. 6. Rectangular windcatcher with + shape blades [45] . 

59 



P.K. Sangdeh and N. Nasrollahi Energy and Built Environment 3 (2022) 56–72 

Fig. 7. Rectangular windcatchers with H shape blades [45] . 

Fig. 8. Proportion of applying different methods in the papers about windcatch- 

ers. 

3.1. Simulation 

The theoretical investigation has been classified into two groups: an- 

alytical and numerical modeling. Analytical modeling is a fast way to 

discover the performance of windcatchers. Still, this method can’t solve 

unforeseen conditions because it only uses heat transfer and fluid dy- 

namics formulas. For instance, a rotary thermal wheel’s rotation speed 

that has a significant impact on windcatcher performance can’t be cal- 

culated in analytical modeling [ 15 , 56 , 57 ]. Numerical modeling consists 

of software simulations of real conditions for models. This kind of soft- 

ware works based on principles of computational fluid dynamics (CFD). 

CFD can see various factors (temperature, velocity, pressure) in compli- 

cated three-dimensional flows [ 15 , 58 , 59 ]. In the mentioned methods, 

numerical modeling is more conventional ( Fig. 8 ). 

In numerical modeling, simulating different conditions for investi- 

gating various parameters is easily possible [60] . Table 3 shows the ap- 

plied settings in the research. 

In a simulation (numerical modeling), there are many parameters, 

each of which significantly impacts results [70] . Therefore, selecting 

these parameters needs essential knowledge and accuracy. For exam- 

ple, turbulence is a crucial factor affecting outcomes [ 71 , 72 ]. Fig. 9 

illustrates the impacts of these parameters on the results of the simula- 

tions. 

4. Performance of windcatcher 

Windcatchers have more advantages than other openings 

[ 65 , 73 , 74 ]. In a dense urban context, the windows’ efficiency is 

low, and windcatchers can be an efficient superseded solution for sup- 

plying the required ventilation rate here. Drach’s [75] has researched 

a three-story house with inadequate natural ventilation. The results 

of this paper indicate that adding a windcatcher improved natural 

ventilation in this house. Another advantage of windcatcher rather than 

other openings is the higher pressure coefficient (CP). The ventilation 

rate depends on the pressure coefficient at the opening [76] . Table 4 

Shows CP for windcatchers and other openings in rural and open areas 

in various wind approaches. This table’s results indicate that CP for 

windcatcher is higher than other openings [ 42 , 77 ]. 

Montazeri et al. [69] have measured CP for one-sided and two-sided 

windcatchers through a wind tunnel experiment. This investigation and 

the research by Bahadori show a higher performance of windcatchers 

( Table 5 ). 

Sadeghi et al. [78] studied a windcatcher’s performance in the urban 

context of Australia and compared it with ventilation through windows. 

Results of this study indicate that: 

- The pressure difference between the inlet (windcatcher) and outlet 

(window) and vice versa was three-time of pressure difference when 

the window was used for ventilation. 

- The average internal airflow velocity in the six warm months of Syd- 

ney in the case with an optimized windcatcher was three-time higher 

than the case of window ventilation. 

One of the windows’ limitations is that they aren’t usable in base- 

ments, but windcatchers are useful in these underground spaces. Roaf 

[27] has investigated Khan Garden in Yazd. In this place, there is a 

living room in the basement connected to a windcatcher that crosses 

on a Qanat owning a 50-meter-long tunnel. The investigation indicates 

that when the exterior temperature was 40°C, the interior temperature 

was 25°C. Moreover, the effects of windcatchers on increasing veloc- 

ity and decreasing interior spaces’ temperature can reduce the fluctu- 

ations of temperature [79–81] . Priya et al. [82] investigated a house 

with a balcony and windcatcher. While fluctuation of exterior temper- 

ature was 11°C, fluctuation of interior temperature was 3°C, and while 

fluctuations of exterior temperature were 16°C the oscillating of internal 

temperature was 5°C. In the investigation of Ghadiri et al. [83] , wind- 

catchers can decrease the interior temperature 3°C - 5°C compared to 

the exterior environment during the daytime, but at night, the internal 

temperature was 3°C - 4°C higher than the outer environment. Sadeghi 

et al. [84] investigated windcatchers’ performance for an apartment in 

Sydney humid climate. In this case, mean air velocity, incoming by a 

windcatcher, was as three-fold as mean air velocity, which income by 

a window to meet thermal comfort needs. Studies of Mohammadi and 

Barzegar [85] and Kistelegdi et al. [86] confirms the decisive role of 

windcatchers in providing thermal comfort conditions. Therefore, de- 

spite windcatchers’ limitations, they can increase velocity and decrease 

the interior temperature in hot climates for achieving comfort conditions 

[87] . Therefore, today windcatchers are an efficient cooling passive sys- 

tem that can help reduce the cooling loads in contemporary buildings 

[84] . Adding evaporative cooling to windcatchers improves their func- 

tion and indoor conditions [ 32 , 33 , 88–91 ]. 

5. Economic aspect of using windcatcher 

One of the most critical factors for evaluating a system’s usefulness 

is the economy [92] . For comparing and assessing various systems, the 

formula below has been used. 
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Table 3 

Different parameters and methods used in papers about windcatcher ( E: Expriment, N: Numerical modeling, A: Analytic modeling, DECT: down-draft evaporative cool 

tower, T: Traditional windcacther, TIW: Traditional windcatcher integrated a wingwall, CW: commercial windcatcher, ABL: atmospheric boundary layer, Uniform: 

uniform inlet velocity, 3D: three-dimensional, C: coupled outdoor-indoor simulations). 

Author (year) Ref Method 

Number of 

openings Type 

Turbulence 

Modeling Mesh Inlet profile 

Dimension/ 

coupling 

Sensivity 

analysis Subject 

Erell et al. 

(2008) 

[61] E 1 DECT - - - - - Thermal performance and flow 

rate of DECT 

Afshin et al. 

(2016) 

[62] E 2 T - - - - - Performance of windcatcher in 

various wind angles and wind 

speed 

Nejat et al. 

(2016) 

[63] E/N 2 TIW standard k-e Non-uniform ABL 3D/C Grid Anti-short circuit device 

performance 

Calautit et al. 

(2015) 

[39] E/N 1 CW standard k-e Non-uniform uniform 3D/C Grid Performance of a standard 

windcatcher and HTD 

windcatcher 

Mak(2010) [64] N 4 CW standard k-e unstructured 

grid 

uniform 3D/C - The function of the 

windcatcher quadrants in 

various wind directions and 

speeds 

Montazeri 

et al. (2008) 

[65] E 1 T - - - - - Effect of placing of urban 

windcatchers in the boundary 

layer of atmospheric winds 

Dehghan et al. 

(2013) 

[66] E/A 1 T - - - - - Impact of roof shape on 

windcatcher performance 

Hosseinnia [67] N 4 T Standard k-e Unstructured 

tetrahedral 

cells 

ABL 3D/C - Impact of Various blades on 

performance of windcatcher 

Kalantar (2009) [30] N 4 T Standard k-e Unstructured Uniform 3D/C Grid Impact of evaporating cooling 

Ghadiri et al. 

(2014) 

[68] N 4 T Standard k-e Structured 

hexahedral and 

prism 

ABL 3D/C Grid The effect of plan size of 

windcatchers on its ventilation 

rate 

Montazeri 

et al. (2010) 

[69] A/N/E 2 T Standard k-e RNG 

k-e Reynolds Stress 

model 

Unstructured/ 

structured grid 

uniform 3D/C - Performance of two-sided 

windcatcher 

Fig. 9. Assessing velocity inside a windcatcher with different turbulent models. a: k-e Realizable. b: k-e RNG. c: standard k-e. d: sst k-omega. e: sst k-omega. f: 

streamline built by PIV [72] . 

Table 4 

Pressure coefficient for windcatcher and other openings in different wind angles and areas. WC: windcatcher, 

O.O: other openings. 

Areas The angle between wind and inlet 

0° 45° 90° 120° 150° 180°

W.C. O.O W.C. O.O W.C. O.O W.C. O.O W.C. O.O O.O 

Rural area 0.53 0.04 0.43 0.12 0.66 0.35 0.50 0.35 0.54 0.25 0.61 0.25 

Open area 0.54 0.12 0.43 0.18 0.71 0.33 0.53 0.32 0.55 0.38 0.61 0.32 

Economic efficiency = operation/ (producing cost + using cost + ex- 

ternal cost) 

Therefore, enhancing economic efficiency depends on decreasing 

costs. Solutions like combining architectural techniques with climatic 

strategies and renewable energy systems significantly reduce these costs 

[93] . MostafayiPour et al. [93] , for evaluating windcatchers’ economic 

efficiency, selected a warehouse with dimensions of 10 m, 14 m, and 50 

m. They considered three scenarios for this research: 

1- Ground floor level, cooling by an absorption chiller 2- Basement 

level 
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Table 5 

Comparing Pressure coefficient for one-sided windcatcher, two-sided wind 

catcher, and other openings in different wind angles. 

Wind 

angles 

Two-sided windcatcher One-sided 

windcatcher 

Other 

openings 

Windward Leeward 

0° 0.86 -0.36 0.81 0.12 

45° 0.21 -0.37 0.38 0.18 

90° -0.49 -0.46 -0.30 0.33 

135° -0.37 0.21 -0.38 -0.38 

180° 0.036 0.86 -0.43 0.32 

3- Basement level, cooling by windcatcher 

The results of this study indicate that the scenario with wildcatter 

was most efficient practically and economically. 

6. Factors which impact on the performance of windcatchers 

There are many factors which have a significant impact on the per- 

formance of windcatcher. These factors can be internal like cross-section 

and height of windcatcher or external like velocity or wind angle [90] . 

6.1. Number of openings 

The number of openings is one of the most critical factors contribut- 

ing to windcatchers’ efficiency [94] . Differences in the number of open- 

ings lead to differences in features of various kinds of windcatchers. 

Therefore, each kind of them is efficient in a particular region with spe- 

cial climatic conditions. For example, two-sided windcatchers act like 

one-sided windcatchers. One side of them can bring fresh cooled air to 

indoor space, and another part can act like a chimney and suck indoor air 

to exterior space at the same time. One-sided windcatchers have not this 

feature [95] . On the other hand, in several windcatchers with equal di- 

mensions, windcatchers with fewer openings bring air for indoor space 

with a higher rate. Montazeri [96] , in one of his studies, investigated 

one windcatcher with a cylindrical cross-section and different numbers 

of openings. He divided the cross-section of windcatchers into 2, 4, 6, 

and 12 sections and compared the efficiency of them in experimental 

conditions with each other. The results of this experiment indicate that 

a two-sided windcatcher had the best performance. On the other hand, 

the more openings a windcatcher has, the fewer effects wind angles have 

on the entering flow rate. Therefore, in areas with the one-direction 

prevailing wind, the one-sided windcatchers are preferred to the others 

from an economical and technical perspective. This is because, in a one- 

sided windcatcher, all of the cross-sections act as the entrance of airflow, 

but in two or more-sided half or less of cross-section, bring airflow to 

indoor spaces [ 69 , 97 , 98 ]. In addition to the number of openings of a 

windcatcher, the building’s openings affect this vein in terms of area, 

location, and distance from the windcatcher [99] . 

6.2. The height of windcatcher 

Height is an effective factor for the performance of windcatcher by 

two parameters. First, the height of the windcatcher and second, the 

ratio of windcatcher height to the neighborhood’s building height. De- 

termining an optimal height for a windcatcher depends on the climate, 

type of windcatcher, and cross-section. The effects of these parameters 

have been shown in differences between Ghadiri [100] and Badran’s 

[101] article results. Ghadiri [95] investigated a windcatcher with H- 

shaped blades and different height in Yazd city climate. Assumed heights 

for this windcatcher were 3.5 to 10.5 meters. She assumed 5 meters per 

second for the velocity of airflow and 37°C for air temperature. At the 

same time, Badran [101] investigated a windcatcher in Aman (capital 

of Jordan). The cross-section of this windcatcher was 1m2, and Badran 

used evaporative cooling in it. Badran investigated windcatchers with 

heights between 0 to 9 meters. He computed optimum height in mathe- 

matical formulas. Consequently, Badran deduced 9 meters is the optimal 

height for windcatchers. The results indicate that increasing height up 

to 9 meters improves the performance of windcatchers, and after that, 

this improvement will be insignificant. Therefore, in his opinion, the 

optimal height is 9 meters. Whereas, Ghadiri deduced 6 meters for the 

optimal height for windcatchers. Ismail investigated windcatchers with 

different heights (3, 6, and 9 meters) integrated with a classroom. Re- 

sults indicate that with increasing height, the performance will improve. 

However, the efficiency of windcatchers with 6 and 9-meter height was 

close to each other. From economic and aesthetic points of view, 6-m 

height has been considered the optimum height for windcatchers [102] . 

Sheikhshahrokhdehkordi et al. [103] investigated the windcatchers 

of different height. According to the results, increasing the height leads 

to a decrease in the mass flow rate. 

The other factors are the distance (density) and the height of neigh- 

bor buildings. It has a significant impact on the efficiency of wind- 

catchers [104] . For determining the level of this effect, Afshin et al. 

[105] performed a study where a windcatcher-integrated building was 

investigated along with the neighbor buildings with different heights. 

The results of this study indicate that the existence of a building with 

low height in the neighborhood (with a height of 0.5 H of windcatcher 

and distance of 0.75 H of windcatcher) can increase the ventilation rate. 

However, the existence of higher buildings has a reverse effect. In this 

condition, both shafts of two-sided windcatcher act as a chimney and 

suck air of indoor to outdoor space. 

6.3. Wind approach 

Wind direction is effective on introduced pressure on opening, lee- 

ward, and windward sides. Pressure difference on the surfaces plays an 

important role in supplying the needed airflow rate. For a windcatcher, 

most pressure coefficient and airflow rate occur at a 0° wind angle. The 

angles between 0° and transition ventilation rate gradually decline with 

increasing wind angle [ 62 , 64 , 69 , 98,106–110 ]. At the transition angle, 

the supplied airflow goes to zero. Afshin et al. [62] have introduced it 

55°, and Montazeri and Azizian [76] introduce it between 50°- 60°. The 

minimum ventilation rate occurs in the transition angle. In higher an- 

gles, two shafts of two-sided windcatchers act reversely [75] . According 

to the MAK [64] study, in four-sided windcatchers between 0° and 15°

of wind angles, just one side bring airflow to indoor spaces. At 30° and 

45° wind angle, two shafts have this function. At 0° to 10° and higher 

than 40°, as wind angle increases, airflow rate decreases, and at the wind 

angles between 10° to 40°, increasing in wind angle leads to an increase 

in the airflow rate. 

6.4. Velocity 

Increasing velocity will increase the ventilation rate in windcatcher- 

integrated buildings [110–113] . However, the question is that level of 

this increase would be the same for all wind angles? MAK [64] carried 

out a study about the performance of a four-sided windcatcher at 0°, 15°, 

30°, and 45° wind angles. The windcatcher at 45° wind angle had the 

most sensitivity and had less sensitivity toward velocity at 0° wind an- 

gles. That means the 45° wind angle increasing in velocity causes to an 

increase in the airflow rate more than other wind angles. At 0° wind an- 

gle, increasing velocity causes an increase in the airflow rate less than 

other wind angles. Another question is if increasing velocity is bene- 

ficial in all kinds of windcatchers? Calautit et al. [114] have studied 

wind tower integrated with heat transfer devices. While the outdoor 

flow speed was 5 m/s, the reduction in indoor space temperature was 

5°C, but when the outdoor velocity was 1-2 m/s, this reduction reached 

9.5 – 12. 

6.5. Configuration 

Configuration factors like cross-section dimensions, arrangements 

of interior blades, and roof shape have been investigated in this part. 
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It’s evident that with an increase in cross-section (it means that the 

opening dimensions will increase too), the amount of airflow will in- 

crease. But other factors aren’t as simple as dimensions and shape 

of cross-section. Each of these factors is very effective in the perfor- 

mance of windcatchers. Therefore, designing an optimum windcatcher 

needs studying these factors for obtaining the best combination for 

windcatchers [115] . Farouk [109] compared the square, Hexagon, and 

circular six-sided windcatchers in various velocities and wind angles. 

The average incoming airflow rate in the hexagon windcatcher was 

19 percent more than the square windcatcher. Moreover, the hexagon 

windcatcher had lower sensitivity to wind angles than the square 

windcatcher. 

However, a 0° wind angle case with the square windcatcher has a 

higher mean velocity than the hexagon windcatcher in indoor space. The 

circular six-sided windcatcher had the lowest mean speed. Therefore, at 

a 0° wind angle, the square windcatcher is more effective for making 

thermal comfort conditions. Jafari et al. [108] compared two models of 

four-sided windcatchers. One of them had a square cross-section with 

X-shaped blades, and another was a circular four-sided windcatcher. 

They studied these models in various wind angles. In the square model, 

whirlpool was less than the other models. Therefore, they concluded 

that sharp edges could be a reason for whirlpool reduction, a broad 

region of flow separation, more pressure difference, and finally, more 

flow induction. 

Results of an investigation by Sheikhshahrokhdehkordi et al. 

[103] indicate that cross-section changes lead to changes in windcatch- 

ers’ efficiency. There are various arrangements for blades of four-sided 

windcatchers include X, K, + , and H. Different articles have compared 

these shapes with each other through different indicators: the potential 

of decreasing indoor temperature. Ghadiri et al. [115] made a compar- 

ison between two windcatchers with K and X-shaped of blades with the 

same dimensions and conditions ( Fig. 10 ). This research indicated that 

windcatcher with X-shaped blades could bring airflow with a lower tem- 

perature to indoor space. 

Dehnavi et al. [116] compared windcatchers with + , X, H, and K- 

shaped blades of windcatchers ( Fig. 11 shows these blades). The ref- 

erence case was a windcatcher with a crosssection of 1.5 m 

∗ 1.5 m 

and height 8 m. Results indicate that a windcatcher with a + shaped 

blade has less potential for decreasing indoor temperature. After that, 

windcatchers with K, H, and X-shaped blades have superior potential, 

respectively. 

Zarandi [49] compared dimensions of windcatchers owning three 

types of blades (shown in Fig. 12 ) through CFD with dimensions of 

windcatcher of Rasolian house. Indicators in this research were relative 

humidity, temperature, and velocity of airflow. According to the results, 

a windcatcher with + shaped blades was more efficient than other cases. 

The roof’s impact has been investigated in the research of Dehghan 

et al. [66] . They considered three roofs (sloped, flat, and curve roof) 

with various wind angles. In 0° wind angles, the windcatcher’s efficiency 

with the curved roof was 10 and 4.5 percent higher than a flat roof and 

sloped-roof windcatcher, respectively. However, the windcatcher with 

a sloped roof had the lowest sensitivity to changing the wind angles. 

Another parameter that impacts the performance of windcatchers in the 

shape of the inlet. Abdo et al. [117] considered three forms for inlet 

of windcatchers (uniform inlet, bulging-converging inlet, and divergent 

inlet) and compared them in a study. Results indicated that this param- 

eter has a significant effect on efficiency. Between these three cases, 

a windcatcher with a divergent inlet has the best performance. In wind 

velocity of 6m/s, the average velocity of cached airflow for windcatcher 

with divergent inlet was 8.44 percent higher than windcatcher with the 

bulging-converging inlet. 

Varela-Boydo et al. [118] investigated 33 models of the outlet open- 

ing of windcatchers. They tried to guide designers in designing wind- 

catchers with higher efficiency. This investigation shows that shape, 

size, and position of outlet opening have a significant impact on the 

performance of windcatchers. 

Table 6 expresses briefly various parameters impacting the perfor- 

mance of windcatchers and their conclusion. 

7. Architectural solutions for improvement of windcatchers 

performance 

Architectural solutions to improve windcatcher’s performance, in- 

cluding windcatchers’ position toward each other and partition’s posi- 

tions in the most efficient conditions. Calautit et al. [119] investigated 

the impact of position and distance of windcatchers on the velocity of 

Fig. 10. Investigated models by Ghadiri et al. [115] . 

Fig. 11. Investigated cases by Dehnavi et al. [116] . 

Fig. 12. Investigated models by Zarandi [49] . 
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Table 6 

Topics of research about architectural solution and conclusion of them. 

Topic Conclusion 

Difference between the 

performance of 

windcatchers and 

other openings 

In areas with privilege wind, one-sided 

windcatcher has higher efficiency,but in areas, 

that direction of the wind is variable other types 

are better 

Impact of height on 

the performance of 

windcatcher 

Increasing the height of the windcatcher causes 

improvement of the performance of it, but at 

heights more than a particular height, rising in 

the performance will not significantly increase 

the height parameter. 

Impact of distance and 

height of surrender 

buildings on the 

performance of 

windcatcher 

Short buildings could enhance the performance of 

windcatcher, but tall buildings cause all channels 

of windcatchers to act as a chimney. 

Impact of wind 

approach on the 

performance of 

windcatcher 

Most ventilation rates occur at 0°. amount of it 

decreases between o° and transition angle. At the 

transition angle, ventilation arrives at zero. 

Impact of velocity on 

the efficiency of 

windcatchers 

In traditional windcatchers increasing in velocity 

causes increasing in performance of windcatcher. 

Impact of the shape of 

inlets on the efficiency 

of windcatcher 

Divergent inlet has higher, and the 

bulging-divergent inlet shape has the lowest 

efficiency 

Performance of 

windcatchers with 

various shapes of 

blades 

+ shape of internal blades is optimum for a 

four-sided windcatcher. 

Performance of 

windcatchers with 

different roofs. 

Windcatcher with the curved roof has the highest 

efficiency in 0 wind angle, but windcatcher with 

the sloped roof has the lowest sensitivity against 

changes in wind angle 

entering airflow and the performance of windcatchers. Results indicate 

that oblique positions of windcatchers are more optimal than linear posi- 

tion. The linear position could not supply minimum needed ventilation, 

whereas incoming airflow was more than required airflow in an oblique 

arrangement. Other research about the position of windcatchers done by 

Attia and De Herde [95] . They studied different positions for Malqafs. A 

1:20-scaled model was used in this research, and the assumed distance 

between windcatchers was 60 centimeters. The only factor investigated 

was the direction of the inlet. Results indicate that the best condition 

was when one of them was windward, and the other was leeward. An- 

other factor for enhancing the efficiency of windcatchers is increasing 

the number of interior blades. Hoseinnia et al. [67] changed the number 

of blades, and other factors were fixed for all cases. Then they investi- 

gated the impact of blades on the velocity of incoming airflow. For this 

purpose, five cases (with different blades) were considered (shown in 

Fig. 13 ). Results indicated that the mean velocity of incoming airflow 

would increase with increasing the number of partitions (both wet and 

Table 7 

Topics of research about architectural solution and conclusion of them. 

Author (year) Topic Solution 

Calautit et al. 

(2014) 

Impact of various 

arrangements of 

windcatchers on the 

performance of 

windcatchers 

Non-linear arrangement of 

windcatcher causes 

improvement in the 

performance of each of them. 

Attia et al. 

(2009) 

Different arrangements 

of two malqafs 

Being in opposite directions 

causes one of them to bring 

fresh air into indoor space and 

another malqaf acts as a 

chimney 

Hosseinnia 

et al. (2013) 

Impact of the number of 

blades on the efficiency 

of windcatcher 

Increasing the number of 

openings causes improvement 

in the efficiency. 

Hosseinnia 

et al. (2013) 

Impact of wet partitions 

on the performance of 

windcatchers 

Wet partitions cause more 

decreasing in the temperature 

of incoming air flow. 

dry partitions). Moreover, moist partitions can add evaporative cooling 

to windcatcher. Windcatcher with the evaporative cooling feature can 

decrease indoor space temperature by 7.6° C and increase the relative 

humidity of indoor space by 9.2 percent. 

To put it briefly, Table 7 contains architectural solutions for enhanc- 

ing the function of windcatcher. 

8. New designs for windcatcher 

However, traditional windcatchers were beneficial but had some dis- 

advantages that are as follows [120] : 

1- Dust and insects can enter in indoor spaces through windcatcher’s 

shafts. 

Sometimes, some part of airflow which enters in interior spaces, exits 

from another channel, and has no circulation in indoor areas. 

The efficiency of windcatchers in circumstances with a low velocity 

of winds is low. 

The modern windcatchers have to try to eliminate one or more of 

these disadvantages. They are more likely to pay off when integrated 

with new technologies and new designs [120] . 

8.1. Windcatcher with rotating head 

This kind of windcatcher has a rotating head that can be against the 

wind’s direction at every angle it has. The material of it can cross light 

to buildings profited by more daylights. Some of the main features of 

this windcatcher is as follow: 

- Using relative transparent material for crossing daylight. 

- The upper part of it is circular and rotating. 

- Number of it depends on temperature and needed ventilation rate 

[121] . 

Fig. 13. Investigated types of partitions by Hosein Nia et al. [67] . 
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8.2. Windcatchers with a wetted column, wetted sur- face 

Bahadori et al. [122] compared two new types of windcatchers with 

traditional windcatchers: windcatchers with wet columns and wet sur- 

faces. The results of this comparison show these two new types have 

higher performance than traditional models [42] . In low velocities, 

windcatchers with a wet surface and windcatchers with a wet col- 

umn function more properly in other conditions. Noroozi and Veneris 

[123] introduced a windcatcher, a combination of these two types. This 

one-sided windcatcher has wet blades and wet pads on the inlet. The pad 

can be closed or opened. This windcatcher was simulated in various pa- 

rameters (velocities, opened, and closed pads). Results showed that this 

windcatcher could decrease the cooling load significantly. Soltani et al. 

[124] investigated a windcatcher with a wetted surface. The proposed 

windcatcher has a fixed column and a rotating head. The inlet has a grid 

pad wetted by a pump. Results showed that the wetted pad and rotating 

head could improve the efficiency of the windcatcher significantly. 

8.3. Down-draft evaporative cool tower 

Passive down-draft evaporative cooling (PDEC) can be an active or 

passive system [ 125 , 126 ]. PDEC windcatcher is a new kind of wind- 

catcher acting in three stages. In the first stage, the air enters into a 

windcatcher because of pressure difference. In the second stage, wa- 

ter is sprayed. This process makes entered air denser. Therefore, the 

denser air moves downward, and in the final stage, the kinetic energy 

of sprayed drops is conveyed to the air. 

Although this windcatcher can be in different types usually has an 

inlet in the upper part and an outlet in the bottom part for humid air 

with lower temperature [ 60 , 127 ]. The efficiency of this windcatcher 

depends on climate [128] . Water spraying is more suitable in dry envi- 

ronments than humid climates [129] . One example that uses this type 

of windcatcher is the Torrent Research center in India, with a high level 

of residents [130] . 

8.4. Air tree 

The Air tree is a complex of windcatchers (16 windcatchers), each 

with metallic construction and a two-layer plastic cover. It has been built 

in a boulevard in Madrid. Air tree has three processes for increasing am- 

bient air temperature: shadowing, ventilation, and evaporative cooling. 

Ventilation and evaporative cooling have been performed by an electri- 

cal fan, and several water pipes in the bottom part [131] . Soutullo et al. 

[132] investigated this windcatcher and proposed solutions for optimiz- 

ing it. According to their research, air trees decrease the surrounding 

environment’s temperature, meant to 8°C. The proposed solution was 

consisting of: 

- Using plastic cover with light color causes more decrease in temper- 

ature. 

- Decreasing holes from 3 to 1 increases efficiency from 7 to 10 per- 

cent. 

- Developing an interior wall to make downward it more efficient. 

8.5. Rotating windcatcher at blue water 

This kind of windcatcher is inspired by old windcatchers of Oast 

hoses of Keat. These windcatchers have a conical overlay and an alu- 

minum damper with transparent blades located at the end of this overlay 

for entering daylight to indoor spaces. Another feature of these wind- 

catchers is rotating ability. An intelligent building management system 

(IBMS) controls the performance of windcatchers. This system at 14°C 

to 18°C of outdoor dry temperature and velocity of outdoor airflow 1 to 

7 m/s deactivates windcatchers, and mechanical ventilation is needed 

[133] . Overall, three scenarios have been defined for the ventilation 

of this building. When the velocity of outdoor airflow is lower than 1 

m/s for 20 min continuously, mechanical ventilation is used to supply 

the building’s needed ventilation rate. When outdoor airflow speed is 

between 1m/s and 3 m/s, all of 39 windcatchers of buildings are used 

[133] . When outdoor velocity is between 3m/s and 7m/s, 19 windcatch- 

ers are used. When air velocity is intense, mechanical equipment is used 

[ 133 , 134 ]. 

8.6. Commercial windcatcher 

Commercial windcatchers have square and circle cross-section, but 

square cross-section is more common. This type of windcatcher has lou- 

vers that prevent penetration of rain and snow to the inside. It has blades 

for dividing channels to separate parts. Therefore, the channels which 

have windward opening bring fresh air to the indoor spaces and the 

channels which have leeward opening suck indoor air outdoor. Mon- 

odraught windcatchers have dampers that automatically open and close 

according to the amount of CO2 produced [135] . Ji et al. [135] in- 

vestigated this type of windcatcher for official buildings in various as- 

pects. This investigation was done with Energy plus and different cli- 

mate conditions in different cities. They considered 11 windcatchers for 

ventilation of buildings. The simulation results indicate that applying 

windcatchers and windows can decrease the indoor temperature by 2°C. 

Moreover, 50 percent of times when could supply needed ventilation. 

Windcatchers without other openings 17 percent and with other 

openings 37 percent reduced cooling load of the building. The fan is 

one of the new technologies used in the windcatchers. The reason for it 

is enhancing the efficiency of the windcatchers and reducing its dimen- 

sion. It works with the electricity of PV located on the windcatcher [ 136 , 

137 ]. Another technology applied in the windcatchers is a heat trans- 

fer device ( Fig. 14 ). This technology causes an efficient cooling effect 

of windcatcher and makes more extensive thermal comfort conditions 

[138–141] . Results of studies of Calautit et al. [ 141 , 142 ] estimated the 

potential of this windcatcher for reducing indoor temperature. Accord- 

ing to these studies, it can decrease the temperature of indoor spaces by 

about 12°C. However, the amount of this decline also depends on the 

wind velocity. 

Calautit et al. [39] investigated the performance of this windcatcher 

in a small class. Results indicate that commercial windcatchers can sup- 

ply the needed ventilation rates, even in velocities lower than 2m/s. 

Moreover, the mean age of air for outdoor airflow was only 23 to 30 

percent higher than the mean age of air for indoor airflow. 

8.7. Sun catcher 

It can bring fresh air and daylight to indoor spaces simultaneously- 

without any adverse effect on the windcatcher’s performance. It can 

reduce the unwanted sun’s radiation, especially in hot climates, because 

it needs the light supplied by the windcatcher [143] . 

8.8. Windcatcher assisted adsorption cooling channel 

In this system, a windcatcher is combined with an absorbing chiller 

for cooling and natural ventilation. This system can reduce the indoor 

temperature by 10°C to 20°C. In dry climates, the efficiency of this sys- 

tem is higher than humid climates [144] .Two-sided windcatcher inte- 

grated with wing wall 

Low velocity leads to a significant reduction in the efficiency of wind- 

catcher. The wing wall ( Fig. 15 ) is useful in this condition for enhancing 

their effectiveness [145] . The highest performance of this windcatcher 

occurs between 15° and 30° wind angles. The velocity of entered air 

flow is 36 percent of outdoor airflow in this type, while it is 24 percent 

in traditional windcatchers. This windcatcher can supply fresh air 50 

percent more than a conventional windcatcher [145] . The length of the 

wing wall has no significant effect on the windcatcher’s performance, 

but the optimum range for it is between 10cm and 20 cm [146] . 
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Fig. 14. Commercial windcatcher with the proposed horizontal and vertical heatpipe configuration [138] . 

Fig. 15. Two-sided windcatcher integrated with wing wall [145] . 

8.9. Earth-to-air heat exchanger assisted by a wind tower 

The temperature of the depth of soil is near to annual average tem- 

perature of the environment. In cold months, the soil depth has a higher 

temperature and has a lower temperature in hot months than the out- 

door. Therefore, using this advantage can be beneficial for providing 

thermal comfort conditions [147] . The earth-to-air heat exchanger uses 

the temperature of the depth of ground for cooling and heating. This 

system is consists of one or more pipes arranged in the depth of soil. 

Air is pumped in these pipes, and heat is exchanged between it and the 

soil. This air is pumped over the surface, and that how well it can heat 

or cool the surrounding environment depends on length, depth, type of 

soil, and diameter of pipe [148–151] . Banhammou et al. [151] inves- 

tigated a windcatcher combined with an Earth- to-air heat exchanger. 

In this study, the effect of the system on decreasing spaces temperature 

was found. The results of studies by Dwivedi and Sharma [152–154] , 

which done in Baghdad climate, indicate that this system is efficient. 

The study of Sadeghi et al. [78] showed that the combination of wind- 

catcher and underground channels could reduce fossil fuels’ economic 

costs and consumption. 

8.10. Four-sided windcatcher with new design in south Arabia 

Al Zaed, in one article [155] , introduced a windcatcher with a unique 

design ( Fig. 16 ). Plate L1 and the windcatcher slope leads to the higher 

performance (of windcatcher), velocity, and pressure of incoming air- 

flow to indoor spaces than ordinary windcatchers. This system’s design 

is done based on computer simulation. 

Fig. 16. Four-sided windcatcher with new design in Saudi Arabia. 

8.11. Integration of PCM with windcatcher Skin Ma- terial 

Seidabadi et al. [156] introduced a hybrid system of windcatcher and 

PCM to increase the heat transfer rate. The results of studying analytical 

models of this system indicate that it can decrease the temperature of 

interior spaces to about 25°C for 7 hours. Therefore, the efficiency of 

this system is acceptable. 

8.12. Windcatchers with attached ingress and egress funnels 

Valera-Boyda et al. [157] propose a new design for windcatchers. In 

this design, funnels are integrated with the inlet or outlet of the wind- 

catcher. They performed over 120 simulations for assessing the proposed 

design and effects of different parameters. The results of these simula- 

tions show that adding funnels can enhance the efficiency of windcatch- 

ers. In several cases, the volumetric airflow rate increases by 10.7 per- 

cent. However, changes in dimensions of funnels can reduce or increase 

the amount of incoming air. 

In another study Valera-Boyda et al. [158] investigated windcatch- 

ers with inlet extensions ( Fig. 17 ). The results of performed simulations 

indicate that adding extensions to inlet has a positive impact on wind- 

catcher performance. According to these results, the extensions can re- 

duce and displace regions with low pressure, and as a result, enhancing 

the ventilation can be achieved. 

8.13. A windcatcher integrated with a solar chimney 

Moosavi et al. [159] propose a new design of windcatcher ( Fig. 18 ). 

In this kind, a one-sided windcatcher is integrated with a solar chimney 

on the north facade. The investigated building is a two-story building. 

The windcatcher is connected to the lower floor, and the solar chimney 

is connected to the top floor through two separate channels. Also, a 

small void connects two floors. South facing concrete wall separates 

the windcatcher and the solar chimney. Additionally, this wall acts as a 

thermal mass for solar chimney. Solar radiations pass through the glass 

wall of the solar chimney. Therefore, the stack effect emerged —fresh air 

incomes to interior space through the windcatcher [159] . 
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Fig. 17. Some of investigated extensions for inlet of windcatchers by Valera- 

Boyda et al. [153] . 

Fig. 18. A windcatcher integrated with a solar chimney [159] . 

This research indicates that this model with water spraying can re- 

duce the temperature by 5.2 °C. This model can also save 75 percent of 

consuming energy for cooling and 90 percent of consuming energy for 

ventilation [159] . 

8.14. Using windcatchers in contemporary buildings 

Natural ventilation has some advantages compared to mechanical 

ventilation. These advantages consist of [155] : 

- Lower noise than mechanical equipment. 

- Cheaper and providing more comfort condition in the same situa- 

tions. 

- Has no pollution in the environment. 

These advantages are the reason that natural ventilation is preferred 

for mechanical ventilation. This part shows how windcatchers can be 

used in buildings with different purposes [160] . 

8.15. Using windcatcher in a warehouse 

Mostafaeipour et al. [93] , as expressed in part 6, showed that wind- 

catchers in a warehouse are useful and have a lower cost than other 

similar solutions. 

8.16. Using windcatcher in the classrooms 

Morshed [161] investigated windcatchers in a classroom in the UK. 

Most schools are located in a noisy area in the UK, and noises pass 

through windows to internal spaces. Therefore, he concluded wind- 

catchers equipped with a fan could meet the healthier and better comfort 

standards. Jones and Kirby [162] researched about ventilation rate in 

16 classrooms in England. In the summer season, a windcatcher from 

top to the bottom of the building could supply the needed volume of 

fresh air. Moreover, the concentration of CO2 decreased significantly. 

They investigated the performance of windcatcher in a classroom in the 

other paper [163] . Results indicated that a long duct could decrease the 

efficiency of windcatcher, and applying another opening could increase 

the efficiency of windcatcher by 47 percent. Research by AlShitawi et al. 

[164] confirmed the impact of the ventilation rate of windcatcher on 

the concentration of particles in the indoor space. Results of research 

by Mavrogianni and Mumovic [165] on two classrooms of a school 

equipped with Monodraought windcatcher, studies by Ismail and Miran 

[102] on a school with windcatchers with various heights, and Dorizas 

et al. [166] on two classrooms integrated with a windcatcher with heat 

recovery, indicated that it could improve the concentration of CO2 and 

thermal comfort conditions in winter and summer. However, for supply- 

ing the needed ventilation rate (8lit/s), another opening is necessary. 

Benkariet al. [167] showed in an investigation on two windcatchers in 

Sultan Qabus university that windcatchers can supply fresh air two-fold 

than the needed amount. 

8.17. Using windcatcher in a stadium 

Sofotasiou et al. [168] have an article about challenges in world 

cup 2022 of Qatar. They propose a windcatcher for natural ventilation 

and evaporating cooling integrated with modern technologies. This sys- 

tem can help the stadium maintain the temperature between 20°C and 

25.5°C. 

8.18. Using windcatcher in a greenhouse 

Greenhouses need a determined range of ventilation rate and veloc- 

ity inside. Windcatchers can be useful in meeting these needs [110] . 

Pakari and Ghani [110] investigated windcatchers’ performance (two 

windcatchers) integrated with a greenhouse. They measured the perfor- 

mance of them in various wind angles and speeds. The results showed 

that windcatchers could supply the needed ventilation rate and air ve- 

locity inside the greenhouse. 

9. New technologies of windcatchers 

9.1. Louver 

The louver is a part of modern windcatchers that prevent the channel 

of windcatchers from penetrating rain and snow. Opening and closing it 

can improve the effect of windcatcher or prevent adverse effects [169] . 

Two parameters affect the performance of louver: number of layers and 

angle of layers. Maneshi et al. [170] studied two kinds of windcatchers 

(square cross-section and circle cross-section). They investigated these 

windcatchers with five-layer and ten layers of louvers. Results indicated 

that: 

- Wake region at the back o0f the windcatcher with five layers of lou- 

vers was broader and more visible. 
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- The ventilation rate for windcatchers with ten layers of louvers was 

more than windcatchers with five layers. 

The investigation of Liu et al. [171] confirmed that increasing lay- 

ers of louvers improve the amount of supplied airflow. However, the 

amount of improvement decreases with an increase in the number of 

layers. The angle of louvers is an essential factor in the performance of 

windcatchers. Hughes and Ghani [172] studied the effect of this param- 

eter. The results showed that 35° is the optimum angle for louvers. 

9.2. Water spraying technologies 

Water spraying has a significant impact on decreasing temperature 

and increasing the humidity of indoor spaces and windcatchers’ effi- 

ciency [173] . A study by Ahmadikia et al. [174] on windcatcher of 

Dowlat Abad Garden in Yazd with the help of CFD confirmed it. 

9.3. Fan 

Most of the modern windcatchers use fans. Elmualim [133] proposed 

a new windcatcher and showed using fans can increase the velocity of 

entered airflow, reduce the concentration of CO2, and keep it in stan- 

dard amount (1000 PPM). Erell et al. [61] proposed a windcatcher for 

semi-open areas. In this windcatcher (Cool tower), fans play an impor- 

tant role in ventilation. They compared the ventilation rate with fans 

and without them, and results indicate fans positively affect. 

9.4. Damper 

Using Dampers is an effective strategy for controlling ventilation. 

A damper should reduce ventilation to zero and increase it at the pre- 

determined intervals [175] . When the damper is completely open, the 

ventilation rate is meager. The optimum angle for dampers is between 

45° and 55° [176] . 

9.5. Heat pipe heat recovery 

This system is more suitable for cold climates, helps incoming air 

be in the desired temperature range, and indoor space is in the thermal 

comfort condition. This system does not cause pressure drops. These 

pipes have a liquid heat exchanger [177] . This liquid receives heat from 

the air, which goes out and has evaporated. In this process, the ex- 

changer substance conveys heat to entering airflow and then condensed 

[178] . However, this system decreases the velocity in a small proportion 

(8 to 17 percent) but has a significant positive effect on the temperature 

of entering air (if the temperature of the air is 283° K and the tempera- 

ture of pipes is 293°K, it can increase the temperature of entering airflow 

by 4°K) [179] . This system is useful in hot climates too. It can decrease 

the temperature of incoming airflow [180] . If the outdoor temperature 

is 38° C, entering airflow temperature can be between 26°C and 28°C 

[181] . 

9.6. Horizontally-arranged heat transfer devices (HHTD) 

The HHTD is useful for reducing the temperature of entering airflow. 

Air passes through louvers and transfers its heat to HHTD [182] . The 

Research by Calautit et al. [182] shows that this system has a significant 

positive effect and is more efficient in lower velocities (it can reduce the 

temperature of entering airflow by 9.5°C to 12°C at low speeds). 

9.7. Rotary heat recovery device 

This system mixes incoming airflow with existing indoor air, and 

in this process, the temperature of incoming flow will increase. This 

technology has higher efficiency compared to the other heat recovery 

devices [183] . Using this system can save 20 percent of the heating cost 

and rise 1 to 4, depending on the mild-cold climates’ outdoor wind char- 

acteristics [184] . 

9.8. Anti-short-circuit device 

Short-circuit has a negative effect on the efficiency of windcatchers. 

Nejat et al. [63] proposed a solution to this phenomenon. This solution 

is a piece called an anti-short circuit device. This device was integrated 

into a windcatcher and could reduce the concentration of CO2 by 8 per- 

cent and increase mean velocity by 19–28 percent. Besides, this device 

leads to a better performance of windcatcher in low velocities [185] . 

10. Windcatchers in the urban context 

There are several challenges in microclimates of the urban contexts, 

such as thermal comfort, air quality, and heat island [186] . Architectural 

solutions are practical and efficient in facing climate challenges [186] in 

the design of a single building and urban planning [ 187 , 188 ]. The air 

velocity at the pedestrian level has a significant impact on thermal com- 

fort in the urban context [189] . Today, various types of windcatchers 

have been used, especially in a hot climate. The only use of windcatch- 

ers is not obtaining thermal comfort. Reducing the concentration of the 

pollutant in streets and tunnels is another purpose of windcatchers like 

Air Tree (described in previous parts) [ 190 , 131 ]. It is beneficial in urban 

areas because they can reduce the ambient temperature of the environ- 

ment by shadowing, ventilation, and evaporative cooling with electrical 

fans and nozzles [ 132 , 191 ]. Research showed that it could reduce air 

temperature to about 6.5°C and increase relative humidity by about 27 

percent [192] . Down-draft evaporative cooling is another type of wind- 

catchers that is useful in the urban context [61] . 

11. Discussion 

Windcatcher is a traditional technique for ventilation has the poten- 

tial of being useful in modern buildings. The new technologies and new 

designs can be effective in this way. 

Windcatchers can be classified into various types according to dif- 

ferent factors, including the number of openings, cross-section, number 

of stores, and position of blades. 

There are two main ways of assessing the performance of windcatch- 

ers: experimental and theoretical techniques. Each of them has pros and 

cons. Theoretical classified to analytic and numerical modeling. Among 

all ways of evaluating the performance of windcatchers, numerical mod- 

eling is more common. 

Many factors impact on the efficiency of windcatchers. These fac- 

tors are the number of openings, height, wind angle, velocity, config- 

uration (dimensions, cross-section, and blades). In the 0° wind angle, 

windcatchers with fewer openings have higher efficiency; however, they 

have more sensitivity against the wind approach’s changes. 

Increasing the height of the windcatcher raises the ventilation rate 

significantly. However, after a specified height (optimum height) rising 

of the ventilation rate is not tangible. The optimum height changed in 

different situations. 

The wind angle can determine the amount of pressure difference. 

Therefore, it is an important factor for the ventilation rate. The most 

pressure differences (most airflow rate) occur at a 0° wind angle. The 

efficiency of the windcatcher decreased until the transition angle with 

increasing wind angles. The transition angle is an angle in which the 

amount of ventilation rate arrived at zero. 

In recent years, many new designs for windcatchers have emerged. 

These designs are based on new technologies and the creativity of de- 

signers. Each of them tries to eliminate the weakness of windcatchers 

and contrive beneficial features for them. 

These new design windcatchers have been used in different modern 

buildings and even urban contexts. This point proved that windcatchers 

have a high potential for meeting needed natural ventilation in modern 

architecture and modern lifestyle. 
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12. Conclusion 

The purpose of this paper is to obtain a more comprehensive un- 

derstanding of traditional windcatchers in the first stage and modern 

windcatcher and technologies applied to them in the next step. Wind- 

catchers work based on two mechanisms (buoyancy and wind-driven 

force). These mechanisms are used in both modern and traditional wind- 

catchers. Most of the reviews conducted out about windcatchers concen- 

trate on modern windcatchers or traditional windcatchers. Attention to 

configurative parameters has been neglected in these articles. This ar- 

ticle has tried to achieve a realization about conventional and modern 

windcatchers. Also, the impact of various factors on the performance of 

windcatchers were investigated separately. The classification of wind- 

catchers can be done on multiple aspects, like the number of openings or 

several stories. Different types of windcatchers share common features. 

All of them have been formed by constant parts like towers, vents, and 

partitions. Three methods exist for estimating windcatcher’s efficiency: 

experiment, analytical model, and numerical model. Each process has 

advantages and disadvantages. Most of the articles about windcatchers 

have used Numerical models, and experimental models also are con- 

ventional too. The reason for using windcatchers was showed in the 

performance of the windcatchers part. Windcatchers have several su- 

periorities in comparison with other openings. Also, from an economic 

perspective, using windcatchers are better than mechanical ventilation 

facilities 

Therefore, using a windcatcher is an effective way to save energy and 

money. Parameters like the number of openings, velocity, wind angles, 

and configuration parameters have a significant impact on windcatch- 

ers’ performance. Understanding these parameters helps to select and 

use the correct type. For instance, in regions with one-direction prevail 

wind, one-sided windcatchers are the most efficient kind, but in areas 

with variable wind approaches, the conditions are different. Nowadays, 

new kinds of windcatchers arise with technologies like dampers, louvers, 

fans, and the other creativity of engineers. Rotating head windcatchers 

can turn the upper part toward the flowing wind direction. Air tree can 

decrease the air temperature of the surrounding environment according 

to three stages: ventilation, evaporating cooling, shadowing. In the new 

building of the bluewater, an intelligent building management system 

(IBM) has been used for controlling windcatchers. Commercial wind- 

catchers can decrease temperature down to 14°C. with the help of these 

technologies and modern designs of windcatchers, they can be compati- 

ble with a new form of life and play an essential role in sustainable archi- 

tecture and decreasing cooling load, especially in hot and dry climates. 

The number of investigations about windcatchers in other climates like 

the cold weather is meager. Several issues about windcatchers like ma- 

terials or positions in highrise buildings need more research. 
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a b s t r a c t 

The use of phase change materials (PCMs) in building enclosures is an efficient way to reduce the heat gain and/or 

loss in summer and winter. It was evident that the thermal performance of buildings with PCMs was affected by 

the outdoor air temperature significantly. However, the influence of humidity, which was serious in the humid 

subtropical climate was unclear. To explore the effect of PCMs under a humid subtropical climate, the thermal 

performance of a lightweight building outfitted with PCMs with a melting temperature of 25 °C was investigated. 

The actual outdoor air temperature with a humidity of 40–90 RH% and wind velocity of 2–6 m/s blowing from 

the east, west, south, and north was assumed for the performance assessment. A simulated model was developed 

using EnergyPlus and verified against experimental data. The energy savings by using PCMs was reduced from 

3.9% to 2.6% when the outdoor humidity increased from 40 to 90 RH% in summer. However, the savings was 

not obvious in winter. Annual energy savings decreased from 1.64% to 1.32% with humidity increasing from 40 

to 90 RH%. For annual condition, the average energy savings was reduced from 1.43% to 0.92% when the wind 

speed increased from 2 m/s to 6 m/s. From an economic point of view, the investment payback period was less 

than 10 years when the PCM price was lower than 18.0 Yuan/kg. 

1. Introduction 

Lightweight prefabricated buildings have been proved to be partic- 
ularly suitable for the need of built efficient homes in a short time, 
especially in geographical areas with much deal with emergency sit- 
uations (i.e., temporary housing) [1] . However, the thermal inertia of 
lightweight building enclosures is small, which may cause overheating 
in summer [2] . The incorporation of phase change materials (PCMs) 
into building enclosures is an effective way to compensate for the ther- 
mal inertia [3] . The excess heat was stored by the PCMs and released 
to the air when the temperature was low, yielding thermal inertia effect 
and a reduction in the energy consumption [4] . Lira-Oliver and Vilchis- 
Martínez [5] evaluated the applicability of organic PCMs in combination 
with conventional materials based on thermal inertia in Mexico City 
(subtropical highland climate) for one year. The PCM with a melting 
temperature of 25 °C in combination with aerated concrete produced 
the best thermal inertia over the year. To evaluate the thermal iner- 
tia performance of building enclosures with PCMs with varying thermal 
properties, Ling et al. [6] developed a simplified method calculating 
the thermal storage coefficient via dimensional analysis and numerical 
simulation. Based on this method, Sun et al. [7] concluded the ther- 
mal inertia was enhanced by 60.3% to 2.0 using a PCM with a melting 
temperature of 27–29 °C in Changsha (humid subtropical climate), com- 
pared to an extruded polystyrene (XPS) insulated wall. 

∗ Corresponding author. 

The thermal performance of building walls outfitted with PCMs was 
significantly influenced by climate conditions. Long et al. [8] examined 
the thermal performance of a composite envelope lightweight build- 
ing integrated with a PCM layer in Chengdu with a humid subtropi- 
cal climate. The cooling load during hot summer was more stable com- 
pared with ordinary lightweight buildings. The annual energy consump- 
tion was reduced by 23.85%, compared to a building with ordinary 
walls. Nghana and Tariku [9] investigated the energy performance of 
a biomass PCM with a melting temperature of 23 °C in a mild climate 
via experiments and simulations. For the north orientation wall, a higher 
PCM activation was observed when the room received more solar gain 
in summer. Park et al. [10] compared the energy savings by using PCMs 
in conventional wall-based buildings and glass curtain wall building sys- 
tems in very hot, cold, and moderate climates. The PCMs in glass curtain 
wall outperformed conventional wall in winter because more solar gain 
was received from the curtain wall. PCMs completed the phase change 
cycle more effectively. Bimaganbetova et al. [11] evaluated the appli- 
cation of PCMs with melting temperature ranging from 21 °C to 31 °C 

in eight cities located in tropical savanna climate condition. It was ob- 
served that the PCMs decreased the amount of energy required for cool- 
ing, but the efficiency was different for different melting temperatures. 
Jeong et al. [12] simulated the energy consumption of buildings with 
and without PCMs in Chicago (Cool and humid climate), Los Angeles 
(Warm and dry climate), Miami (Hot and humid climate), and Phoenix 
(Hot and dry climate). The effect by using PCMs differed in different 
climates, which implied that the climate should be considered carefully 
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Fig. 1. Control and experimental buildings. 

Table 1 

Wall materials and parameters. 

Layer Material Density (kg/m 

3 ) Specific heat (J/kg • °C) Thermal conductivity (W/m 

• °C) Thickness(mm) 

1 Steel 7800 450.0 50 2 

2 XPS insulation 35 1400.0 0.89 20 

3 XPS-PCM-A 380.6 1732.5 0.81 20 

4 XPS-PCM-B 723.5 2062.4 0.70 20 

5 Gypsum board 640 1150.0 0.16 5 

Table 2 

Thermophysical parameters of the paraffin-based PCM. 

Melting temperature [ °C] Thermal conductivity[W/(m 

• °C)] Specific heat[J/(kg • °C)] Density[kg/m 

3 ] Latent heat[kJ/kg] 

25 °C 0.26 2225 892.5 272.66 

Table 3 

Step price for electricity in Changsha. 

Consumption in month 0–180 kWh/m 

2 180–450 kWh/m 

2 Over 450 kWh/m 

2 

Price per kWh 0.588 Yuan /kWh 0.638 Yuan/ kWh 0.888 Yuan/ kWh 

before application. Park et al. [13] compared the energy performance 
of 14 types of PCMs in four cities in the South Korean located in a hu- 
mid continental/subtropical climate with dry winter. It was found that 
the wind velocity affected the PCM efficiency as a reason of the linear 
impact with heat transfer via external walls. 

In summary, the thermal performance of buildings outfitted with 
PCMs was studied in all kinds of climate except for the Polar climate ac- 
cording to Köppen climate classification. For example, the applications 

of PCMs were investigated in Tropical climate-A [14] , hot and semi-arid 
climate-B [14,15] , Mediterranean climate-C [16–20] , and Hot summer 
continental climate-D [21,22] . The advantages of incorporating PCM 

in buildings were clearly seen regardless of the climate conditions. Ac- 
cording to literatures, the thermal performance of building enclosures 
with PCMs under different climate conditions was mainly focused on 
the influence of solar radiation and outdoor air temperature. However, 
other climate factors, such as air humidity as well as the wind speed 
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Fig. 2. PCM layer installations. 

Fig. 3. Enthalpy and heat flux variation with temperature. 

and direction, showed important influence on the thermal performance. 
For example, the energy savings using PCM technology was 17% and 
0.43% in Brasilia and Singapore with same tropical monsoon climate. 
The difference in energy savings was caused by the different relative hu- 
midity, which was 70% and 82% in Brasilia and Singapore, respectively. 
In addition, the monthly wind speed was about 2.5 m/s and 1.5 m/s in 
these two countries, respectively [23] . Park et al. [24] compared the 
thermal performance of a residential building using PCMs in 19 cities 
representing four climate regions. The energy savings were different for 
cities located in same climate region because of the different wind speed. 
When the wind speed was higher, the energy savings were measured to 
be lower regardless of the type of PCM applied. Xie et al. [25] proposed 
that the external wall with a PCM wallboard with less convective heat 
was considered as the wallboard with good thermal performance. 

Moreover, the thermal performance of external building walls out- 
fitted with PCMs in summer and winter changed significantly. It was 
difficult to conclude the optimal condition without the orientation of 
the external building walls, the location of the PCM layer in the wall 
and the period of the year [26] . To reach the optimal effects of energy 
savings, other important factors, such as outdoor air humidity as well as 
wind speed and direction should be considered. This article simulated 
the thermal performance of a lightweight building enclosure outfitted 
with PCMs with a melting temperature of 25 °C for an entire year. The 
enclosure surface temperature, convective heat transfer coefficient and 
heat gain was analyzed considering the impact of air humidity as well 
as wind speed and direction. Energy use intensity (EUI), which was cal- 
culated by the energy consumption and building area to estimate the 
energy performance of building, was used as index to evaluate the en- 

Fig. 4. On-site climate parameters for model validation. 

ergy savings under different conditions. Based on the model with lowest 
EUI, an economic analysis was conducted. 

2. Experimental setup and methodology 

2.1. Description of tested and simulated buildings 

Two same side-by-side lightweight buildings were built in Changsha, 
which is located in a humid subtropical climate. One building was used 
as a control building and the other as a retrofit building. The footprint 
of each building was 2.5 m × 2.5 m with a ceiling height of 2.2 m and 
an attic height of 0.4 m and an elevated floor of 0.3 m. The roof was a 
double pitch roof with a slope of 16.5° A 0.9 m × 2.0 m aluminum door 
was installed on the north-facing wall and a coated single-layer glass 
window with a dimension of 0.76 m × 1.04 m was fixed on the east- 
facing wall. An air conditioner was installed below the window on the 
east-facing wall for space cooling purposes. The buildings are illustrated 
in Fig. 1 . The original wall consisted a gypsum board, two XPS insulation 
layers, and a steel layer from indoor to outdoor. 

To monitor the wall surface temperature variation, four type-T ther- 
mocouples with an accuracy of 0.5 °C were installed on inner and outer 
surface of each orientation wall, respectively. The heat flux across each 
orientation wall was detected using two heat flux meters with an accu- 
racy of 2.0 W/(m 

2 •cmV). Four thermocouples were used to observe the 
indoor air temperature 1 m above the floor. A data logger (MIK-8100) 
was used to collect the test data every 30 s. 
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Fig. 5. Model validation regarding of the enclosure surface temperature and air temperature. 

Fig. 6. Annual weather information in Changsha. 

A physical building model was developed using DesignBuilder. To 
test the thermal performance of PCMs, one of the insulation layers was 
replaced by the PCM layer during simulation. Four different installa- 
tion methods were designed as in Fig. 2 , compared to the control wall. 
The PCMs were installed to the walls in four orientations evenly next 
to the gypsum board and steel layer in mode 2 and mode 3, respec- 

tively. In mode 4 and mode 5, PCMs were installed on the south orien- 
tation wall, next to the gypsum board and steel layer, respectively. The 
PCMs were encapsulated using high-density polyethylene (HDPE) balls 
with an outer diameter of 25 mm and distributed in the XPS insulation 
board evenly. The thermal properties of each layer material are listed in 
Table 1 . Two types of XPS-PCM boards were developed to make sure the 
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same amount of PCMs in different modes. The concentration of PCMs in 
the XPS insulation board was 40.3% and 66.9% in mass, respectively. 

2.2. PCM parameters 

The PCMs used in this study is a commercially available paraffin- 
based PCM with a melting temperature of 25 °C. The Thermophysical 
parameters are listed in Table 2 . It was chosen based on the recommen- 
dation of a melting temperature 25.5 °C for maximum energy and mass 
efficiency [27] . The total amount of PCMs in building enclosures was 
4.41 kg regardless of various modes. The DSC test results are showing 
in Fig. 3 . The melting process started at 14 °C and ended at 32 °C with 
two peaks. The first peak occurred between 14 °C and 20 °C with a latent 
heat of 36.93 kJ/kg, representing a solid-solid phase change. The other 
one happened within the temperature range of 20–32 °C with a latent 
heat of 235.73 kJ/kg as the solid-liquid phase change. 

2.3. Model validation 

The climate condition for model validation was obtained via an 
on-site weather station among April 16–18. The collected data from 

weather station included the outdoor air temperature and relative hu- 
midity, global solar radiation and wind velocity. Detailed climate pa- 
rameters are shown in Fig. 4 . The simulation and experimental results 
are illustrated in Fig. 5 for mode 1. Fig. 5 a to 5 c shows the enclosure sur- 
face temperature and Fig. 5 d shows the indoor and outdoor air temper- 
atures. The mean relative error between the simulated and tested tem- 
peratures was 6.48%, 4.05%, and 8.77% for west-facing, south-facing, 
and east-facing walls, respectively. The relative error between simulated 
and tested indoor air temperatures was 6.59%. After the model valida- 
tion, the annual weather data was retrieved from the Chinese Standard 
Weather Database (CSWD), which was collected by the National Mete- 
orological Information Center. 

2.4. Simulation scenario 

The thermal performance of a lightweight building outfitted with 
various PCM installations was simulated using EnergyPlus. The cooling 
and heating temperatures were set at 26 °C and 18 °C in summer and 
winter with a COP of 4.0 and EER of 4.5, respectively. According to the 
hourly weather information in Changsha as in Fig. 6 , the outdoor air 
humidity varied between 20 RH% and 100 RH% with an average value 
of 82 RH%. Six different air humidity were simulated, which increased 
from 40 to 90 RH% by 10 RH%. The frequency of wind from southeast 
and south is high and the highest frequent wind speed is between 4 m/s 
and 6 m/s. The wind speed was assumed to be 2, 4, and 6 m/s from east, 
west, south, and north, respectively. For each condition, the other two 
variables were maintained same. For example, to examine the influence 
of outdoor air humidity, the wind speed and direction were based on 
the real weather condition and vice versa. The energy consumption and 
energy savings were calculated referring to the data for mode 1. Before 
the simulation, the performance for the first day was repeated for 25 
cycles to obtain a stable condition. 

3. Results and comparisons 

3.1. Energy use intensity with various outdoor air humidity 

3.1.1. Summer condition 

The EUI for each mode with various outdoor air humidity is shown 
in Fig. 7 for summer condition. In this figure, X axis represents the 
mode condition, Y axis stands for the relative humidity, and the EUI 
is illustrated in Z axis. For each mode, the energy consumption in- 
creased almost linearly with the increasing humidity. The lowest EUI 
was observed for mode 4 with a relative humidity of 40 RH%, which 

Fig. 7. Building EUI with different outdoor humidity in summer. 

was 30.12 kWh/(m 

2 •a). The highest EUI of 32.35 kWh/(m 

2 •a) oc- 
curred when the relative humidity was 90 RH% for the reference mode. 
That is, the energy consumption of the building with PCMs was less 
than the building without PCMs, regardless of the installation method 
of PCMs. For details, the energy savings were 1.26, 1.07, 1.30, and 
1.25 kWh/(m 

2 •a) when the humidity was 40 RH% for mode 2, mode 
3, mode 4, and mode 5, respectively. The corresponding energy saving 
ratio was 4.00%, 3.40%, 4.13%, and 3.97%, respectively. Moreover, the 
energy saving ratio reduced to 2.40%, 2.35%, 2.71%, and 2.75% when 
the humidity increased to 90 RH%, respectively. That is, the energy sav- 
ings ratio decreased with increasing outdoor air humidity. 

To explore the reasons for the reduction in energy savings with in- 
creasing humidity, the wall interior surface temperature, PCM liquid 
fraction, exterior convective heat transfer coefficient, and the heat gains 
were studied. Fig. 8 a shows the wall interior surface temperature, which 
increased with an increase in humidity. The PCMs kept in liquid state 
for longer time with a higher humidity. This phenomenon was observed 
obviously in the variation of liquid fraction in Fig. 8 b. The time period 
for the condition when the liquid fraction equals to 0 reduced and it 
increased for the condition when the liquid fraction equals to 1. Fig. 8 c, 
8 d, 8 e and 8 f shows the detailed information about the variation of ex- 
terior surface temperature, exterior convective heat transfer coefficient, 
liquid fraction and indoor heat gains in a typical day in each month dur- 
ing summer, respectively. An obvious decrease in convective heat trans- 
fer coefficient and an increase in exterior temperature was observed at 
night with the increasing humidity in Fig. 8 c and 8 d. The PCM heat 
release became more difficult, which caused higher interior wall sur- 
face temperature and lower efficiency in the phase transition cycle. The 
melting and solidification cycles were reduced with higher humidity. 
Moreover, in Fig. 8 e, the indoor heat gain of mode 2 was higher than 
mode 1 during nighttime, which indicated that the PCMs released the 
stored heat towards indoors. Therefore, with higher humidity condition, 
more part of the PCM was maintained in liquid state without the abil- 
ity to re-absorb heat for next day, which was the reason why the energy 
savings decreased. Compared the buildings with and without PCMs with 
same outdoor air humidity, there was an average peak reduction about 
1.3 W/m 

2 , 0.2 W/m 

2 and 2 W/m 

2 in June, July and August, respec- 
tively. 

3.1.2. Winter condition 

The EUI for each mode with various outdoor air humidity is shown 
in Fig. 9 for winter condition. The highest EUI was observed as 
41.28 kWh/m 

2 for mode 3 when the humidity was 40 RH%. The lowest 
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Fig. 8. Effect of outdoor relative humidity in summer. (a) Interior surface temperature; (b) Liquid fraction; (c) Convective heat transfer coefficient in a typical day; 

(d) Exterior surface temperature; (e) Liquid fraction in a typical day; (f) Indoor heat gain in a typical day. 
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Fig. 9. Building EUI with different outdoor humidity in winter. 

EUI was 38.71 kWh/m 

2 for mode 4 when the humidity was 90 RH%. 
Different with the condition in summer, the EUI decreased linearly with 
the increasing humidity. The energy savings ratio increased by 0.37%, 
0.34%, 0.32%, and 0.34% when the humidity increased from 40 RH% 

to 90 RH% for mode 2, mode 3, mode 4, and mode 5 compared to mode 
1, respectively. 

To analyze the reasons for different variation of EUI with humid- 
ity in summer and winter, the wall interior surface temperature, liquid 
fraction, exterior convective heat transfer coefficient, and heat gains 
are illustrated in Fig. 10 for winter condition. From Fig. 10 a and 10 b, 
the wall interior surface temperature and liquid fraction distribution did 
not change obviously with the variation of humidity. However, the exte- 
rior surface temperature increased with the increase in humidity so that 
PCMs were more active with a higher humidity ( Fig. 10 d). Therefore, 
the energy savings increased with humidity. For detailed information, 
the liquid faction variation in one typical day is shown in Fig. 10 e. It was 
clear that the PCM was maintained at solid state for most time of one 
day. That is, the thermal regulation effect of PCMs in winter was limited. 
The exterior surface convective heat transfer coefficient decreased be- 
cause of increasing humidity, which reduced heat loss across the build- 
ing enclosure. As a result, the interior wall surface temperature was 
higher. Fig. 10 e shows the indoor heat gains in one typical day of each 
month in winter. The heat gains were for mode 1 with a humidity of 40 
RH% and mode 2 with various humidity. It was observed that the heat 
gain was 1-hour longer and the heat loss was less for mode 2 than mode 
1 regardless of humidity in December. Benefiting from higher temper- 
ature and less heat loss by the increasing humidity, the PCM released 
more stored heat to indoors and achieved better energy savings. 

3.1.3. Entire year condition 

The opposite variation of EUI with humidity in summer and winter 
made it difficult to estimate the variation of EUI in an entire year. Fig. 11 
shows the variation of EUI with different humidity in one year. The EUI 
decreased with the increasing humidity for an entire year. The average 
energy savings ratio decreased from 1.64% to 1.32% for the building 
with PCMs (mode 2–5), compared with the building without PCMs when 
the humidity increased from 40 RH% to 90 RH%. To be specific, the 
energy savings ratio for modes 2–5 in summer decreased from 3.87% 

to 2.55%; while it increased by 0.35% in winter. For all modes, the 
EUI for mode 4 was the lowest with an average energy savings ratio of 
1.71% for the entire year. The lowest EUI was 70.18 kWh/(m 

2 •a) with a 

humidity of 90 RH%. The highest EUI was 72.57 kWh/(m 

2 •a) for mode 
1 (reference mode) with a humidity of 40 RH%. 

3.2. Energy use intensity with various wind speed and direction 

3.2.1. Summer condition 

Fig. 12 shows the EUI for five modes with various wind speed and 
direction in summer. The highest EUI of 35.65 kWh/(m 

2 •a) appeared 
for mode 1 when the wind speed was 2 m/s from west. The lowest EUI 
was 24.34 kWh/(m 

2 •a) for mode 4 when the wind speed was 6 m/s 
from north. 

When the wind speed was 2 m/s, the largest difference in EUI was 
0.96, 0.97, 0.98, and 0.97 kWh/(m 

2 •a) for mode 2, mode 3, mode 4, 
and mode 5 compared to mode 1, respectively. The corresponding en- 
ergy savings ratio was 2.77%, 2.76%, 2.74, and 2.75%, respectively. 
The energy savings for various wind direction were similar. That is, the 
effect of wind direction on the performance of PCMs was limited. When 
the wind speed increased from 2 m/s to 6 m/s, the largest difference 
in EUI reduced to 0.58, 0.57, 0.59, and 0.59 kWh/(m 

2 •a) for mode 2, 
mode 3, mode 4, and mode 5 compared to mode 1, respectively. This 
was interesting because the higher wind speed was supposed to acceler- 
ate the energy discharge process during night, which would benefit for 
the energy savings. 

To explore the reasons for this phenomenon, Fig. 13 shows the wall 
interior surface temperature, liquid fraction, convective heat transfer 
coefficient, wall exterior surface temperature, and heat gains in sum- 
mer. It was clear that the wall interior surface temperature decreased 
with increasing wind speed in Fig. 13 a. Increased wind speed promoted 
convective heat exchange significantly between ambience and building 
enclosure. The time period when the liquid fraction was equals to 1 
reduced. The wall exterior surface temperature was lower with higher 
wind speed in Fig. 13 d, which reduced the heat gain across the building 
enclosure and the building cooling load. However, the liquid fraction 
did not show obvious change. Fig. 13 e shows the liquid fraction vari- 
ation in one typical day in June, July, and August. Although the exte- 
rior temperature decreased obviously with the increasing wind speed, it 
was still high for the PCM solidification that the PCMs was kept in liq- 
uid state for a long time during the daytime. The wall exterior surface 
was cooled to near ambient temperature in a short time when the solar 
radiation faded, even if the wind speed was 2 m/s, which was differ- 
ent from the situation with high outdoor relative humidity. The surface 
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Fig. 10. Effect of outdoor relative humidity in winter. (a) Interior surface temperature; (b) Liquid fraction; (c) Convective heat transfer coefficient in a typical day; 

(d) Exterior surface temperature; (c) Liquid fraction in a typical day; (f) Indoor heat gain in a typical day. 
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Fig. 11. Annual building EUI with different outdoor humidity. 

Fig. 12. Building EUI in summer under different wind speed and direction. 

temperature kept same with the change of ambient temperature during 
nighttime. Therefore, the liquid fraction was similar with different wind 
speed. From Fig. 13 e it was observed that the PCM energy discharge pro- 
cess was similar during nighttime for mode 1 and mode 2 with various 
wind speed. However, the energy charge process was significantly dif- 
ferent during daytime. During the daytime, high wind speed reduced 
the wall temperature, so indoor heat gain and energy consumption for 
cooling was decreased. However, lower wall temperature may not acti- 
vate PCMs for melting when the solar radiation was not enough, which 
led lower energy savings. What’s more, compared the buildings with 
and without PCMs with the same wind speed, there was a peak reduc- 
tion about 0.2 W/m 

2 , 1 W/m 

2 and 1.7 W/m 

2 in June, July and August, 
respectively. 

3.2.2. Winter condition 

The variation of EUI under different wind speed and direction in 
winter is shown in Fig. 14 . The highest EUI was 45.95 kWh/(m 

2 •a) 
when the wind speed was 6 m/s from north for mode 1. While the lowest 
EUI was 38.08 kWh/m 

2 when the wind speed was 2 m/s from west 

for mode 4. The EUI increased with the increasing wind speed during 
winter. However, the energy savings ratio did not vary obviously. It 
decreased by 0.04%, 0.1%, 0.07%, and 0.09% for mode 2, mode 3, mode 
4, and mode 5 compared to mode 1 when the wind speed increased 
from 2 m/s to 6 m/s. Moreover, the difference in EUI was limited for 
different wind direction. That is, the effect of wind direction on the 
energy consumption was insignificant. 

Fig. 15 shows the wall interior surface temperature, liquid fraction, 
exterior surface convective heat transfer coefficient and temperature, 
and heat gains in winter. The wall interior surface temperature de- 
creased with the increasing wind speed, as shown in Fig. 15 a, which de- 
teriorated the melting condition in winter. The time period for unmolten 
PCM increased with the wind speed, as in Fig. 15 b. Fig. 15 c, 15 d, 15 e 
and 15 f shows the variation of exterior surface convective heat transfer 
coefficient, exterior surface temperature, liquid fraction and indoor heat 
gains in one typical day in three months in winter. High wind velocity 
resulted in higher convective heat transfer coefficient at exterior surface, 
which reduced the exterior surface temperature. The solid-liquid phase 
transition was observed in three months. However, it disappeared in 
January with the wind speed of 4 m/s and 6 m/s due to low temperature 
caused by strong convection, which resulted in not only more heating 
load for the building, but less heat gain for PCMs to complete effective 
phase change cycles. With the PCMs the peak heat gains during daytime 
decreased compared to the enclosure without PCMs due to the thermal 
absorption of PCMs. Moreover, the period for heat gains was one hour 
longer for the wall with PCMs than the one without PCMs. However, 
the phenomenon was unclear in January when the solar radiation was 
not enough. 

3.2.3. Entire year condition 

Fig. 16 shows the EUI in one entire year with different wind speed 
and directions. The highest EUI of 73.9 kWh/(m 

2 •a) appeared for 
mode 1 with a wind speed of 2 m/s from west. The lowest EUI was 
70.25 kWh/(m 

2 •a) for mode 4 with a wind speed of 6 m/s from north. 
The building energy consumption was the lowest and highest when the 
wind was from north and west, respectively. When the wind speed in- 
creased from 2 m/s to 6 m/s, the average energy savings ratio decreased 
from 2.75% to 2.30% in summer for modes 2 to 5. The energy savings 
ratio decreased by 0.08% in winter. It decreased from 1.43% to 0.92% 

for the entire year. The EUI for mode 4 was the lowest for all conditions. 
The average energy savings ratio for this mode was 1.56%, 1.18%, and 
1.06% when the wind speed was 2, 4, and 6 m/s, respectively. 

4. Economic analysis 

From above analysis, the energy savings by using PCMs were in- 
fluenced by the outdoor humidity and wind conditions. To investigate 
the economic feasibility of this technology, an economic analysis was 
conducted based on mode 4, compared to mode 1. The PCM mass loss 
was ignored for long time operation. The investment of this technol- 
ogy was the cost of PCMs, the encapsulation and the installation fee. 
Among them, the encapsulation and the installation fee was the labor 
cost, which took 2 h for mode 4 and the salary was assumed to be 
50 Yuan. The PCM used in this test was 4.41 kg, whose price was 37 
Yuan/kg including transportation and production cost, and the total cost 
was 213.17 Yuan. The annual electricity cost (F) was calculated based 
on the step price in Changsha, which is shown in Table 3 . 

The static investment recovery cycle was obtained using Eqs. (1) to 
3 . 

C = F 1 − F 4 (1) 

C 

′ = B − t ⋅ C (2) 

P = 

(
Positive C 

′ in years − 1 
)
+ 

C 

′ in last year 
C 

(3) 
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Fig. 13. Effect of outdoor wind speed in summer. (a) Interior surface temperature; (b) Liquid fraction; (c) Convective heat transfer coefficient in a typical day; (d) 

Exterior surface temperature in a typical day; (e) Liquid fraction in a typical day; (f) Indoor heat gain in a typical day. 
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Table 4 

Static investment payback period for mode 4 compared mode 1 (Yuan). 

Year Operation cost of mode 1 Operation cost of mode 4 Net cash flow Accumulative cash flow 

0 806.07 793.12 0 − 213.17 

1 806.07 793.12 12.95 − 200.22 

2 806.07 793.12 12.95 − 187.27 

3 806.07 793.12 12.95 − 174.32 

4 806.07 793.12 12.95 − 161.37 

5 806.07 793.12 12.95 − 148.42 

6 806.07 793.12 12.95 − 135.47 

7 806.07 793.12 12.95 − 122.52 

8 806.07 793.12 12.95 − 109.57 

9 806.07 793.12 12.95 − 96.62 

10 806.07 793.12 12.95 − 83.67 

11 806.07 793.12 12.95 − 70.72 

12 806.07 793.12 12.95 − 57.77 

13 806.07 793.12 12.95 − 44.82 

14 806.07 793.12 12.95 − 31.87 

15 806.07 793.12 12.95 − 18.92 

16 806.07 793.12 12.95 − 5.97 

16 806.07 793.12 12.95 6.98 

Payback period: (17–1) + | − 5.97|/12.95 = 16.4 year. 

Fig. 14. Building EUI in winter with different wind speed and direction. 

where C was the net cash flow, Yuan; C’ was the cumulative cash flow, 
Yuan; P was the static investment payback period, year; B was the ini- 
tial investment, Yuan; t was the operation period, year; and F was the 
electricity cost in one entire year, Yuan. 

The static investment payback period is shown in Table 4 . According 
to the energy consumption of mode 1 and mode 4, the annual electricity 
cost of mode 4 was 12.95 Yuan, 2.1 Yuan/m 

2 less than the cost of mode 
1. The static investment payback period was 16.4 year. 

Under the study condition the static investment payback period was 
long. To realize a shorter payback period and achieve better economic 
benefits, the PCM cost should be reduced correspondingly. Table 5 
shows the required PCM price for different payback period. When the 
PCM price was lower than 18.0 Yuan/kg, the payback period was less 
than 10 years. 

Table 5 

The PCM price for different payback period. 

Static investment payback period (year) Price (Yuan/kg) 

10 18.0 

12 23.9 

14 35.6 

5. Conclusions 

The thermal performance of lightweight building enclosures using 
PCMs was influenced by the outdoor environment. This paper analyzed 
the energy usage of a building with lightweight enclosure and PCMs 
at different locations under different outdoor humidity as well as wind 
speed and direction. The conclusions are following: 

1 The energy savings by using PCMs were influenced significantly by 
the outdoor humidity in summer, but the influence in winter was 
insignificant. When the outdoor humidity increased from 40 RH% 

to 90 RH%, the annual energy savings ratio decreased from 1.64% 

to 1.32%. 
2 With different wind direction, the building energy consumption 

changed limitedly. The energy consumption was the highest for the 
wind from west and the lowest for the wind from north. 

3 For the same wind direction, the energy consumption decreased in 
summer and increased in winter with increasing wind speed. For 
annual condition, the average energy savings ratio from modes 2 to 
5 decreased from 1.43% to 0.92% when the wind speed increased 
from 2 m/s to 6 m/s. 

4 The static investment payback period was 16.4 year when the PCM 

price was 37 Yuan/kg. 

The PCM mass was 4.41 kg in this study, which occupied 2.6% in 
volume of the building enclosure. This is one of the reasons for the lower 
energy savings. The energy savings with more PCMs will be studied in 
future. Moreover, uncompleted solidification and melting were observed 
in summer and winter, respectively. That is, the single phase change 
temperature was not suitable for the climate condition in Changsha. 
Double layer of PCMs with different phase change temperatures will be 
studied in future. 
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Fig. 15. Effect of outdoor wind speed in winter. (a) Interior temperature; (b) Liquid fraction; (c) Convective heat transfer coefficient in a typical day; (d) Exterior 

surface temperature in a typical day; (e) Liquid fraction in a typical day; (f) Indoor heat gain in a typical day. 

84 



X. Sun, Z. Zhu, S. Fan et al. Energy and Built Environment 3 (2022) 73–85 

Fig. 16. Annual building EUI under different wind speed and direction. 
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Uniform ventilation is important for the safety of long tunnel in underground buildings, it is difficult to install the 

large size air duct to ensure the centerline of each cross-section of the traditional variable cross-section ventila- 

tion system(VCVS) superimposed on the same horizontal axis, which is significant to the ventilation uniformity, 

energy consumption and installation convenience of the VCVS. On the contrary, each cross-section of the Equal 

Cross-section Ventilation System (ECVS) has the same horizontal axis, therefore, it is more convenient to manu- 

facture and install the large size air duct in the underground long tunnel and achieve uniform ventilation. This 

study proposes an ECVS, using computational fluid dynamics(CFD) numerical simulation analyzed the influences 

of main duct velocity, aspect ratio, and outlet numbers on uniformity and energy consumption per unit air vol- 

ume(ECPV). It revealed that when each ventilation equalizer’s valve Angle 𝛽 is given, uniformity of air supply 

decreases slightly with an increase in the inlet velocity. When the air supply main duct aspect ratio increases, the 

outlet velocity standard deviation range is from 0.22 to 0.34. When outlet numbers N = 7~12 and 𝛽 are constant, 

air supply uniformity and resistance coefficient 𝜉 also decrease with the decrease of outlet numbers. The outlet 

number has a significant influence on the uniformity of system air supply, main duct velocity, and aspect ratio are 

relatively small. ECPV is positively correlated with the main duct velocity and outlet number, and is negatively 

correlated with aspect ratio. 

1. Introduction 

In order to provide a safe and comfortable artificial environment, 

control the temperature and humidity better [1] , reduce the pressure 

drop [2] , and improve the efficiency and life of equipment [ 3 , 4 ], uni- 

form ventilation technology is widely used in the engineering fields such 

as air conditioning system [5] , tunnel ventilation [ 6 , 7 ], and cold stor- 

age [8] . In general, long-distance uniform ventilation system can be de- 

signed by using two methods, variable section and equal section. Both 

methods have their advantages and disadvantages [9] : Variable cross- 

section isostatic pressing method is widely used in heating, ventilation 

and air conditioning(HVAC) system and theory are fully developed. It is 

less duct material consumption compared with ECVS, but its duct manu- 

facture, construction, and installation are more complex. For a large ven- 

tilation system, its section size varies greatly, so it is difficult to ensure 

that the section center of the ventilation system is at the same height. It 

is also difficult to construct and install the ventilation system, which has 

an important impact on uniformity and resistance performance of the 

ventilation system; However, ECVS duct cross-section size is the same, 

and consumption of duct material is slightly more compared with VCVS, 

and duct production and installation are simple. It is easy to maintain 

the ventilation system section center at the same height, and it is high 

∗ Corresponding author. 

construction accuracy, flexible and accurate adjustment. For a large un- 

derground tunnel ventilation system, this method can greatly decrease 

installation difficulty and workload, improve installation accuracy and 

system ventilation uniformity, and reduce system energy consumption. 

At present, scholars at home and abroad have done a lot of research 

on the influence of fluid state parameters and pipeline structure param- 

eters on the uniformity of the ventilation system. Literature [10] stud- 

ied the influence of Reynolds number and structure parameters on flow 

uniformity and pressure drop in dividing manifold systems with parallel 

pipe arrays (DMS - PPA), which found that non-uniformity coefficient 

decreases slightly and pressure drop increases significantly with the in- 

crease of Reynolds number; In literature [11] , turbulence model was 

used to study flow distribution of specific geometric structures under 

different Reynolds Numbers, and a discrete model with variable flow 

coefficient was proposed to predict the flow of outlet; In literature [12] , 

a one-dimensional theoretical model is proposed, and the rectangular 

uniform air supply system designed based on this model is verified by ex- 

periments. Literature [11] proposes a design method of uniform air sup- 

ply based on blade opening adjustment of the multi-page opposite type 

air valve, and studied the relationship between resistance characteristic 

of the air valve, static pressure distribution pattern of the air duct, air 

duct external pressure difference and resistance coefficient of air valve; 
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Literature [13] proposed to optimize uniform air supply system by in- 

stalling 𝜋 type air duct on the variable section air supply/exhaust duct, 

and analyzed the distribution characteristics of airflow and pressure by 

CFD simulation; Literature [14] increased the orifice plate with a cer- 

tain opening rate, the relative position of the orifice plate in the air 

supply duct and the area of the air supply opening are optimized to 

improve the uniformity of the main air duct. Literature [15] analyzed 

the air volume of each air outlet in the air duct, optimized the origi- 

nal air output results by changing the area of the branch air outlet and 

the main air duct air outlet, and control the air volume deviation of 

each air outlet within 10%, which greatly improved the uniformity of 

the duct air supply. Literature [ 16 , 17 ] proposed design method of uni- 

form air supply/exhaust duct with equal section and ventilation equal- 

izer based on theory of Pitot tube pressure measurement, verified by 

experiment characteristics of ventilation equalizer air supply pipeline. 

Literature [18] proposed a local device for a long air duct with an equal 

cross-section. CFD simulation and experimental research verified that 

the device has the characteristics of optimizing pipe airflow distribu- 

tion, improving the uniformity of exhaust air, and reducing the power 

consumption of fan equipment. 

The above research is fixed duct size or specific geometric structure, 

involving each outlet flow distribution, flow field, pressure drop, etc. At 

present, there are little type of research on the ECVS based on the venti- 

lation equalizer, especially on the relationship between main duct wind 

speed, main duct aspect ratio(main duct width to height ratio), outlet 

numbers, and uniformity of system air supply, resistance performance. 

Therefore, in this study, a three-dimensional numerical model of 

the ECVS is established by using CFD software based on the ventila- 

tion equalizer, and influence of main duct velocity, main duct aspect 

ratio(main duct width to height ratio), outlet numbers on uniform ven- 

tilation characteristics, resistance performance and ECPV of the ventila- 

tion system is studied. 

2. Research on uniform air supply characteristics 

2.1. Physical model 

As shown in Fig. 1 , the research object,i.e.the air duct and the 

ventilation equalizer of ECVS, is shown on the left side of Fig. 1 (1), 

each branch pipe with a length of 1.8 m set interval for 3 m, each 

branch duct inlet is equipped with a ventilation equalizer with a size 

of 0.325 m × 0.407 m × 0.335 m (length, width, and height) as shown 

in Fig. 1 (1) right. The total length of the main duct of the ECVS is 40 m, 

the total air volume is 22,000 m 

3 / h, width is 0.63 m, height is 1 m. 

There are set up 13 branch duct with air supply outlet, air outlets from 

fan side to pipe end are numbered 1#, 2# ∙∙∙13#, outlet interval is 3 m, 

only one of them display in Fig. 1 . As shown in Fig. 1 (2), Adjusting the 

Angle between the valve plate and the main duct’s horizontal axis clock- 

wise, the adjustment Angle is 0° when the valve plate is adjusted to the 

horizontal position, the valve plate is fully opened and the ventilation 

equalizer is in a disabled state; the adjustment Angle is 90° when the 

valve plate is adjusted to the vertical position, the valve plate is fully 

closed, and the ventilation equalizer is in an activated state when the 

adjustment Angle is 0°<𝛽≤ 90°

2.2. Solution method for model 

The Integrated Computer Engineering and Manufacturing code for 

Computational Fluid Dynamics(ICEM CFD) is used for ECVS mesh divi- 

sion. The entire ventilation system is divided into structured grid, and 

the air duct grid size is 0.02 m, whilst the ventilation equalizer grid size 

is 0.01 m, as shown in Fig. 2 . The number of grid elements of ECVS 

when the ventilation equalizer is disabled is 238,926, a total of 212,206 

nodes; the number of grid elements of the ECVS when the ventilation 

equalizer is in use is 829,181, a total of 762,900 nodes. The inlet of the 

branch air duct is set as the boundary condition of inlet velocity. The 

13 air supply outlets are set as boundary conditions of pressure outlet. 

Since the outlet is connected with the atmosphere, the pressure value 

is set as atmospheric pressure. The turbulence intensity and hydraulic 

diameter are obtained according to the inlet wind velocity and model 

geometric dimensions(when velocity minimum is 6.5 m/s and the max- 

imum is 12 m/s, Re is 3.25 × 10 5 and 6.00 × 10 5 respectively, when 

main duct aspect ratio changes, characteristic length minimum is 0.70 

and maximum is 1.33, Re is 4.35 × 10 5 and 8.21 × 10 5 respectively). 

The turbulence model [ 19 , 20 ] adopts standard k- Ɛ model, the near- 

wall adopts standard wall Fn, calculation solution selects pressure base 

solver, pressure velocity coupling adopts the SIMPLE [21] algorithm, 

second-order upwind discrete format [22] , the residuals are set to 10 − 4 . 

In this study, the standard deviation of wind speed in each out- 

let is used as the evaluation standard to measure uniformity of 

ECVS, and the calculation formula is as follows: 

𝜎 = 

√ ∑n 
𝑖 =1 ( 𝜈𝑖 − ̄𝜈) 
𝑛 − 1 

(1) 

where 𝜎 is standard deviation, 𝜈i is wind speed of each outlet, �̄� is aver- 

age wind speed of each outlet, and n is numbers of outlet. 

In this paper, energy consumption per unit air volume (ECPV) is 

used to evaluate system energy consumption. When the air volume of 

air conditioning and ventilation systems is larger than 1000 m 

3 /h, en- 

ergy consumption per unit air volume of air duct system should not be 

larger than the limiting value ( Design Standard for Energy Efficiency of 

Public Buildings GB50189–2015 4.3.22) energy consumption per unit air 

volume of air duct system shall be calculated as follows [25] : 

Ws = 𝑃 ∕(3600 × 𝜂𝐶𝐷 × 𝜂𝐹 ) (2) 

where Ws [W/(m 

3 /h)] is energy consumption per unit air volume of air 

duct system, P(Pa) is air conditioning unit residual pressure or ventila- 

tion system fan wind pressure, 𝜂CD (%) is fan and transmission efficiency, 

𝜂CD is taken as 0.855, 𝜂F (%) is fan efficiency, selected according to the 

efficiency in the design drawing. 

2.3. Grid independence verification 

In the calculation, the calculation models with grid elements 238926, 

514906, and 1241905 were compared respectively, and results were 

relatively similar. For more efficient calculation, the calculation model 

with grid elements of 238926 was finally selected. The residuals are set 

to 10 − 4 , because the calculation has converged when the residual is set 

to 10 − 3 , setting it to 10 − 4 further improved calculation accuracy. 

2.4. Duct pressure field analysis 

In the air supply pipeline, intercepting pipeline center static pres- 

sure distribution cloud diagram to analyze static pressure field in the 

pipeline. It can be seen from Fig. 3 that static pressure distribution in 

the pipeline is basically uniform after ventilation equalizer is activated, 

approximately 10~20 Pa, the reason is that ventilation equalizer ef- 

fectively utilizes the dynamic pressure, adjusts section resistance loss, 

changes the distribution of the static pressure inside the pipe, and can 

achieve uniform air supply. 

3. Experimental verification 

In this study, experimental data from literature [12] were used to 

verify effectiveness of simulation study. The main experimental pa- 

rameters of literature [12] were as follows: main air duct is 40 m in 

length, section size is 0.63 m × 1 m (width × height), and a ventilation 

equalizer was set each interval 3 m, a total of 13. Ventilation equal- 

izer size is 0.325 m × 0.407 m × 0.335 m (length × width × height), 

each ventilation equalizer in literature [12] externally connected with 

1.8 m × 0.25 m × 0.4 m (length × width × height) outflow duct to mea- 

sure branch wind speed, its wind speed measuring point section size is 
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Fig. 1. Uniform air supply model with ventilation equalizers. 

Fig. 2. Local ICEM mesh of uniform air supply 

system. 

Fig. 3. Pipe pressure field distribution in ventilation equalizer activated. 
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Fig. 4. Contrast of air supply uniformity while ventilation equalizer is in dis- 

abled and enabled state. 

Fig. 5. Contrast of experimental data and the numerical simulation result. 

0.25 m × 0.4 m, fan parameters is 22,000 m 

3 /h, total pressure is 670 Pa. 

Main duct entrance average wind speed 9.7 m/s is obtained by comput- 

ing. All parameters of calculation model in this study are completely 

consistent with the reference [12] , and research results are as follows 

Figs. 4 and 5 show that: 

(1) When ventilation equalizer is disabled, the standard deviation of 

wind speed in each outlet is 1.37. After ventilation equalizer is en- 

abled, the minimum wind speed in each outlet is 4.45 m /s, the max- 

imum wind speed is 4.96 m /s, the average wind speed is 4.63 m /s, 

the maximum deviation is 7% and the standard deviation reduced 

to 0.16, which achieved uniform air supply. 

(2) As shown in Fig. 5 , each outlet average wind speed in reference 

[12] is 5.11 m/s, and the ECVS average wind speed of each outlet 

described in this study is 4.63 m /s. It can be obtained through cal- 

culation (5.11–4.63) /5.11 × 100% = 9% that error is 9% compared 

with the results in reference [10] . 

(3) The reason for the 9% error may be: The limited number of measure- 

ment points in literature [12] leads to measurement error; The wind 

speed itself is unevenly distributed on the section of 0.25 m × 0.4 m 

outlet windpipe, and limited measuring points cannot fully reflect 

airflow uniformity. 

To sum up, the research method adopted in this study is correct. 

Fig. 6. Velocity of each outlet at different inlet velocities. 

Table 1 

Uniformity of air supply with different inlet velocities. 

Main air duct velocity /m/s 6.5 7.5 9.7 10.5 12 

standard deviation 0.12 0.14 0.18 0.20 0.24 

4. The effect of main duct velocity 

Based on the above-verified research methods, the influence of main 

duct velocity (6.5 m /s, 7.5 m /s, 9.7 m /s, 10.5 m /s, and 12 m /s) 

on ECVS uniform air supply characteristics and ECPV and ventilation 

equalizer resistance performance was studied. 

4.1. Homogeneity 

Each outlet velocity distribution under different main duct wind 

speed is shown in Fig. 6 , when main duct wind speed is 6.5 m/s, 7.5 m/s, 

9.7 m/s, 10.5 m/s, 12 m/s, ECVS all realized uniform air supply, outlet 

1#~9# velocity are essentially equal, 10# ~ 12# velocity are slightly 

bigger than other outlets speed, The reason is that 10# ~12# outlet 

is located at the end of the main duct, duct air volume decrease result 

in duct dynamic pressure reduce, static pressure increase, ventilation 

equalizer valve fully closed and adjustment ability has reached its up- 

per limit. 10# ~ 12# outlet static pressure is slightly higher than other 

outlets, so 10# ~12# velocity is slightly higher than other outlets’ ve- 

locity. 

Table 1 introduces different main duct wind speed of supply air uni- 

formity of system, which shows that main duct wind speed is 12 m/s 

corresponding to each outlet wind speed standard deviation is 0.24, 

which is the maximum simulated wind speed standard deviation, out- 

let 10# velocity is the largest for 4.82 m/s, which is higher than 9% of 

average outlet wind speed 4.41 m/s, the system achieved uniform air 

supply. Each outlet velocity standard deviation in ECVS increased from 

0.12 to 0.24 with the increase of main duct wind speed is little fluctu- 

ation, system supply uniformity variation tendency basically identical. 

Therefore, within the scope of wind speed above, the system supply air 

uniformity slightly reduced with the increase of main duct wind speed. 

This indicates that variation of wind speed has a less obvious influence 

on the uniformity of system supply air, and it can be ignored in practical 

engineering. 

4.2. Resistance performance 

Research [ 23 , 24 ] show that turbulence local resistance coefficient 

generally depends on the geometric structure of the local block, solid 

wall relative roughness and Reynolds number, local block geometry 
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Fig. 7. The influence of inlet velocity on resistance coefficient of ventilation equalizer. 

structure as the leading factor. In this study, ventilation equalizer de- 

vice in ECVS specification is consistent, which can ignore its structural 

parameters (length L, width W, height H, relative roughness), therefore 

resistance coefficient 𝜉 is only related to valve Angle 𝛽 and Reynolds 

number R e , namely: 

𝜉 = ( 𝛽, 𝑅 𝑒 ) (3) 

According to Eq. (3), ventilation equalizer resistance coefficient un- 

der different main air duct wind speeds is calculated, and results are 

shown in Fig. 6: 

Fig. 7 shows: when the main duct wind speed is constant, ventila- 

tion equalizer resistance coefficient 𝜉 is on the decline with an increase 

of valve Angle 𝛽. Resistance coefficient 𝜉 is on the rise after 10#, the 

reason is that after 10# ventilation equalizer flow valve is all-off, and 

followed section air volume is smaller and smaller, speed is reduced, 

which makes system 10# ~ 13# outlet section frictional resistance loss 

and local resistance loss of ventilation equalizer is reduced, resulted in 

ventilation equalizer resistance coefficient gradually increased slightly. 

When the valve Angle 𝛽 of ventilation equalizer is given a certain value, 

the variation trend of ventilation equalizer resistance coefficient 𝜉 is ba- 

sically the same under different wind speeds of the main air duct, which 

is almost unaffected by the wind speed of main air duct, it is independent 

with Reynolds number. Therefore, resistance coefficient 𝜉 of fixed-size 

ventilation equalizer discussed in this study first declines and then rise 

slightly with the increase of valve blade Angle 𝛽, which is irrelevant to 

Reynolds number. 

Fig. 8 shows that when fan efficiency is constant and the main duct 

velocity ranges from 6.5 m/s to 12 m/s, the ECPV of the system in- 

creased by 0.18 W/(m 

3 /h) to 0.61 W/(m 

3 /h). Main duct velocity has 

a significant influence on ECPV, when velocity is 9.7 m/s, ECPV is 

0.4 W/(m 

3 /h), within the prescribed limit range of air velocity, ECPV 

basically meets the provisions of the " Design Standard for Energy Effi- 

ciency of Public Building ". 

When velocity is 10.5 m/s and 12 m/s, ECPV exceeds the specifi- 

cation, the reason is that the ventilation equalizer used in high-speed 

airflow resistance coefficient is larger. This subject of further research 

needs to optimize structure reduces resistance coefficient, by changing 

Fig. 8. ECPV of the system at different main duct velocity. 

ventilation equalizer by-pass height and valve plate spacing decrease 

resistance coefficient, which also can set a branch ventilation equalizer 

device and main duct ventilation equalizer linkage control. Because the 

research time and energy are limited, this paper only studies ventila- 

tion equalizer set in the main duct, ventilation equalizer main duct, and 

branch linkage control characteristic research for the follow-up studies 

focus on this project. 

5. Influence of main duct aspect ratio 

Under the condition that the main air duct velocity is 9.7 m/s 

and ventilation equalizer parameters remain unchanged, the aspect 

ratio(width-to-height) of the main air duct is changed to study ECVS air 

supply uniformity, resistance performance, and ECPV. The calculated 

aspect ratio parameters of the main air duct are shown in Table 2 . 
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Table 2 

The width and height of air supply duct. 

Groups Group 1 Group 2 

width/mm 800 1250 1600 1250 1600 2000 

height/mm 630 630 630 1000 1000 1000 

Aspect ratio 1.27 1.98 2.54 1.25 1.60 2.00 

Fig. 9. Velocity of each outlet at different aspect ratio. 

5.1. Homogeneity 

Fig. 9 shows the velocity distribution of each outlet under different 

main air duct aspect ratios. As shown in (1) and (2), each outlet velocity 

is basically uniform under different aspect ratios of the main air duct, 

and the wind speed standard deviation of each outlet is between 0.22 

and 0.34. The main air duct with a width/height ratio of 2.54 has the 

largest wind speed fluctuation at each outlet. The outlet with the largest 

wind speed is 9#, whose wind speed is 4.0 m /s, which is 12% higher 

than the average wind speed of 3.56 m/s. The main air duct with a 

width/height ratio of 1.98 has the smallest wind speed fluctuation at 

each outlet, and the outlet with the largest wind speed is 9#, whose 

Table 3 

Uniformity of air supply with different aspect ratio. 

Groups Group 1 Group 2 

Aspect ratio 1.27 1.98 2.54 1.25 1.60 2.00 

Standard deviation 0.30 0.22 0.34 0.28 0.31 0.25 

Fig. 10. The influence of aspect ratio on resistance coefficient of ventilation 

equalizer. 

wind speed is 3.88 m/s, which is 8.9% higher than the average wind 

speed of 3.56 m/s. 

Table 3 shows the air supply uniformity of the system under different 

main air duct aspect ratios. According to the results of the first group, air 

supply uniformity first increases and then decreases with the increase of 

aspect ratio of the main air duct. According to the results of the second 

group, when the aspect ratio of main air duct increase, the uniformity of 

air supply first decrease and then increase. Therefore, when ventilation 

equalizer valve Angle 𝛽 is constant, the influence of changing the main 

air duct aspect ratio on the uniformity of the air supply system is small, 

and the standard deviation fluctuation range is 0.22 ~ 0.34. The ECVS 

realized a uniform air supply. 

5.2. Resistance performance 

The influence of different main air duct aspect ratio on system re- 

sistance performance is shown in Fig. 10 . When the main air duct ven- 

tilation equalizer Angle 𝛽 is constant, ventilation equalizer resistance 
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Fig. 11. ECPV of the system with different aspect ratio. 

coefficient 𝜉 decreases with the increase of the main air duct aspect ra- 

tio, whereas the resistance coefficient fluctuates slightly in fully closed 

of 10#~13# valve plate. When the main air duct aspect ratio is con- 

stant, the ventilation equalizer resistance coefficient 𝜉 decreases gradu- 

ally with valve Angle 𝛽 which increases within 18 ° ~ 38 ° Outlet 10# 

~ 13# ventilation equalizer resistance coefficient 𝜉 has a slight increase 

and fluctuation, the reason is that 10# ~ 13# outlet valve plates are 

fully closed, and main duct aspect ratio change result in duct upper sec- 

tion of flow field distribution produce fluctuation, and subsequent sec- 

tion air volume is smaller and smaller, speed is decreased, which makes 

system 10#~13# outlet section frictional resistance loss and local resis- 

tance loss of ventilation equalizer is reduced, which lead to ventilation 

equalizer resistance coefficient 𝜉 gradually increased slightly. Therefore, 

when valve Angle 𝛽 is constant, the ventilation equalizer resistance co- 

efficient decreases with the increase of the main air duct aspect ratio. 

When the main air duct aspect ratio is constant, the resistance coeffi- 

cient of ventilation equalizer decreases with an increase of Angle 𝛽 of 

the valve plate. 

Fig. 11 displays fan efficiency is in a certain, the first group of main 

duct width to height ratio increases in the range of 1.27 ~ 2.54, ECPV 

of the system decreases from 0.63 W/(m 

3 /h) to 0.12 W/(m 

3 /h). The 

second group’s main duct width to height ratio increases in the range 

of 1.25 ~ 2.00, ECPV of the system decreases from 0.07 W/(m 

3 /h) to 

0.01 W/(m 

3 /h). ECPV is decreased with the main duct aspect ratio in- 

crease, the reason is that system total air volume is consistent when 

Fig. 12. Velocity of each outlet at different outlet number. 

research on the influence of different main duct aspect ratio, the aspect 

ratio of main duct increase is equivalent to main duct section size in- 

crease. The decrease of main duct wind speed leads to ECPV of system 

decrease, indicating that the velocity of the main duct is the main factor 

affecting the ECPV of the system. 

6. The effect of outlet numbers 

In order to analyze the influence of ECVS outlet numbers N on uni- 

form air supply performance, simulation calculates 6 kinds of circum- 

stances, where N = 7, 8, 9, 10, 11, 12. All ventilation equalizer unit 

model size mentioned before, air duct cross-section size is changeless, 

air supply outlet interval is 3 m, the main duct air supply outlet num- 

ber N is changed, calculated physical model parameters are shown in 

Table 4 . 

The ICEM CFD is used to ECVS divide grid, and the whole air sup- 

ply system was divided into structured grids with air duct mesh size 

of 0.02 m and ventilation equalizer grid size of 0.01 m. The total air 

volume remains unchanged at 22000m 

3 /h. The inlet of the air supply 

pipeline is set as a boundary condition of velocity inlet, and velocity is 

9.7 m/s. The air supply outlet is set as a boundary condition of pressure 

outlet, and the pressure value is set as atmospheric pressure. 

Turbulence intensity and hydraulic diameter were used as calcula- 

tion conditions for the inlet and outlet of the air duct. The turbulence 

model [18] adopted the real k- 𝜀 model, standard wall Fn was used in 

the near wall, and pressure base solver was selected for calculation. A 

SIMPLE algorithm was used for pressure-velocity coupling, second-order 

windward discrete format with residuals error of 10 − 4 . 

6.1. Homogeneity 

The outlet velocity under different outlet numbers is shown in 

Fig. 12 , Table 5 is system air distribution uniformity under different 

numbers of the outlet. Fig. 12 and Table 5 shows that when ventila- 

tion equalizer valve plate Angle 𝛽 is a certain value, ECVS outlet wind 

speed fluctuation increases with the reduction in numbers of outlets, 

supply air uniformity is reduced. While outlet numbers N = 12, ECVS 

minimum standard deviation of each outlet average speed is 0.21, sup- 

ply air uniformity is supreme, the maximum deviation of average wind 

speed is 0.50 at 9# outlet, its speed is 4.27 m/s, 11% higher than av- 

erage wind speed of ECVS. ECVS with outlet number N = 7 each outlet 

average speed standard deviation is the largest, is 0.65, namely supply 

air uniformity is lowest, the largest deviation from average wind speed 

6.61 m/s is 5# outlet, its velocity is 7.46 m/s, 13% higher than average 

wind speed of ECVS. Therefore, when outlet numbers N = 7~12, ventila- 

tion equalizer flow valve plate Angle is constant, ECVS realized uniform 

air supply, air distribution uniformity decreases with the reduction in 

outlet numbers. 
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Table 4 

Physical model parameters of ECVS. 

Equalizer numbers n 1# 2# 3# 4# 5# 6# 7# 8# 9# 10# 11# 12# 

Case1 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° 38° 38° 90° 90° 90°

Outlet numbers N N = 12 

Case2 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° 38° 38° 90° 90° –

Outlet numbers N N = 11 

Case3 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° 38° 38° 90° – –

Outlet numbers N N = 10 

Case4 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° 38° 38° – – –

Outlet numbers N N = 9 
Case5 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° 38° – – – –

Outlet numbers N N = 8 
Case6 Valve Angle 𝛽 18° 18° 18° 28° 28° 28° 38° – – – – –

Outlet numbers N N = 7 

Table 5 

Uniformity of air supply under different numbers of outlet. 

Outlet numbers 12 11 10 9 8 7 

Standard deviation 0.21 0.34 0.46 0.50 0.57 0.65 

Fig. 13. The influence of outlet numbers on resistance coefficient of the venti- 

lator equalizer. 

6.2. Resistance performance 

The influence of ECVS air distribution performance with different 

outlet numbers is shown in Fig. 13 . As is known from Fig. 13 , when 

ventilation equalizer valve plate adjustable Angle 𝛽 are definite value, 

ventilation equalizer resistance coefficient decreases with outlet number 

reduces, and the second, third outlet from bottom in near duct end out- 

let ventilation equalizer resistance coefficient began to a certain degree 

increase and fluctuation because of frictional resistance loss and local 

resistance loss caused by ventilation equalizer decrease with the reduc- 

tion of outlet numbers. At the same time, the dynamic pressure of the 

outlets near the end of the main duct is the smallest, and its local resis- 

tance loss is reduced, resulting in the end outlets’ resistance coefficient 

increase and fluctuate slightly. 

Fig. 14 shows that fan efficiency is constant, outlet numbers increase 

from 7 to 12, ECPV of the system slightly increases from 0.03 W/(m 

3 / 

h) to 0.05 W/(m 

3 / h), the change of outlet number has a little impact 

on ECPV. ECPV increases with outlet number increases, the reason is 

ventilation equalizer device increase with an increase of outlet number, 

which is equivalent to increase system resistance, but system air vol- 

ume is constant, each outlet air volume actually trend to reduce, so the 

combined effect on ECPV increased slightly. 

Fig. 14. ECPV of the system at different outlet numbers. 

7. Conclusion 

In order to verify the effect of ventilation equalizer on improving 

uniformity of air supply in ECVS, this study conducts a numerical simu- 

lation on ECVS based on ventilation equalizer, analyzing its uniform air 

supply characteristics, getting the following conclusions: 

(1) ECVS based on ventilation equalizer can achieve uniform air supply. 

(2) Each outlet wind velocity fluctuation range increases with the de- 

crease of outlet numbers, and uniformity of air supply decreases. 

The influence of wind speed and aspect ratio on the uniformity of 

air supply can be ignored. 

(3) ECPV is positively correlated with the main duct velocity and main 

outlet numbers, which is negatively correlated with aspect ratio. 

When velocity is 10.5 m/s and 12 m/s, ECPV exceeds the specifi- 

cation, the reason is ventilation equalizer used in high-speed airflow 

resistance coefficient is larger. This subject of further research needs 

to optimize structure reduce drag coefficient, by changing ventila- 

tion equalizer by-pass height and valve plate spacing decrease resis- 

tance coefficient, which also can set a branch ventilation equalizer 

device and main duct ventilation equalizer linkage control. 
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a b s t r a c t 

A novel dual source vapor injection heat pump (DSVIHP) using exhaust and ambient air is proposed. The air 

exhausted from the building first releases energy to the medium-pressure evaporator and is then mixed with the 

ambient air to heat the low-pressure evaporator. A vapor injection (VI) compressor of two inlets is connected 

with the low and medium pressure evaporators. It’s first time that a VI compressor is employed to recover the 

ventilation heat. The system can minimize the ventilation heat loss and provide a unique defrosting approach by 

using the exhaust waste heat. Fundamentals of the proposed DSVIHP are illustrated. Mathematical models are 

built. Both energetic and exergetic analyses are carried out under variable conditions. The results indicate that 

the DSVIHP has superior thermodynamic performance. The superiority is more appreciable at a lower ambient 

temperature. It has a higher COP than the conventional vapor injection heat pump and air source heat pump by 

11.3% and 23.2% respectively at an ambient temperature of -10 °C and condensation temperature of 45 °C. The 

waste heat recovery ratio from the exhaust air is more than 100%. The novel DSVIHP has great potential in the 

cold climate area application. 

1. Introduction 

Demand for a reduction of fossil fuel consumption and carbon emis- 

sion in relation to building heating is urgent and mandatory. New target 

has been set in the UK to bring all greenhouse gas emissions to net zero 

by 2050, updated from the previous target of at least 80% reduction 

from 1990 levels [1] . At present, approximately 85% of UK households 

and 65% of non-domestic buildings depend on gas boiler systems [2] . 

Low carbon heating systems including heat pump, biomass, solar and 

combined micro heat and power units are still subordinate, reaching 

only 2% of the overall heating market. A fundamental shift away from 

the use of natural gas is required to meet the new target. 

Heat pump systems represent an increasing market share in the 

building heating and cooling segment owing to attractive payback pe- 

riod [3] , good integrability into facades [4] , high efficiency [5] , large 

renewable energy contribution when combined with solar panels [ 6 , 7 ] 

and potential in various applications [8] . A market share of 100% of the 

systems could be achieved for new houses in many countries where the 

heat pump technology is well-established and domestic hot water sup- 

ply by solar is mandatory [9] . About 90% of heat pump systems use air 

as heat source in the UK [10] . One serious problem of an air source heat 
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pump (ASHP) for space heating in winter is the frosting on the outdoor 

coil surface, which leads to increased fan power [11] , deteriorate heat 

transfer [12] and reduced heating capacity [13] . The efficiency is low 

since a large amount of electricity is consumed for periodic defrosting. 

Aside from employment of ASHP, waste heat recovery is an efficient 

approach to energy saving in buildings. A substantial proportion of the 

building energy loss is through ventilation, typically more than 30% for 

a social home [14] . The ratio is even higher for public and commercial 

buildings such as hospitals, schools, restaurants and supermarkets. In ac- 

tive heat recovery, exhaust air heat pumps (EAHP) are commonly used 

to extract heat from discharge air, with the heat being pumped into the 

fresh supply air, or supplied to a heating element within the interior of 

the building [15] . A number of studies on the control strategy[16], com- 

bination with solar and ground energy [ 17 , 18 ], effect on district energy 

use [19] , annual performance [20] and thermo-economic performance 

[21] have been carried out. Compared with other types of exhaust heat 

recovery methods such as thermal wheel, an EAHP eliminates cross con- 

tamination between fresh and exhaust air, and is able to achieve a high 

recovery efficiency of more than 100% without reheating the fresh air 

[22] . The EAHPs have been commercialized. Nevertheless, a challenge 

of EAHP is the limited heating capacity, resulting in a high capital cost 
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per kW and long payback time. About 15000 brand new social homes 

were equipped with EAHPs in the UK between 2009 and 2013, most 

owners and housing association tenants had reported increased electric- 

ity bills [23] . The recovery of the waste heat of exhaust air is inadequate 

to meet the entire building energy demand because there are heat losses 

through windows, walls and roofs in addition to ventilation heat loss. 

Auxiliary heating devices e.g. electric or gas heater are required to pro- 

vide domestic hot water, compensate for other heat losses and cover 

peak loads [16] . 

In order to make use of exhaust air from the building and reduce 

the dependence on auxiliary heating devices, a novel dual source va- 

por injection heat pump (DSVIHP) is proposed in this paper. It takes 

advantages of large heating capacity of conventional ASHP and high ef- 

ficiency of EAHP. The exhaust air is first used to heat a medium-pressure 

evaporator and with a reduced temperature it is further mixed with the 

ambient air for the heating of a low-pressure evaporator. The low and 

medium pressure evaporators are connected to the two inlets of a vapor 

injection (VI) compressor. This novel DSVIHP has the potential to pro- 

duce heat efficiently for domestic hot water supply and space heating 

with a large capacity. 

Heat pumps using both exhaust and ambient air as the heat source 

have been reported in the literature [ 24 , 25 ], in which a conventional 

compressor of one inlet and one outlet is adopted and the two types 

of air are mixed directly. The mixture has a higher temperature than 

the ambient and therefore the frost time can be prolonged in winter 

operation. However, the direct mixing process results in a significant 

thermodynamic irreversibility as there is generally a temperature dif- 

ference of about 20 °C between the exhaust and ambient air. A more 

thermodynamically efficient combination of the two types of air has yet 

to be proposed. 

To the best of the authors’ knowledge, it is first time that a VI com- 

pressor is employed for the waste heat recovery of exhaust air in this 

paper. Cascade utilization of the exhaust air is devised via two-stage 

evaporators, leading to a reduced irreversibility in the mixing process. 

Simulation is implemented on the DSVIHP. Comparison with conven- 

tional air source heat pumps is made. The influences of ambient tem- 

perature, condensation temperature, vapor inject temperature and mass 

flow ratio of ambient and exhaust air on the heat pump performance are 

investigated. 

2. System description 

The proposed DS-VIHP is illustrated in Fig. 1 . It comprises a vapor in- 

jection compressor, condenser, internal heat exchanger (IHX), medium- 

pressure (MP) evaporator, low-pressure (LP) evaporator, MP and LP 

throttle valves. 

2.1. Fundamentals 

The refrigerant leaving the condenser is split into two streams. One 

is throttled via the MP valve with a decreased temperature and the other 

directly flows into the IHX. The refrigerant from the MP valve is at bi- 

nary phase state. It first absorbs heat from the exhausted air with an el- 

evated quality, and then is completely vaporized in the IHX. The other 

stream is subcooled and then throttled via the LP valve. The refriger- 

ant is vaporized by the mixture of exhaust and outdoor air in the LP 

evaporator. The two streams flow to the medium and low pressure inlet 

ports of the vapor injection compressor, respectively. The vapor is com- 

pressed and then condensed in the condenser. The refrigerant circulates. 

The waste heat is first recovered through the MP evaporator and the ex- 

haust air at a reduced temperature is further mixed with the ambient 

air. In addition, the DSVIHP system comprises a mixing chamber for re- 

ceiving and mixing the exhaust and ambient air. The mixture is used to 

heat the LP evaporator. 

The pressure-enthalpy ( p-h ) diagram of the heat pump is presented 

in Fig. 2 . Compared with a conventional vapor injection heat pump 

(VIHP), the novel heat pump has an additional evaporator (MP evap- 

orator), where the refrigerant is partially vaporized by the exhaust air, 

as denoted by the process from State point 2 to 3. The vapor injection 

rate is therefore increased, offering a higher COP. 

A possible design of the DSVIHP is displayed in Fig. 3 . The mass flow 

rates in the LP and MP evaporators may be controlled in correspondence 

with the ambient air temperature, exhaust air temperature, condensa- 

tion temperature, power of the compressor and consumers’ demand on 

space heating and domestic hot water. The MP and LP throttle valves 

may be controlled to regulate the mass flow rates in the first and second 

streams, respectively. 

2.2. Advantages 

Compared with a conventional air source heat pump, vapor injec- 

tion heat pump and exhaust air heat pump, the novel DSVIHP has some 

foreseeable advantages, including: 

First, the use of a second evaporator (MP evaporator) enables addi- 

tional heat to be recovered from the exhaust air, beyond what would be 

recovered with only a single stage evaporator heat recovery process. In 

a conventional EAHP, the exhaust air leaving the evaporator may have 

a relatively high temperature for the sake of an acceptable COP, leading 

to an insufficient waste heat recovery. While in the proposed heat pump, 

the utilization of exhaust air is improved by the two-stage evaporators. 

The air is discharged from the heat pump at a lower temperature than 

the ambient. 

Second, the system has flexible operation modes. The mass flow rates 

of exhaust air and ambient air are adjustable. By using exhaust air, the 

problem of frosting is substantially reduced compared with a conven- 

tional air source heat pump, because the exhaust air leaving the MP 

evaporator is warmer than ambient and the heat source temperature for 

the LP evaporator is elevated. Further, even if the LP evaporator be- 

comes frosted with ice, that ice may be removed by stopping the flow 

of ambient air into the mixing chamber, so that the ice is melted by 

the heat in the exhaust air flow. In regard to a temperature difference 

of about 20°C between the exhaust air and ice, an efficient defrosting 

process is anticipated. The ventilation can be enhanced if faster defrost- 

ing is needed. Accordingly, the use of exhaust air flow mixed with the 

ambient air flow can reduce the energy consumption of the heat pump 

system compared with a conventional ASHP, in conditions susceptible 

to frosting. 

Third, it is more suited to producing domestic hot water than a stan- 

dard heat pump, for which the minimum temperature requirement is 

about 60 °C to kill legionella bacteria. It can successfully tackle the chal- 

lenges especially during the night-time operation. The ambient temper- 

ature in winter nights in the UK can fall below -5 °C, which is too low for 

a standard ASHP to supply heat efficiently and a large amount of elec- 

tricity is also consumed for defrosting. The novel DSVIHP is much more 

appropriate in this situation due to the two-stage compression. The con- 

sumer’s bill will be significantly reduced by using off-peak electricity. 

3. Mathematical model 

In the simulation, R410A (a zeotropic but near-azeotropic mixture 

of R32 and R125, 50%/50%) is adopted. The coefficient of performance 

( COP ) of the heat pump is the ratio of heat gain to electricity consump- 

tion, 

𝐶𝑂𝑃 = 

𝑄 ℎ𝑝 

𝑊 𝑒 

(1) 

𝑄 ℎ𝑝 and 𝑊 𝑒 are the heat supply and power input, kW. 

The ventilation heat loss without recovery is 

𝑄 𝑣𝑒𝑛 = 𝑚 𝑒𝑥 𝐶 𝑃 

(
𝑇 𝑒𝑥 − 𝑇 𝑎𝑚 

)
(2) 

where 𝑚 𝑒𝑥 , 𝐶 𝑃 , 𝑇 𝑎𝑚 and 𝑇 𝑒𝑥 are exhaust air flow rate (kg/s), heat capacity 

(J/kg/°C), ambient temperature and temperature of exhaust air leaving 
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Fig. 1. Schematic diagram of the DSVIHP. 

Fig. 2. p-h diagram of the DSVIHP. 

the building (°C), respectively. The ratio of the ventilation heat loss to 

the heat supply is defined as 

𝑥 = 

𝑄 𝑣𝑒𝑛 

𝑄 ℎ𝑝 

(3) 

Because there is a mixing process, the mass flow ratio of ambient air 

to exhaust air is expressed by 

𝑦 = 

𝑚 𝑎𝑚 

𝑚 𝑒𝑥 

(4) 

An insight to the thermodynamic irreversibility in the innovative 

DSVIHP is provided. The exergy destruction in the components is ex- 

pressed in Table 1 . The subscripts ‘1–12’ represent the thermodynamic 

states in Fig. 1 . T 0 is the reference temperature, 0 °C. m 𝑒𝑥 and m 𝑎𝑚 

Table 1 

Exergy destruction equations for the main components of the DS-VIHP. 

Component Equation 

Condenser [ 𝐦 𝑹 410 𝑨 , 1 ( 𝐬 1 − 𝐬 8 ) + 𝐦 𝒘 ( 𝐬 𝒘 , 𝒐 𝒖 𝒕 − 𝐬 𝒘 , 𝒊 𝒏 ) ] 𝐓 0 
MP throttle valve 𝐦 𝑹 410 𝑨 , 3 ( 𝐬 2 − 𝐬 1 ) 𝐓 0 
LP throttle valve 𝐦 𝑹 410 𝑨 , 6 ( s 6 − s 5 ) T 0 
MP evaporator [ m 𝑅 410 𝐴, 3 ( s 3 − s 2 ) + m 𝑒𝑥 ( s 11 − s 10 ) ] T 0 
LP evaporator [ m 𝑅 410 𝐴, 6 ( s 7 − s 6 ) + ( m 𝑒𝑥 + m 𝑎𝑚 ) s 12 − m 𝑎𝑚 s 9 − m 𝑒𝑥 s 11 ] T 0 
Internal heat exchanger [ m 𝑅 410 𝐴, 3 ( s 4 − s 3 ) + m 𝑅 410 𝐴, 6 ( s 5 − s 1 ) ] T 0 
Compressor ( m 𝑅 410 𝐴, 1 s 8 − m 𝑅 410 𝐴, 6 s 7 − m 𝑅 410 𝐴, 3 s 4 ) T 0 

are the mass flow rate of exhaust air and ambient air. The flow rates 

of the two streams in the refrigerant cycle are m 𝑅 410 𝐴, 3 and m 𝑅 410 𝐴, 6 
( m 𝑅 410 𝐴, 3 + m 𝑅 410 𝐴, 6 = m 𝑅 410 𝐴, 1 ). 

4. Results and discussion 

In this simulation, the influences of the ambient temperature, con- 

densation temperature, vapor injection temperature, mass flow ratio of 

ambient air to exhaust air and type of refrigerant on the performance 

of the DSVIHP are analysed. Comparison with a conventional VIHP and 

ASHP is implemented. Some assumptions are made: (1) compressor ef- 

ficiency of 0.8, (2) minimum temperature difference of 5 °C for heat 

transfer in the LP and MP evaporators, condenser and internal heat ex- 

changer, (3) air temperature drop of 5 °C for the LP evaporator of the 

DSVIHP, and evaporators of VIHP and ASHP, (4) exhaust air flow rate of 

1.0 kg/s, (5) refrigerant of R410A for Sections 4.1 –4.4 , 4.6 and R134a 

for Section 4.5 . The fan power is not included and the pressure drop of 

refrigerant in the heat exchangers are neglected. For the assumed ex- 

haust air flow rate of 1.0 kg/s, the value might be larger than that of a 

common residential house. Notably, the proposed system is also applica- 

ble in public buildings, such as hospital, library, office and school where 

the heating demand is large. A flow rate of 1.0 kg/s can be reasonable. 
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Fig. 3. Design diagram of the proposed DSVIHP: (a) components; (b) external view. 

4.1. Influences of ambient temperature 

A comparison among the COPs for the innovative DSVIHP, convec- 

tional VIHP and ASHP is presented in Fig. 4 at variable ambient temper- 

ature. The condensation temperature for all the heat pumps is 45 °C. For 

the DSVIHP, the air flow rate of ambient air, vapor injection tempera- 

ture (T 2 ) are 6 kg/s and 5 °C. The COP of the DSVIHP ranges from about 

3.72 to 4.16 when the ambient temperature increases from -10 to 0 °C, 

and it is 3.34 to 3.88 for the VIHP and 3.02 to 3.61 for the ASHP. It is 

obvious that the innovative heat pump has a higher COP and the advan- 

tage is more remarkable at a lower ambient temperature. For example, 

the relative COP increment over that of the VIHP and ASHP is 11.3% and 

23.3% respectively at -10 °C. Two reasons can be given for the higher 

COP: First, the DSVIHP has a larger vapor injection ratio than the con- 

vectional VIHP. The mass flow ratio of the injected to the uninjeccted 

refrigerant ( m 𝑅 410 𝐴, 3 ∕ m 𝑅 410 𝐴, 6 ) at -5 °C is 79.23% for the DSVIHP, which 

is about twice that of the VIHP (39.89%). The DSVIHP can be deemed 

as a combination of a VIHP using ambient air as the heat source and an 

ASHP using exhaust air as the heat source. It has a higher equivalent 

temperature in the vaporization process than the VIHP due to the heat 

input from the exhaust air. Second, the exhaust air leaving the MP evap- 

orator still has a higher temperature than the ambient air. The mixture 

elevates the evaporation temperature in the LP evaporator. A detailed 

parameter distribution of the DSVIHP at an ambient temperature of -5 

°C is provided in Table 2 . Given a temperature of mixture leaving the 

LP evaporator of -7.8 °C, the waste heat recovery from the exhaust air 

is about 111%. The waste heat recovery ratio is higher than that of a 

conventional exhaust air heat pump. 

The power input of the compressor and temperature drop of ambi- 

ent air through the LP evaporator varying with the ambient temperature 

for the DSVIHP are depicted in Fig. 5 . Given the mass flow rates of the 

exhaust and ambient air, the evaporation pressure in the LP evapora- 

98 



J. Li, Y. Fan, X. Zhao et al. Energy and Built Environment 3 (2022) 95–104 

Table 2 

Parameter distribution of the DSVIHP at an ambient temperature of -5 °C. 

State point Fluid Flow rate ,kg/s Temperature, °C Pressure, MPa Enthalpy, kJ/kg Quality, % 

1 R410A 0.308 45.0 2.733 275.85 0 

2 R410A 0.136 5.03 0.936 275.85 31.68 

3 R410A 0.136 5.07 0.936 348.83 65.59 

4 R410A 0.136 5.10 0.936 422.84 100 

5 R410A 0.172 11.23 2.733 217.21 subcooled 

6 R410A 0.172 -12.83 0.520 217.21 15.39 

7 R410A 0.172 -12.75 0.520 417.02 100 

8 R410A 0.308 74.69 2.733 468.75 superheated 

9 outdoor air 6.0 -5.0 0.1 394.26 superheated 

10 exhaust air 1.0 20.0 0.1 419.41 superheated 

11 exhaust air 1.0 10.1 0.1 409.45 superheated 

12 mixed air 7.0 -7.8 0.1 391.45 superheated 

Fig. 4. COP variations with the ambient temperature for the DSVIHP, conven- 

tional VIHP and ASHP. 

Fig. 5. Variations of the power input and temperature drop with the ambient 

temperature for the DSVIHP, conventional VIHP and ASHP. 

Fig. 6. Variations of the COPs of the DSVIHP, conventional VIHP and ASHP 

with the condensation temperature. 

tor rises with the increment in the ambient temperature, leading to a 

lower power input. Although the temperature drop of 5 °C of the mix- 

ture through the LP is independent on the ambient temperature, the 

temperature drop of the ambient air from the entrance to the exit is 

actually less than 5 °C (2–3 °C as shown in the figure). This can be ex- 

plained by an increased temperature of the ambient air after a mixing 

process with the exhaust air. 

4.2. Influences of condensation temperature 

COP variations for the three types of heat pumps with the conden- 

sation temperature are displayed in Fig. 6 . The ambient temperature 

is -5 °C. The air flow rate of ambient air and vapor injection temper- 

ature for the DSVIHP are the same as those in Section 4.1 . The COP 

decreases with the increment in the condensation temperature. How- 

ever, the decrements are different, which are 1.45, 1.19, 1.18 for the 

DSVIHP, VIHP and ASHP respectively when the condensation temper- 

ature increases from 40 to 60 °C. The relative decrements are 33.3%, 

30.2% and 32.5%. At a higher condensation temperature, the novel heat 

pump still has a higher efficiency but the superiority becomes less ap- 

preciable. The results indicate that the DSVIHP is more preferable in 

applications of relatively low condensation temperature and ambient 

temperature. For example, in northern China where the ambient tem- 

perature in winter can be lower than -10 °C, the DSVIHP will be desirable 

for an underfloor heating unit of inlet temperature of about 40 °C. 
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Fig. 7. Variations of the power input and mass flow rate of injected R410A with 

the condensation temperature for the DSVIHP. 

Fig. 8. Variations of COP and heat supply with the injection temperature for 

the DSVIHP. 

The DSVIHP has a higher COP than a conventional VIHP due to the 

utilization of exhaust air. In contrast to the ambient temperature, the 

condensation temperature does not have impact on the waste heat uti- 

lization. As the condensation temperature rises, temperatures of the ex- 

haust air leaving the MP evaporator and the mixture leaving the LP 

evaporator are not changed. The increasing condensation temperature 

will only lead to increments in the compressor power consumption and 

mass flow rate of injected refrigerant ( 𝐦 𝑹 410 𝑨 , 3 ), as shown in Fig. 7 , 

which is similar with the situation in a conventional VIHP. As a result, 

the COPs of the DSVIHP and VIHP get closer at a higher condensation 

temperature. 

4.3. Influences of vapor injection temperature 

Aside from the ambient temperature and condensation temperature, 

the vapor injection temperature ( 𝐓 2 ) affects the performance of the 

DSVIHP, as shown in Fig. 8 . The ambient temperature is -10 °C and the 

condensation temperature is 45 °C and 55 °C, respectively. The injection 

temperature varies from 0 to 14 °C. A maximum COP appears at 𝐓 2 of 

Fig. 9. Variations of the power input and outlet temperature of mixture leaving 

the LP evaporator with the injection temperature for the DSVIHP. 

about 5 °C when the condensation temperature is 45 °C. A higher injec- 

tion temperature can increase the mixture temperature of the exhaust 

and ambient air and reduce the difference between evaporation and con- 

densation temperature, which has a positive impact on the COP. How- 

ever, the waste heat recovery from the exhaust air in the MP evaporator 

and vapor injection ratio are decreased. For instance, 𝐦 𝑹 410 𝑨 , 3 ∕ 𝐦 𝑹 410 𝑨 , 6 
can drop from 114.37% to 34.13% with the increment in 𝐓 2 . Due to the 

compromise between the evaporation temperature and injection ratio, 

there is an optimum injection temperature. The optimum temperature 

goes up as the condensation temperature increases. It is about 10 °C at 

a condensation temperature of 55 °C. 

Unlike the COP, the heating capacity decreases monotonically as the 

injection temperature increases. It ranges from 63.6 to 48.6 kW and 

73.7 to 52.2 kW for the condensation temperature of 45 and 55 °C re- 

spectively. Given mass flow rates of exhaust and ambient air of 1.0 and 

6.0 kg/s, a higher 𝐓 2 is accompanied with a lower heat input through 

the MP evaporator. The temperature of air mixture is elevated, result- 

ing in a higher evaporation temperature in the LP evaporator. The mass 

flow rate of the injected R410A and input power of the compressor are 

decreased as shown in Fig. 9 for a condensation temperature of 45 °C. 

The results indicate that a higher injection temperature is more suitable 

at a larger proportion of the ventilation heat loss to the total building 

energy losses. It is also deduced that if the exhaust air from buildings is 

mixed directly with the ambient air to heat the LP evaporator for which 

the injection temperature is close to 20 °C, the heat supply of the heat 

pump will be small with a low COP. 

4.4. Influences of mass flow ratio of ambient air to exhaust air 

Variations of the COP and heat supply of the DSVIHP with the mass 

flow ratio of the ambient air and exhaust air ( 𝒚 ) are shown in Fig. 10 . 

The ambient temperature, condensation temperature and vapor injec- 

tion temperature are -10, 45 and 5 °C. Given the mass flow of the exhaust 

air (1.0 kg/s) and the temperature drop (5 °C) of the mixture through 

the LP evaporator, a higher 𝒚 leads to more heat input to the LP evapo- 

rator. The mass flow rate of R410A in the LP evaporator and the heating 

capacity are thereby increased. Because the exhaust air leaving the MP 

evaporator is almost constant (10 °C), an increment in 𝒚 also results in 

a decrement in the mixture temperature. The outlet temperature of the 

mixture declines from about -11 to -13 °C when 𝒚 increases from 5 to 

10, as shown in Fig. 11 . 
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Fig. 10. Variations of the COP and heat supply with the air flow ratio for the 

DSVIHP. 

Fig. 11. Variations of the ventilation heat loss ratio ( 𝒙 ) and outlet temperature 

of the mixture with the air flow ratio for the DSVIHP. 

With a larger R410A flow rate in the LP evaporator, the COP falls 

down since the average evaporation temperature of the DSVIHP de- 

creases. The ratio of the ventilation heat loss to the heat supply ( 𝒙 ) also 

drops from about 56% to 33%. 

4.5. 4.5 Influences of refrigerant 

Similar with other heat pump systems, the DSVIHP system has re- 

frigerant as a key component. The refrigerant has an important impact 

on the thermodynamic performance. The parameters of the cycle using 

R134a (1,1,1,2-Tetrafluoroethane) are provided in Table 3 . The conden- 

sation temperature, ambient temperature, vapor injection temperature, 

mass flow rates of exhaust air and ambient air are same as those in 

Table 2 , but the pressure, enthalpy, quality of the refrigerant are differ- 

ent. R134a is expected to be widely used in the heat pump industry for 

next decade due to its favorable thermodynamic and thermo-physical 

properties [ 26 , 27 ]. It has a higher COP than R410A (4.1 Vs 3.9). How- 

ever, R134a has a lower saturation pressure and larger specific volume 

at a given temperature. Its saturation vapor volume is 0.107 m 

3 /kg at - 

12 °C, while it is only 0.049 m 

3 /kg for R410A. The volume that needs to 

be swept by the compressor is significantly larger and therefore higher 

Fig. 12. Exergy destruction in the DSVIHP at 𝒚 = 6 . 

Fig. 13. Exergy destruction in the DSVIHP at 𝒚 = 10 . 

investments are needed for installation. The selection of the refrigerant 

is a compromise among the thermodynamic performance, environmen- 

tal impact and cost. 

4.6. Thermodynamic irreversibility in the components 

The thermodynamic irreversibility in the components is revealed in 

Fig. 12 . The ambient temperature, condensation temperature, vapor in- 

jection temperature and air flow ratio are -10 °C, 45 °C, 5 °C and 6, 

respectively. The largest exergy destruction takes place in the compres- 

sor, which amounts for about one third of the total system losses. It 

is followed by the destruction in the condenser owing to a large heat 

transfer irreversibility between the superheated refrigerant and cooling 

water. 

The total exergy loss in the throttle valves (LP and MP valves) is less 

than that in the compressor and the ratio of the former to the latter is 

about 58%. As a comparison, for a conventional ASHP operating at a 

condensation temperature of 45 °C and ambient temperature of -10 °C, 

the ratio of the exergy destruction in the throttle valve to that in the 

compressor is about 142%, indicating the thermodynamic irreversibil- 

ity during throttling is much more remarkable. The novel DSVIHP is 

able to reduce the exergy destruction in the valves by two means: (1) 

The refrigerant leaving the condenser is split into two streams. The irre- 

versibility of the first stream in the MP throttle valve is weakened due 

to a higher pressure at the outlet of the valve. (2) The second stream is 

supercooled prior to the expansion. The irreversibility in the LP throttle 

valve is reduced by a lower quality and specific volume of the refriger- 

ant. The quality of R410A at the LP valve outlet is only 17%, while is 

about 43% for that in a conventional ASHP under a similar condition. 

The throttling is an adiabatic process, and the exergy destruction can be 

determined by 
𝒑 2 
∫
𝒑 1 

𝒗 𝒅 𝒑 . A lower pressure drop and specific volume will di- 

minish the losses. The exergy losses in the components vary with the air 

flow ratio. As shown in Fig. 13 , when 𝒚 increases to 10, there are slight 

increments in the compressor and condenser losses and decrements in 

the valve losses. 
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Table 3 

Parameter distribution of the DSVIHP using R134a. 

State point Fluid Flow rate, kg/s Temperature, °C Pressure, MPa Enthalpy, kJ/kg Quality, % 

1 R134a 0.342 45.0 1.160 263.94 0 

2 R134a 0.143 5.0 0.350 263.94 29.37 

3 R134a 0.143 5.0 0.350 333.87 65.28 

4 R134a 0.143 5.0 0.350 401.49 100 

5 R134a 0.199 11.29 1.160 215.46 subcooled 

6 R134a 0.199 -12.86 0.179 215.46 15.64 

7 R134a 0.199 -12.86 0.179 390.93 100 

8 R134a 0.342 58.69 1.160 437.12 superheated 

9 outdoor air 6.0 -5.0 0.1 394.26 superheated 

10 exhaust air 1.0 20.0 0.1 419.41 superheated 

11 exhaust air 1.0 10.0 0.1 409.45 superheated 

12 mixed air 7.0 -7.8 0.1 391.45 superheated 

Fig. 14. Prototype of the novel DSVIHP. 

5. Future work 

A prototype of the DSVIHP has been developed, as shown in Fig. 14 . 

It has a heating capacity of about 5 to 10 kW. The refrigerant is R410A. It 

flows around a streamed circuit, recovering heat from exhaust air flow- 

ing through the heat pump system. Installation on the Applied Science 

Building in University of Hull has been completed. Experimental tests 

will be conducted in the coming winter and more work will be reported 

in the near future. 

Aside from the experimental validation, future works will be con- 

ducted on the thermo-economic performance. The proposed DSVIHP 

uses exhaust air for defrosting without additional electricity consump- 

tion. Its seasonal performance factor is anticipated to be higher than 

that of a conventional ASHP, leading to a lower operational cost. It 

can recover the ventilation heat and meet the building thermal energy 

demand. It is a combination of ventilation heat recovery system and 

heat pump. For conventional ventilation recovery technologies, thermal 

wheel, plate heat exchanger, run-around-coil and heat pipe generally 

have an efficiency of about 70%, 60%, 47% and 57%, respectively [28] . 

On the assumptions of an average exhaust air flow rate of 0.2kg/s, a 

proportion of ventilation loss to total building heat loss ( 𝒙 ) of 33% and 

an ambient temperature of -10 °C, the total heat demand of the house 

will be about 18 kW. If a plate heat exchanger of an efficiency of 60% 

and an ASHP of a COP of 3.0 (shown in Fig. 4 ) are employed, the heat 

supply and electricity consumption by the ASHP will be about 14.4 and 

4.8 kW, respectively. Given a COP of 3.59 as depicted in Fig. 10 , the 

electricity will be 5.0 kW if the proposed DSVIHP is used. The electric- 

ity saving is comparable to the side-by-side heat recovery system and 

ASHP in the normal condition. Since a conventional ASHP is likely to 

suffer from frosting in winter and consume significant electricity for de- 

frosting, the annual electricity saving of the DSVIHP shall be higher than 

that of the side-by-side systems. 

The development of the DSVIHP is supported by a UK project to re- 

duce the carbon emission. It has the potential to replace gas boilers for 

space heating. The DSVIHP may be also applicable in areas where space 

cooling is needed in summer. In the cooling mode as depicted in Fig. 15 , 

all the components (compressor, condenser, evaporators, internal heat 

exchangers and throttle valves) working in the heating mode are still in 

operation. There are some changes in the flow direction. The condenser 

in Fig. 1 is turned into the evaporator and the chilled water flows to the 

underfloor cooling unit in the building. The MP evaporator in Fig. 1 be- 

comes a subcooler. The refrigerant leaving the compressor is first con- 

densed by the air mixture and then cooled down by the exhaust cold air 

from the building. The subcooled refrigerant is split into two streams: 

one is throttled via the MP valve and then completely vaporized by the 

IHX (green line); the other is further cooled down by the IHX, throttled 

via the LP valve and vaporized (blue line). The subcooler can increase 

the cooling capacity of refrigerant per kg in the evaporator and the mix- 
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Fig. 15. Flow chart of the system in the cooling mode. 

ture can decrease the condensation temperature. Through the two-stage 

utilization of the exhaust air, the energy efficiency ratio (EER) of the 

DSVIHP will be higher than a conventional ASHP in summer. 

6. Conclusion 

More heat pump systems are expected to replace coal and gas boilers 

in China, UK and other countries in an attempt to tackle the escalating 

climate crisis. Compared to existing heat pump technologies, this pro- 

posed system comprises unique features. It is first time that vapor injec- 

tion heat pump has been used to recover waste heat of exhaust air from 

the buildings. The new system overcomes two technical challenges: 

1 Minimizing the ventilation heat loss. Unlike a conventional EAHP 

that extracts energy from exhaust air to heat the fresh supply air, 

the DSVIHP uses both exhaust and outdoor air as the heat sources. 

It has a higher heating capacity at a given mass flow rate of exhaust 

air and the waste heat recovery ratio is more than 100%. By recov- 

ering the ventilation heat loss, the DSVIHP can saved about 23% of 

electricity consumption as compared with a conventional ASHP at 

normal operation conditions of condensation temperature of 45 °C 

and ambient temperature of -10°C. 

2 Defrosting of heat pump in cold climate areas. The DSVIHP has flex- 

ible operation modes. In the defrosting mode for which the vents 

for the ambient air are shut down, the DSVIHP provides a promising 

solution to frosting by using the exhaust waste heat without addi- 

tional electricity consumption. The seasonal performance factor is 

expected to be significantly higher than that of a conventional ASHP 

regarding to the near-zero electricity consumption for defrosting. 

3 The performance of the DSVIHP is affected by the ambient temper- 

ature, condensation temperature, vapor injection temperature and 

air flow ratio. A lower ambient temperature will increase its ad- 

vantages over conventional air source heat pump and vapor injec- 

tion heat pump. Increment in the condensation temperature leads to 

decrement in the COP but has no impact on the waste heat recov- 

ery. The optimum vapor injection temperature is about 5 °C at an 

ambient temperature of - 10°C, which increases as the condensation 

temperature rises. The flow ratio of the ambient air to the exhaust 

air influences the COP and heating capacity. A higher flow ratio is 

accompanied with a lower proportion of ventilation heat loss. 

4 The largest exergy destruction takes place in the compressor, which 

accounts for about a third of the total exergy losses in the DSVIHP. 

This is followed by the exergy destruction in the condenser (about 

20%) and LP evaporator (about 10%). Among the components, the 

MP evaporator has the least exergy destruction. In all the simulation 

scenarios, the proposed heat pump is most beneficial under the con- 

ditions of an ambient temperature of about -10°C and condensation 

temperature of about 40-45°C 
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a b s t r a c t 

Hard concrete roofs cause excessive heat gain impacting thermal comfort in buildings. Terrace gardens promoting 

greening at higher levels of built structures are seen as one of the key mitigating strategies for modifying building 

microclimate and improving urban health. We have undertaken a research project to quantitatively assess the 

value of a terrace garden in a residential scale. A garden patch of about 15 m 

2 in area, a typical size available 

in most urban terraces is developed. Surface temperatures are measured over a period of 15 months between 

July 2018 to January 2020 using four thermocouple sensors, placed within and outside the garden bed, on and 

below the roof. We compare the thermal performance of the terrace garden across years, seasons, time of the day, 

presence or absence of garden bed and type and height of vegetation. The surface temperature data was found to 

correlate well with the ambient air temperature values. The results show that the terrace garden moderates and 

stabilises the ceiling temperatures and reduces it by about 2–3 °C in winter months and 5–7 °C in hot summers. 

The garden also provided nearly 400 g of fresh monthly vegetable harvest per m 

2 of garden. Further, the cooling 

impact of the terrace garden with natural, tall, wild vegetation is higher as compared to planted vegetation. The 

study demonstrates a sustainable approach to terrace garden design at residential scale through quantified dual 

benefits of temperature control within buildings and urban farming. 

1. Introduction 

Cities today are built jungles with very little greenery in their land- 

scape. Besides, serious consequences like heat island effect and urban 

flooding, multi-storeyed concrete structures consume enormous amount 

of energy for air conditioning. Further, with growing demands on urban 

land, the farmlands in the urban fringe areas are lost, impacting the 

daily life of urban dwellers without fresh garden produce. This has led 

urban planners and builder communities to look for solutions that can 

provide gardens within city precincts to reduce heat-island effects and 

enhance built urban environments [1–3] . 

Architects and sustainable building professionals have greatly pro- 

moted rooftop gardens in urban areas for their multiple benefits includ- 

ing environmental, economic, social and health [4–8] . Shafique et al. in 

their review article traced the evolution of green roofs through the years 

and put forth its development as a sustainable practice to mitigate the 

impact of urbanisation [9] . Walters et al. highlighted the role of veg- 

etable planting as extensive green roofs for agricultural sustainability 

[10] . There are also many studies focusing on climatic benefit from roof 

top greening [11] . Semaan et al. summarise in their article that green 

roof contribute differently in different climatic contexts. They concluded 

that while in rainy regions, green roofs help manage stormwater, in ur- 

∗ Corresponding author. 

E-mail address: chitra.chidambaram@sharda.ac.in (C. Chidambaram). 
1 Equal contribution. 

ban centres they reduce urban heat island effect and in hot regions they 

reduce cooling loads and provide thermal comfort within buildings [12] . 

Niachou et al. showed that green roofs contribute to cooling during sum- 

mers and increasing heat during winters by enhancing the thermal ca- 

pacity of the roofs [13] . There have also been many studies on terrace 

garden in an urban setting from specific regions of the world [14–16] . 

Besides such studies on thermal performance of terrace gardens, there 

are also many studies focusing on thermal impact of vegetation and sub- 

strate properties. Oliveri et al. demonstrate that with dense vegetation 

the heat gain through the roof is nearly 40% lower than the roof without 

vegetation [17] . As per their study, Eksi et al. demonstrate that higher 

herbaceous planting admitted more heat in summer and hence less ef- 

fective than lower grassy mats but performed better in winters due to 

reduced heat losses [18] . 

In addition to experimental studies there are many research works 

that use modelling and simulations to support their findings on thermal 

performance of green roofs. Kumar and Kaushik have undertaken a com- 

prehensive study and have incorporated a large number of variables. It 

used a mathematical model to evaluate the cooling potential of a green 

roof combined with solar thermal shading in buildings and showed that 

green roof strategy is adequate to maintain thermal comfort in spaces 

below [19] . In another study, Jaffal et al. showed through simulations 
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Fig. 1. Terrace garden as a thermal system [23] . 

that green roofs in summer increased the cooling effect by three times, 

while in winter it reduced heat loss on cold days and increased heat loss 

on sunny days [20] . 

As discussed above, terrace gardens have been widely researched 

with varied focus using different methods. These studies have estab- 

lished terrace gardens as an effective passive strategy for mitigating heat 

gain into buildings. 

In our work, we demonstrate quantitatively the two-fold outcomes of 

reduced heat gain and vegetable produce for direct consumption of the 

end user. We also compare the thermal performance of planted and wild 

vegetation. The work is an experimental study using surface temperature 

measurements on a residential-scale terrace garden for over 15 months 

in the composite climate of Greater Noida in Northern India. This study 

is undertaken from a planner’s perspective addressing the interests of the 

end user. To the best of our knowledge, this is the first study undertaken 

in this region quantifying the dual benefits of residential scale terrace 

garden towards enhancing building microclimate and sustainable urban 

farming. 

2. Background 

2.1. Construction of a terrace garden 

Terrace gardens are gardens on building roofs or parts thereof. They 

are developed in many ways from the casual arrangement of few potted 

plants placed on the terrace to laying sophisticated gardens with inte- 

grated water proofing, root barrier, drainage layers, filter membrane 

and drip irrigation [21] . The growing medium again vary from normal 

soil to compost and specialised mixes of nutrients and light fibers like 

coir, cocopete etc. While any green on terrace would contribute to mod- 

ifying building microclimate, the casual ones are often surmounted by 

issues of drainage, dampness and structure loads [22] . 

2.2. Terrace garden as a thermal system 

The thermal properties of the roofs are greatly modified by the 

gardens due to the growing medium and vegetation it holds. While 

conduction is the primary heat exchange process through a conven- 

tional roof, terrace gardens demonstrate convection, scattered radiation, 

evapo-transpiration and thermal mass property to modify the building 

microclimate ( Fig. 1 ) [23] . 

Conduction is the heat transferred through a solid medium and the 

direction and rate of transfer depends on the temperature gradient, ma- 

terial thickness and conductivity. Reinforced Cement Concrete (RCC) 

roofs with good weather proof course and appropriate surface treatment 

do modify and regulate heat transfer. Terrace gardens on RCC roofs add 

thickness and enhance the thermal performance due to its lesser con- 

ductivity. Convection is the heat transferred through liquid and gaseous 

medium. The flow of air and water in the growing medium and veg- 

etation of the terrace garden demonstrates this phenomenon. The tex- 

ture and massing of foliage of the vegetation scatters the incident solar 

radiation and shades the roof. The thermal mass of the garden with 

the growing medium stores heat and reduces the variability of the roof 

temperature. Also, the evaporation and evapo-transpiration through the 

vegetation takes away heat from the built environment and cools the 

surface. 

3. Materials and methods 

3.1. Study area 

The experimental study was conducted in Greater Noida, Uttar 

Pradesh included in the National Capital Region of India. It is located at 

28.47°N latitude and 77.50°E longitude, at an altitude of about 200 m 

above sea level. The climate of the region is classified as composite cli- 

mate with hot-dry summers, hot-humid monsoons, pleasant autumns 

and cool-cold winters. The average maximum ambient temperatures 

during the summer months are about 40 °C in May-June. The regions 

receives around 750 mm of rainfall annually primarily during the mon- 

soon months of July to September. The solar irradiances are the high- 

est during the months of March, April and May with a value of about 

5800 W/m 

2 /day. 

3.2. Experimental set-up 

The terrace garden was set up on the terrace of an eight-floored 

building in Sharda University Campus at Greater Noida. The location 

for setting up the garden was based on the orientation, availability of 

access for maintenance, access control and facility for water supply and 

drainage. South facing location on the terrace was preferred for suste- 

nance of the garden in the winter months. The scope and scale of the 

project was kept small to fit the low budget and demonstrate the effec- 

tiveness of laying gardens on terraces of residential apartment blocks 

with limited space. 

3.2.1. Equipment and installation 

The temperature recording equipment consisted of four thermocou- 

ple sensors, surface mounted stick-on type with temperature range of 

− 70–260 °C. The connections from all the sensors were drawn to a multi 

channel pulse data logger connected to a power supply and provided 

with the start and stop facility, real time digital display and a USB for 

storing the data. 

The equipment was calibrated at the vendor’s laboratory for a period 

of 3 weeks from 15th June 2018 before the supply, and the calibration 

report was provided. The data from all the sensors was recorded, mon- 

itored and verified for correctness on installation at site. 

In July 2018, the four sensors module T1, T2, T3 and T4 were fixed to 

the roof surface on the terrace and the ceiling of a room below ( Fig. 2 a). 

One sensor module T3, was fixed at a point below one of the proposed 

garden beds while the second sensor module which served as control 

module (to compare the surface temperature below the garden to that 

of normal roof) T4, was fixed outside the intended garden bed. The sen- 

sor modules T1 and T2 were fixed below T3 and T4 respectively on the 

ceiling of the room below to measure corresponding surface tempera- 

tures. 

The room fitted with sensors T1 and T2 has a single window which 

is kept closed to measure primarily the conductive heat. The radiation 

from the window pane has very little effect as they are well shaded. The 
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Fig. 2. Diagrammatic representation of the terrace garden: a) In section and b) In plan. 

Fig. 3. Terrace garden a) layout and b) harvest. 

room was unoccupied and unused. The set-up remained undisturbed 

throughout the experimental study. 

3.2.2. Setting up of the terrace garden 

The garden is planned in an area of 15 m 

2 , laid in three beds of 

about 5 m 

2 each, separated by walkways 0.6 m wide to manually water 

and maintain the garden ( Fig. 2 b). While 2 of the beds were positioned 

centrally on the terrace, one bed was adjoining the parapet wall 900 mm 

high to its south side. The sensor T3 was located in the middle of one 

of the central garden beds to ensure that there was no shading on it at 

any time of the day. The control sensor T4 was fixed 5 m away from the 

sensor T3. The outlets for roof drainage were available in the vicinity to 

clear water away from the surface and prevent any water logging impact 

on the sensors ( Fig. 2 b). 

The garden bed was outlined by 300 mm high open brickwork to 

permit air circulation. The drainage layer, about 35 mm thick, was laid 

on top of the finished terrace surface ( Fig. 2 a). The fine filter fabric 

was spread on the drainage layer to hold the substrate or the growing 

medium consisting of soil, compost, nutrients and cocopeat. Cocopeat 

in the substrate reduces the weight but adds bulk and provides a good 

hold for the roots [24] . 

3.2.3. Planting vegetation 

The first planting was done during the last week of September 2018. 

They consisted of seasonal vegetables like spinach, chulai, dhaniya, red 

and white radish, brinjal, and red carrots ( Fig. 3 a). The plantings were 

carefully watered each day manually one time in the morning and kept 

moist enough for healthy growth. When weeds were found, they were 

hand-picked and cleared. Harvest in October was encouraging and more 

planting like brinjal, methi and tomato was done in October and Novem- 

ber. The winter harvest of leafy vegetables, carrots and raddish was full 

and fresh ( Fig. 3 b). The details of planting and harvest are presented in 

Table 1 along with records of weighed garden harvest. 

End of December 2018, some of the plantings like brinjal, curry 

leaves and garlic chives were attacked by pest and the garden gave poor 

harvest. The bed was cleared and neem oil and herbal pesticide was used 

to control pests. Subsequent planting in January, February and March 

2019 included other seasonal vegetables like lettuce, brinjal, dhaniya 

and cherry tomatoes. March to April the garden was colourful and gave 

bountiful harvest. But in the following months the excessive heat dried 

up the vegetable plantings in spite of daily watering. The last harvest 

was made in May 2019. 

During the harsh summer months and subsequently, the garden was 

left without any planting. Wild shrubs and grasses covered the beds nat- 

urally. These shrubs became taller and denser and nearly 600–750 mm 

tall through the monsoons. The garden remained green even during the 

following winter period without any external watering till the end of 

experimental period in January 2020. This made it possible to evaluate 

the thermal performance across seasons and types of vegetation. 

3.3. Data recording and analysis 

The equipment was initially set to record the data at the pulse rate 

of every 5 min. The setting was subsequently changed to every 30 min 

for easier handling. The data was available with date, time and the four 

surface temperatures (T1, T2, T3 and T4) in °C ( Table 2 ). The data was 

collected periodically from the USB of the data logger and analysed. 

While the experimental set-up was simple, there were issues like in- 

termittent power cuts, resulting in some missing data. In the months 

of December 2018 and January 2019, data were not recorded due to 

severed cable connections caused from white-washing of the building. 

Further, due to heavy rains, the sensors malfunctioned from mid June 

3 
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Table 1 

Terrace garden planting and harvest details. 

Planting details Harvest details 

Date Item Date Item Harvesting quantity (kg) 

24.09.18 Palak 18.10.18 Palak 2.5 

Chulai Chulai 1 

Dhaniya Dhaniya 0.1 

Red Raddish 25.10.18 Palak 2.5 

White Raddish Chulai 3 

Red Carrot Dhaniya 0.1 

Beetroot Red Raddish 1.2 

Garlic Chives 30.11.18 Brinjal 2 

Lemon Grass Red Raddish 0.25 

Curry Leaves White Raddish 1.5 

5.10.18 Methi Beetroot 1 

Turnip Lemon Grass 0.1 

Brinjal 25.12.18 Red Carrot 2.5 

Tomato Palak 3 

Saraso Lettuce 0.7 

Celery Turnip 0.75 

Mint Tomato 1.2 

25.10.18 Tomato Saraso 1.5 

15.11.18 Lettuce 17.02.19 Palak 1.5 

Dhaniya Methi 0.5 

Brinjal Lettuce 0.3 

12.01.19 Palak Brinjal 2 

Lettuce 19.3.19 Mint 0.3 

Cherry Tomato Cherry Tomato 0.5 

13.2.19 Chulai Lettuce 0.2 

Brinjal 25.3.19 Chulai 2.2 

Cherry Tomato 28.4.19 Cherry Tomato 0.25 

30.4.19 Brinjal Brinjal 2.5 

12.5.19 Brinjal 1.5 

Total = 36.65 kg 

Table 2 

Sample of recorded data from the four sensors. 

TIME DATE T1 (°C) T2 (°C) T3 (°C) T4 (°C) 

21:02:34 06/04/19 31.2 36.4 30.5 30.4 

21:32:34 06/04/19 31.3 36.4 30.6 29.8 

22:02:34 06/04/19 31.3 36.2 30.6 29.3 

22:32:34 06/04/19 31.5 36.3 30.5 29 

23:02:34 06/04/19 31.5 36.1 30.6 28.6 

23:32:34 06/04/19 31.4 36 30.6 28.3 

0:02:17 07/04/19 31.6 35.9 30.8 27.9 

0:32:35 07/04/19 31.3 35.8 30.7 27.9 

1:02:35 07/04/19 31.5 35.6 30.4 27.6 

2019 and the data were not recorded in July and August 2019 after 

which the equipment was repaired, calibrated in the test lab by the ven- 

dor and reinstalled. 

For the data analysis, codes were written in Python to plot the data. 

The effect of the terrace garden can be inferred through comparison of 

surface temperature values T1 and T2 on the ceiling of the room below. 

For observing the temporal trend across the entire experimental period, 

the monthly maximum and minimum temperatures from each sensor 

was plotted along with the ambient air temperature ( Fig. 4 a and b). The 

corresponding vegetation type and height was also plotted on the same 

temporal axis ( Fig. 4 c). Data from the four sensors was also analysed for 

each month. The median values for every hour were calculated, since the 

arithmetic mean of such data gave erroneous values due to outliers and 

missing data (particularly in the months of December 2018 and June 

2019 due to damaged equipment). Surface temperature curve for data 

from each sensor was plotted against the time of the day for all months 

for which the data was available ( Figs. 5 –8 ). Extension to heat flux or 

heat gain/loss calculations would be possible if the thermal resistivity 

factor of the roof, substrate and the number of operational hours were 

known. 

4. Results and discussion 

4.1. Temporal data analysis 

Fig. 4 a and b shows the surface temperature recordings of the four 

sensors and the ambient air temperature obtained from documented 

weather records [25] . In both the plots, the temporal curve of the am- 

bient air and the surface temperatures recorded in our experiment are 

found to follow a similar trend through the entire period showing that 

the data collected in our experiment are reliable, consistent and accu- 

rate. 

Fig. 4 a capturing the monthly maximum temperatures clearly shows 

that in October 2018, when the garden was laid, there was a sudden dip 

in surface temperatures T3 below the garden bed on the roof and cor- 

responding T1 on the ceiling below, clearly demonstrating the cooling 

effect of the garden. Before the garden bed was laid, pairs of sensors 

T3, T4 on the roof and T1, T2 on the ceiling had similar temperature 

values with marginal differences whereas after the garden was built, 

the sensors T4 and T2 were unaffected while T1 considerably reduced 

compared to T2 and T3 significantly reduced as compared to T4. T3 

registered the lowest surface temperature values. 

Fig. 4 b plotting the minimum temperatures show that outside air and 

surface outside the garden T4 are at the lowest temperatures, followed 

by the surface below the terrace garden on the roof T3, then the ceil- 

ing below the garden T1 and the warmest being the ceiling outside the 

garden T2. This depicts that the terrace garden has a definitive cooling 

influence even during the coldest times. T4 exhibits maximum temper- 

ature variation due to outside placement and no moderating influence 

of the terrace garden. 

Fig. 4 c plots the type and height of vegetation grown through the en- 

tire experimental period to evaluate their effect on the thermal perfor- 

mance of the terrace garden. From September to May, vegetables were 

planted while from June 2018 onwards, the garden was left unattended 

4 
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Fig. 4. Temporal curve showing monthly a) max temperature for T1, T2, T3, T4, air temperature and b) min temperature for T1, T2, T3, T4, air temperature c) 

vegetation type, height. 

and was covered by naturally grown wild shrubs owing to the monsoon 

rains. 

Comparing the winter months of November 2018 with November 

2019, it is observed that the air temperatures and surface temperature 

T4 in the two years were comparable, but the difference between T1 

and T2 is larger in 2019, indicating the increased cooling effect due to 

taller vegetation (600–750 mm tall wild shrubs). This is also evident in 

the monthly data analysis of November 2018 ( Fig. 6 a) and November 

2019 ( Fig. 8 a). 

4.2. Monthly data analysis 

Before the garden was laid: In the month of August 2018 ( Fig. 5 a), 

it is observed that the curves T1 and T2 have similar trends and val- 

ues and so do curves T3 and T4. Further, T3 and T4 clearly showed the 
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Fig. 5. Plots of the monthly median surface 

temperature vs. time of the day for a) August 

2018 (before laying the garden) and b) Octo- 

ber 2018 (after laying the garden). 

Fig. 6. Plots of the monthly median surface temperature vs. time of the day for the winter months with planted vegetation for a) November 2018 and b) February 

2019. 

highly variable outside surface temperatures through the day with a di- 

urnal variation of 20 °C. The corresponding T1 and T2 inside showed 

significantly lesser variation of about 2 °C. A lag of 5 h observed in 

peak temperatures of T1 and T2 can be attributed to the thermal mass 

of the RCC roof. The insignificant variation in T2 and T1 through 

the time is due to the closing of the windows in the room prevent- 

ing convective transfers that could affect the recorded surface tempera- 

tures. 

After the garden was laid: In October 2018 ( Fig. 5 b), at the peak hour 

of 12 h the temperature T3 dropped significantly below T4. This reduc- 

tion in temperature in T3 can be attributed to the various processes of 

heat exchange like convection, evapo-transpiration and thermal mass 

the terrace garden entails. Even though T3 is outside while T2 is inside, 

T2 had a marginally larger variation compared to T1 or T3. This can be 

attributed to the moderating influence of the terrace garden. Comparing 

Fig. 5 a and b, it is evident that the garden has a cooling effect as seen 

from the drop in the values of T3 and T1, while the trends in T4 and T2 

remain unchanged. 

Analysis of winter months with planted vegetation: In the winter months 

of 2018–19 ( Fig. 6 ), the plots showed decrease in temperatures and ad- 

vance in peaking times. These plots reveal that the terrace garden in- 

duced a cooling effect even during winters as the surface temperature 

on the ceiling below the garden bed remained colder than outside the 

garden as T1 was lower than T2 through the entire period. This could 

be attributed to evapo-transpiration processes caused by the vegetation. 

However, the popularly hypothesised insulating property of terrace gar- 

den in reducing heat transfer to the outside (and in-turn reducing the 

heating loads in the top floor) during cold months could not be con- 

firmed through this experiment as no heat was added to the system. If 

the room below would be occupied and used, heat would be generated 

and the temperature difference between T1 and T2 could then determine 

if the thick soil mass and low soil conductivity had insulation capability 

preventing heat from escaping through the garden. 

Analysis of summer months: In the summer month of May ( Fig. 7 a), 

T4 showed high temperatures and peaked around 12 h with 51 °C while 

T3 below the garden recorded only 30 °C. Inside, the terrace garden 

induced cooling, nearly 3–5° as seen in the difference between T1 and 

T2. In June 2019, the hottest month on our record ( Fig. 7 b), this dif- 

ference increased to about 5–7°. The effectiveness of the garden is felt 

most in this period. The heat flux generated by the difference in surface 

temperatures after the laying of the garden (T3 is always lower than 

T1) demonstrate that throughout the hot months, the direction of heat 

transfer below the garden is from the ceiling surface T1 to T3, the roof 

surface, ensuring cooling of the inside space. 

Analysis of winter months with natural wild vegetation: Following the 

rainy season, the terrace garden remained covered by natural wild green 

vegetation 600–750 mm tall during this period ( Fig. 4 c). It is observed 

that the terrace garden induces a significant temperature reduction, con- 

sistent with winter 2018. Moreover, comparing winter 2018 and 2019 

( Figs. 6 and 8 ), the wild vegetation in winter 2019 introduced a greater 

cooling impact than in case of the planted vegetation in winter 2018, 

evident from the larger difference between T1 and T2. 
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Fig. 7. Plots of the monthly median surface temperature vs. time of the day for summer months of a) May 2019 and b) June 2019. 

Fig. 8. Plots of the monthly median surface temperature vs. time of the day for winter months with natural wild vegetation for a) November 2019 and b) January 

2020. 

5. Summary and conclusion 

Hard concrete roofs absorb solar radiation and transfer heat through 

conduction into the buildings. Terrace gardens reduce heat gain by re- 

placing heat absorbing surfaces with plants and shrubs that shade the 

roof from solar radiation, cool the air through evapotranspiration and 

also provide insulating effects to the building. The study focuses on as- 

sessment of terrace garden as a modifier of building microclimate based 

on the analysis of surface temperatures on the roof and below at the 

ceiling in the presence and absence of the terrace garden across years, 

seasons, time of day and type and height of vegetation. It captures and 

estimates the harvest potential of such terrace gardens. 

The surface temperature data clearly shows the cooling effect of the 

terrace garden throughout the year. The inside ceiling surface temper- 

ature below the garden during the months of February-March was be- 

tween 2 and 4 °C lower than at a point below the RCC roof without the 

garden. In the hot summer months of May-June, the ceiling below the 

garden was cooler by nearly 5–7 °C. The garden also stabilised and sig- 

nificantly reduced the variation in inside surface temperatures through- 

out the day. In the winter months, the terrace garden with planted veg- 

etation cooled the surface 2–3 °C and 5–6 °C with natural wild vegeta- 

tion due to enhanced evapo-transpiration processes. However, insulat- 

ing properties of the garden, preventing outward heat dissipation was 

not confirmed through our experiment as the floor below was unoccu- 

pied and therefore no heat was added to the system. It would be inter- 

esting to study the thermal performance of the terrace garden when the 

floor below is occupied and fully functional in future research. Clean 

air and lively terrace ambience are concomitant merits. As a further ex- 

tension to this study, other influencing factors such as soil moisture, 

rainfall, humidity and substrate properties can be incorporated in the 

analysis. 

As tabulated in Table 2 , the total harvest obtained from October to 

April of all different vegetables in all six months on record, from the 

total garden area of 15 m 

2 was close to 36.65 kg. This gives a net pro- 

ductivity of 2.44 kg per m 

2 of garden for 6 months and 400 g per m 

2 

per month. While this figure is rather modest, the benefits of health and 

joy of growing one’s own garden cannot be quantified. 

Thus, the ongoing study has, on a small scale, quantitatively assessed 

and brought out effectively, the role of terrace garden in modifying 

building microclimate and enhancing urban environment. 
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a b s t r a c t 

This study focuses on the development and analysis of a real-time updated operations strategy of a distributed 

energy system (DES). Owing to the relevant Chinese policy of electrical transmission and distribution, combined 

cooling, heating, and power system (CCHP) and photovoltaic (PV) systems are not currently allowed. However, 

with the Chinese supply-side power grid reform, the permissions for connections between DESs and utilities are 

gradually evolving. By performing building simulation and using mixed integer linear programming (MILP), a 

real-time updated operation strategy of a DES is established. Then, considering the DES from Tianjin Eco-city as a 

case study, a comparative analysis between this updated strategy and the current operation strategy is performed 

by evaluating three factors: economic efficiency, energy consumption, and CO2 emission. The results show that 

the updated strategy can reduce 29.12% of electricity time-of-use cost, 10.11% of total fuel consumption, and 

18.40% of CO2 emission during the cooling season. Besides, a method of “rolling load forecasting ” for DES by 

using Support vector regression machine (SVR) is proposed and discussed. The testing shows that the Mean 

Absolute Percentage Error (MAPE) is below 7.5%. And when the training sample is large, the particle swarm 

optimization algorithm can be used to shorten the modeling time of the air conditioning load forecasting model. 

1. Introduction 

According to the prediction of the World Energy Council, at least 

seven kinds of energy resources (including coal, oil, gas, nuclear, 

biomass, hydropower, and renewables) will constitute the global energy 

structure in 2050, and the proportion of each energy source will not ac- 

count for more than 30% [1] . The distributed energy system (DES), as 

a new energy supply concept, has received increasing attention world- 

wide. This energy system possesses enormous sustainable development 

potential from the perspectives of efficiency and clean energy. 

During DES operation, the multiple use of energy is called energy 

cascade utilization [2] . According to the energy cascade utilization prin- 

ciple, the energy efficiency boosting of a cycle not only depends on the 

rise in the initial parameters of the basic cycle, but also emphasizes the 

cycle coupling configurations [3] . For example, the power supply is a 

type of high-grade energy supply method; however, it will generate low- 

grade thermal energy during energy conversion, which is the waste heat 

in the traditional power supply model. However, according to the the- 

ory of cascade utilization, waste heat can be used to undertake the heat- 

ing load directly or drive the refrigerator for cooling, and power other 

equipment, such as a ground source heat pump (GSHP), through en- 
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ergy conversion. Hence, cascade utilization can fully utilize renewable 

energy to achieve the purpose of coupling fossil energy and renewable 

energy. Therefore, during the operation strategy establishment of DES, 

different energy supply technologies should be used complementarily 

and integrated by considering different energy grades. In addition, the 

progress of renewable energy utilization, such as solar or wind utiliza- 

tion, is usually unstable and discontinuous, and the coupling utilization 

of renewable energy and energy storage technology in DES can effec- 

tively improve the stability of the energy supply. 

However, the promotion of this energy system has some barriers, 

such as technology, policy, and market. Meanwhile, owing to the rel- 

evant policies of electric transmission and distribution, the electricity 

generated by the combined cooling, heating, and power systems (CCHP) 

and solar photovoltaic (PV) systems from a DES have not been allowed 

to feed into the utility grid; preventing these two electricity supply tech- 

niques from being widely applied in China. 

1.1. Integrating DES into the utility grid 

DES will feed into the utility grid using an inverter, and it will have 

a multi-faceted impact on the utility grid [4] : 
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Nomenclature 

DES distributed energy system 

PV photovoltaic 

CCHP combined cooling, heating, and power 

system 

GICE internal gas combustion engine 

ABS absorption chiller 

GSHP ground source heat pump 

CST cooling storage tank 

SOC state of charge of the cooling storage tank 

EWC electric water chiller 

TOU time-of-use electricity price 

SVR Support vector regression machine 

SLT Statistic Learning Theory 

SRM Structural Risk Minimization 

RMSE Root Mean Square Error 

MAPE Mean Absolute Percentage Error 

l pipe length (m) 

G water flow rate (kg/h) 

t w outer surface temperature of air (°C); un- 

derground soil temperature = 24°C 

t l medium temperature in the pipe (°C); sup- 

ply and return temperature of chilled wa- 

ter are 11 °C & 14°C 

h specific heat capacity of water (kJ/(kg ‧ C)) 

R thermal resistance of pipe (m 

2 ‧ °C /W) 

Δt g temperature rise of pipe 

Q l cold (heating) loss of pipe 

c vector of the cost coefficient, 

x vector of the decision variable, 

A matrix of constraint coefficient 

B vector of constrained coefficient 

L vector of lower bound about decision 

variables 

U vector of upper bound about decision 

variables 

ContractDemandCharge contract demand electricity charge for 

maximum electric-only and cooling loads 

(US$/kW) 

Load ’u’t,h customer load (electricity or heat flow) in 

kW for end use u ‘during hour h, day type 

of t (end use are electricity only (‘ e ’), cool- 

ing (elec’) 

HourlyFeeElectric utility fee for electricity provision 

(US$/hour) 

HourlyFeeNGforDES utility fee for natural gas provision 

(US$/hour) 

StandbyCharge standby charge for DES investment (US$/ 

kW-h) 

MktCRate carbon emission rate from marketplace 

generation (kg-carbon/kWh) 

DESInvestment i number of units of generation technology 

i installed by the customer 

Maxp i nameplate power rating of generation 

technology i (kW) 

Capacity ’PV’ capacity of continuous investment PV 

purchased (kW) 

ElectricityPurchase t,h amount of electricity purchased by cus- 

tomer during hour h , type of day t (kWh) 

(this variable is derived from other vari- 

ables, but listed here for clarity) 

ElectricityRate p volumetric electricity tariff rate for period 

p (US$/kWh) 

HourlyDemandRates h hourly demand rate for the hour of H 

(US$/hour) 

GenL i,h generated power by technology i dur- 

ing hour h to supply the customer’s load 

(kWh) 

NGBasicPrice m 

natural gas price during month m 

(US$/kWh) 

NGCarbonEmissionRate carbon emissions rate from burning natu- 

ral gas to meet heating and cooling loads 

(kg-carbon/kWh) 

E i energy conversion efficiency of genera- 

tion technology i (kWh-electricity/kWh 

gas) 

OtherFuelPrice i price of fuel-associated DG technology i 

(US$/kWh) 

ElectricityProvided t,h total electricity supply during hour h , type 

of day t (kWh) 

ElectricityConsumed t,h total electricity demand during hour h , 

type of day t (kW) 

ElectricityCCHP t,h total electricity supply from CCHP system 

during hour h , type of day t (kWh) 

ElectricityPV t,h total electricity supply from PV system 

during hour h , type of day t (kWh) 

CoolingbyElectric t,h cooling load met by GSHP and EWC dur- 

ing hour h , type of day t 

CoolingbyAbsorption t,h cooling load met by continuous absorp- 

tion chiller during hour h , type of day t 

HeatforCooling t,h gross heat for cooling during hour h , type 

of day t (kW) 

COPabs coefficient of performance for the absorp- 

tion chiller 

COPelectric coefficient of performance for electricity. 

CoolingStored t,h total heat stored during hour h , type of 

day t (kW) 

CoolingStorageInput t,h net cooling sent to storage during hour h , 

type of day t (kW) 

CoolingStorageOutput t,h gross stored cooling released during hour 

h , type of day t (kW) 

CoolingStorageLosses t,h cooling lost from storage during hour h , 

type of day t (kW) 

GTE gross thermal efficiency 

Q heating or cooling supplement (kWh) 

E electricity supplement (kWh) 

TFC total fuel consumption (kWh) 

UFLCV unit fuel low calorific value (kcal/kg) 

PEC C primary energy consumption of current 

operation strategy. 

PEC U primary energy consumption of the up- 

dated operation strategy 

𝑄 

𝐶 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

cooling supplement from GSHP and EWC 

of current operation strategy 

𝑄 

𝑈 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

cooling supplement from GSHP and EWC 

of the updated operation strategy 

𝐸 

𝐶 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

electricity supplement from the utility of 

current operation strategy 

𝐸 

𝑈 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

electricity supplement from the utility of 

the updated operation strategy 

𝐶𝑂 𝑃 𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 COP of GSHP and EWC, which is 4.5 

𝜀 utility generation efficiency of utility, which is 

35.1% 

𝑄 

𝑈 
𝐴𝑏𝑠 

cooling supplement from the absorption 

chiller of the updated operation strategy 

𝐶𝑂𝑃 𝑈 
𝐴𝑏𝑠 

COP of absorption chiller, which is 1.74 
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𝐸 

𝑈 
𝐶 𝐶 𝐻𝑃 

electricity supplement from the CCHP sys- 

tem of the updated operation strategy 

𝜀 𝑈 
𝐶 𝐶 𝐻𝑃 

electricity generation efficiency of CCHP 

system, which is 43% 

GTE C gross thermal efficiency of current opera- 

tion strategy. 

GTE U gross thermal efficiency of the updated 

operation strategy 

• Regarding the security and stability of the utility grid, the DES can 

be a backup micro electricity supply to alleviate overloads of the 

distribution network and improve the electrical margin of the utility 

grid. 
• Regarding the power quality, if DES can co-operate with grid load, it 

can suppress fluctuations in the grid voltage, and then improve the 

power quality. 
• Regarding relay protection, the DES feed-in will change the topology 

and operation mode of the original utility grid system, which will 

reduce the reliability of relay protection [5–7] . 

Thus, these challenges must be overcome to integrate distributed 

generation (DG) into electric power systems. 

In addition, considering the electricity supply chain from generators 

through transmission and distribution business to retailers, by develop- 

ing a feed-in tariff policy, DES can be allowed to transfer the excess 

electricity into the power market for trading, which can further explore 

the contribution of DES to the electricity supply chain. There is an abid- 

ing faith among the proponents of electricity supply industry reform that 

the introduction of competition in generation and customer choice will 

deliver low energy prices and better service quality [8] . As more DESs 

are built and put into use, this vision can be realized faster, which is 

another important feature of DES. 

Meanwhile, the opinion of performing DG-Grid connection service, 

which was issued by the State Grid in 2013, proposed some relevant 

provisions of DG program design and construction. The relevant code 

for connection point quality between DG energy and utility was also 

included in this guideline. This opinion reflects the determination of 

Chinese government sectors toward electric power reform. Furthermore, 

it reflects that the State Grid commitment to improve the connection 

between DG with utilities. In general, the CCHP and PV systems installed 

in the energy system of Tianjin Eco-city will be allowed to connect with 

the utility grid in the short run. Thus, it is necessary to offer operation 

strategies for DES with CCHP and PV applications. 

1.2. Overview of research on coupling operation optimization of DES 

Considering the feed-in problem of DES, Lopes et al. elaborated on 

the technical status and development direction of DES from a macro 

perspective, and proposed a new comprehensive impact factor group to 

analyze the integration of DES and the utility grid [8] . Dimeas et al. pro- 

posed the market operator (MO), which is a sub-task in the microgrid 

central controller (MGCC) that can operate various protocols to facili- 

tate the sale of power generated by DES at the relative best price [9] . 

Pudjianto [10] proposed the concept of a virtual power plant (VPP) as 

a market supervision mechanism to simulate each licensed DES to en- 

ter the electricity market for free bidding, and an incentive method for 

O&M members was issued to optimize the operation strategy. Thus, a 

new economic and management model assuming DES marketization has 

been improved [10] . 

Regarding the optimization of multi-criterion problems, can be re- 

formulated as parametric programming problems and different (usually 

conflicting) optimal solutions, can be obtained as parametric solutions 

[11] . Mathematical programming, especially mixed integer linear pro- 

gramming (MILP) because of its rigorousness, flexibility, and extensive 

modeling capability, has become one of the most widely explored meth- 

ods for process scheduling problems or multi-criterion problems [12] , 

such as operation strategy optimization of DES. Owing to the discon- 

tinuous nature of the solution space, the existence of integer variables 

in parametric linear programming poses additional challenges for pa- 

rameter planning. MILP has been presented and adopted to address the 

requirement of considering the realistic operation of equipment at the 

design stage [13-20] . A number of analysis tools have been developed 

using the MILP approach, including MODEST [13] , MARKAL [14] , DER- 

CAM [23] , and EnerGIS [16] . 

1.3. Motivation 

Lopes et al. believed that moving from the fit and forget policy of 

connecting DES to electric power systems to a policy of integrating DES 

into power system planning and operation through active management 

of distribution networks is needed [8] . 

In addition, owing to the electricity feed-in problem in China, al- 

though the electricity supply equipment in the DES is not currently al- 

lowed, with the deepening of Chinese electric power reform in recent 

years, the commonly used power supply technology in DES, such as the 

CCHP system and PV system, can be used when the policy of electricity 

feed-in gradually released. Therefore, an updated DES operation strat- 

egy after the grid integration should be considered in the next phase. 

The key point is the implementation of “Coupling ” by utilizing the en- 

ergy cascade during the real-time operation by fully understanding the 

different characteristics of each energy supply technology in the DES, 

to maximize the potential advantages. And another point is processing 

the load forecasting of target buildings in advance to be the basis of 

operation strategy establishment. 

The manuscript is organized as follows: taking the improvement of 

DES in Tianjin Eco-city as the case, the simulation and calibration of 

buildings in which the energy supplied by the DES is processed to ob- 

tain the hourly load data. Subsequently, the demand priority analysis 

and MILP are processed to establish a real-time updated operation strat- 

egy. A rolling load forecasting method by using Support vector regres- 

sion machine (SVR) is proposed. Then, a comparative analysis is per- 

formed to measure the economic efficiency, energy-saving performance, 

and CO 2 emission reduction between the current and updated strategy. 

The improvement in gross thermal efficiency is calculated to elicit the 

analysis of the updated cooling and electricity supply patterns and the 

demand priority discussion. And taking a building in Tianjin Eco-city as 

an example to test the performance of proposed load forecasting method 

and discuss the necessity of load forecasting for DES. 

2. Simulation of DES in Tianjin eco-city 

In this study, we consider the No.2 Energy supply station in Tianjin 

Eco-city as the case study to process the DES operation strategy opti- 

mization and comparative analysis. This DES is currently the largest en- 

ergy supply station in Eco-city, and it is also the first case of a microgrid- 

energy station with a variety of efficiently coupled energy technologies 

in. This energy supply station currently can accommodate the cooling, 

heating load, and partial electricity loads for 299548 m 

2 of six commer- 

cial buildings. This station has four energy supply technologies, which 

are renewable energy source technologies, such as GSHP and PV, clean 

energy technologies such as the CCHP system and cooling storage tank 

(CST), and then uses a utility grid and electric water chiller (EWC) as 

the supplement. The purpose is to achieve fully efficient coupling among 

renewable energy sources, clean energy, and traditional energy supply 

technologies. 

To research and analyze the operation strategy of DES, hourly data of 

electricity and cooling (or heating) should be collected. Because the en- 

tire electricity consumption of buildings is currently undertaken by the 

utility grid, the electricity meter is not installed in this energy supply 
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Table 1 

Parameter information of buildings. 

Mark of buildings Total area (m 

2) Cooling load (kW) Heating load (kW) 

1 02 —01 40620 2717 1886 

Development Building 

2 02 —02 42680 2889 2006 

Artistic Building 

3 02 —03 48484 3374 2342 

Research Building 

4 02 —04 48484 3374 2342 

Films Center 

5 02 —05 42680 2889 2006 

Readers Building 

6 01 —01 76600 5055 3509 

Animation Building 

Total 299548 20298 14091 

Table 2 

Parameter information of No.2 Energy supply station. 

Equipment Technical data Amount Note 

Gas internal combustion engine (GICE) Rated Power: 1489 kW; alpha: 1.09; Generating efficiency: 0.43 1 

Absorption Chiller (ABS) Q cool = 1465 kW, P cool = 9.05 kW 1 

Ground Source Heat Pump (GSHP) Q cool = 3868 kW, P cool = 716 kW; Q heat = 3900 kW, P heat = 1118 kW 2 

Electric Water Chiller (EWC) Q cool = 3868 kW, P cool = 707 kW 2 

Cooling Storage Tank (CST) Cooling Capacity: 15,539 kWh 4 

Generator cylinder liner water circulation pump L = 70 m 

3 /h, H = 26 mH 2 O, N = 7.5 kW 2 use 1 stock 1 

GSHP circulation pump (load-side) L = 700 m 

3 /h, H = 36 mH 2 O, N = 90 kW 3 use 2 stock 1 

GSHP cooling pump L = 700 m 

3 /h, H = 17 mH 2 O, N = 37 kW 3 use 2 stock 1 

Electrical cooling pump L = 850 m 

3 /h, H = 25 mH 2 O, N = 75 kW 3 use 2 stock 1 

Electrical chilling pump L = 700 m 

3 /h, H = 18 mH 2 O, N = 45 kW 3 use 2 stock 1 

Cooling storage circulation pump (load-side) L = 400 m 

3 /h, H = 21 mH 2 O, N = 30 kW 4 

Cooling storage circulation pump (customer-side) L = 400 m 

3 /h, H = 13 mH 2 O, N = 22 kW 4 

Water heat exchange circulation pump (liner water) L = 80 m 

3 /h, H = 18 mH 2 O, N = 7.5 kW 2 

Secondary pump (customer-side) L = 630 m 

3 /h, H = 35 mH 2 O, N = 90 kW 4 variable freq. 

Heat exchanger panel Q = 1000 kW 2 

Heat exchanger panel Q = 2000 kW 4 

Cooling tower (for waste heat recovery) L = 500 m 

3 /h, N = 15 kW 1 

Cooling tower (for GSHP) L = 500 m 

3 /h, N = 15 kW 1 

Cooling tower (for electric chiller) L = 900 m 

3 /h, N = 15 kW 1 

station. Therefore, the hourly electricity load is not allowed to be col- 

lected. Therefore, these six commercial buildings were simulated using 

DesignBuilder to obtain hourly electricity load data. 

2.1. Outline of the No.2 energy supply station 

The peak cooling load of the DES is 20299 kW and the peak heat- 

ing load is 14090 kW. The index of the design load for the cooling of 

the building is 85 W/m 

2 , while that for heating is 59 W/m 

2 . The de- 

tailed information of the six targeted commercial buildings is shown in 

Table 1 . 

As mentioned above, this energy supply station consists of CCHP 

including absorption chiller (ABS), PV, GSHP, CST, and EWC. The de- 

tailed information of each equipment in the DES from Tianjin Eco-city 

is shown in Table 2 . 

In Table 1 , Q cool is the rated cooling capacity, P cool is the rated power 

consumption of cooling, Q heating is the rated heating capacity, P heating is 

the rated power consumption of heating, L is the rated water flow, H is 

the rated head, and N is rated shaft power. 

In the CCHP system, the gas internal combustion engine (GICE) uses 

natural gas combustion to drive the generator to supply electricity. It can 

undertake part of the electricity load. The insufficient part is undertaken 

by the PV and utility grids. However, the high-temperature flue gas and 

liner water from GICE can be used as a heating source for ABS to assume 

part of the cooling load. If ABS cannot meet demand, the rest of the 

cooling load is supplied by CST, GSHP, and EWC. 

It should be mentioned that the current occupancy rate of these six 

targeted commercial buildings is around 30%. According to the local 

government planning and load prediction, five years after the energy 

station was put into operation, the annual cooling supply was 94,900 

GJ and the annual heat supply was 72,100 GJ. Hence, the capacity of 

each equipment shown in Table 2 is generally larger than the current 

peak load shown in Table 1 . 

2.2. Data collection based on monitoring and simulation 

The DES from Tianjin Eco-city installed monitors in each type of en- 

ergy supply equipment. These monitors can display the inlet and outlet 

of the water temperature and water flow of each equipment’s chilled wa- 

ter pipes. Thus, the hourly cooling load with pipe loss can be obtained 

throughout the cooling season. 

However, as mentioned above, electricity consumption should be 

obtained by progressing the simulation. The model of the six targeted 

buildings is shown in Fig. 1 . 

According to the related design standard (Tianjin design standard for 

energy efficiency of public buildings, DB 29-153-2014) issued by the 

local government and the actual thermal parameters of buildings, the 

detailed information of the simulation boundary conditions is shown in 

Table 3 . 

After obtaining the simulated electricity data, the calibration should 

be performed to prove the model validity. The most effective calibration 

method is to use other available real data to verify the corresponding 

simulated data. Hence, there are two calibration steps. The first step uses 

the monthly electricity bills during the cooling season in 2013, which is 

the most accurate measure of the electricity consumption of buildings, to 

calibrate the simulated data. The second step uses measured data of the 

cooling load to calibrate the simulated cooling data, which can calibrate 

the building envelope and working schedule of the building occupants. 
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Fig. 1. Model of six buildings using DesignBuilder. 

Table 3 

Simulation boundary conditions. 

Parameter Simulation boundary 

Region Tianjin, China 

Weather Cold climate zone 

Heat transfer coefficient of envelope 

(W/(m 

2 ‧ K) 

Roof 0.3 

Exterior wall 0.4 

window 2 

occupants’ activity template Generic office area 

Occupancy density (people/m 

2 ) 0.1 

Fig. 2. Pipeline distribution schematic of DES in Tianjin Eco-city. 

In this study, the calibration standard of the Federal Energy Man- 

agement Program (FEMP) [17] is used to evaluate the calibration of 

this simulation. This standard defines the monthly error (EERmonth) as 

± 15%, yearly error (EERyear) as ± 10%, and mean square error (MSE- 

month) as ± 10%. 

In the first step, Table 4 shows the comparative calibration of 

monthly electricity bills with simulation electricity data: 

According to Table 4 , the difference between simulated electricity 

and the bill is small with the maximum difference in June at 9.24% and 

the minimum in August at 0.97%. Consequently, the result of the first 

calibration step achieves the FEMP standard. 

In the second step because the cooling load data from the simula- 

tion is about the building side, not the DES side. The pipe loss should 

be considered during calibration. The pipe loss calculation is shown in 

Eqs. (1) and (2) [18] . 

Δ𝑡 𝑔 = 

𝑙 ×
(
𝑡 𝑤 − 𝑡 𝑙 

)
𝐺 × 𝑅 × ℎ 

( ◦C∕ m) (1) 

𝑄 𝑙 = ℎ × 𝐺 × Δ𝑡 𝑔 (W∕m) (2) 

The length and diameter of each pipe should be known parame- 

ters for calculating the pipe loss. Therefore, the pipeline distribution 

schematic ( Fig. 2 ) is used to calculate the pipe loss. 

According to [18] , the calculation method using Eqs. (1) and (2) and 

the table lookup is used to determine the pipe loss for different pipe 

diameters. 

Fig. 3. Comparison of simulated and real cooling data (taking 01-01 Animation 

Building as instance). 

Table 5 and Table 6 show the pipe loss of each chilled water pipeline 

(supply water and return water): 

According to Table 5 and Table 6 , the total proportions of cooling 

loss for the two kinds of chilled water are 0.99% + 0.43% = 1.42%. The 

calibration of the simulation data can be done by considering the cooling 

loss in the pipeline. 

Fig. 3 shows the example results of the cooling data calibration. The 

difference between the simulation and real data is 5.8%, and it meets 

the FEMP standard. 

Consequently, after the electricity load simulation and the data cal- 

ibration, the electricity and cooling data of the cooling season in 2013 

are acquired. Then, a comparative analysis of the two kinds of operation 

strategies is performed. 

3. Updated configuration of the DES 

3.1. Current operation strategy 

The operation strategy of this energy system during the heating sea- 

son is not analyzed in this study. Therefore, the comparative analysis 

of the energy system during the cooling season in 2013 (06/01/2013–

09/20/2013) is analyzed. 

3.1.1. Time-of-use electricity price application in Tianjin eco-city 

The time-of-use (TOU) electricity price is used to measure the elec- 

tricity price and consumption in Tianjin Eco-city. In addition, to encour- 

age the use of thermal storage technology, the government increases the 

peak time electricity price by 10%. The off-peak electricity price is re- 

duced by 15% during the summer (July–September). Table 7 shows the 

TOU electricity price in Tianjin Eco-city: 

3.1.2. Overall pattern of current operation strategy 

According to the equipment parameter introduction mentioned 

above, there are four CSTs, for which the cooling capacity is approx- 
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Table 4 

Comparison of simulated electricity data and real electricity bills. 

Months Simulated electricity 

consumption (kWh) 

Actual electricity consumption –

converted by monthly bill (kWh) 

Difference 

June 1,449,350 1,596,911 9.24% 

July 1,801,610 1,824,876 1.27% 

August 1,767,070 1,750,012 0.97% 

September 1,617,970 1,671,776 3.22% 

Total 6,636,000 6,843,575 3.03% 

Table 5 

Pipe loss of chilled water pipeline (supply water). 

Maximum cooling 

load (kW) 

Diameter (mm) Temperature rise 

(°C/1m) 

Cooling lost (W/m) Length (m) Total cooling lost 

(w) 

1# 7106 600 0.007 163.471 91.9 15023 

2# 4971 600 0.007 163.471 101.2 16543.3 

3# 3902 600 0.008 152.683 59.7 9115.18 

4# 2677 600 0.009 131.215 53.4 7006.88 

5# 1572 500 0.012 99.01 50.3 4980.2 

6# 1069 300 0.014 88.275 51.8 4572.65 

7# 2135 400 0.011 109.746 36.7 4027.68 

8# 903 350 0.016 77.539 29.5 2287.4 

9# 1069 350 0.014 88.275 25.6 2259.84 

10# 1225 350 0.014 88.275 23.2 2047.98 

11# 1105 350 0.014 88.275 26.7 2356.94 

Total cooling lost 70220.99 

Proportion of cooling lost 0.99% 

Table 6 

Pipe loss of chilled water pipeline (return water). 

Maximum cooling 

load (kW) 

Diameter(mm) Temperature rise 

(°C/1m) 

Cooling lost (W/m) Length (m) Total cooling lost 

(w) 

1# 7106 600 0.003 71.361 91.9 6558.08 

2# 4971 600 0.003 71.361 101.2 7221.73 

3# 3902 600 0.003 66.674 59.7 3980.44 

4# 2677 600 0.004 57.299 53.4 3059.77 

5# 1572 500 0.005 43.236 50.3 2174.77 

6# 1069 300 0.006 38.548 51.8 1996.79 

7# 2135 400 0.005 47.924 36.7 1758.81 

8# 903 350 0.007 33.86 29.5 998.87 

9# 1069 350 0.006 38.548 25.6 986.83 

10# 1225 350 0.006 38.548 23.2 894.31 

11# 1105 350 0.006 38.548 26.7 1029.23 

Total cooling lost 30659.63 

Proportion of cooling lost 0.43% 

Table 7 

TOU electricity price in Tianjin eco-city. 

Period Peak period Shoulder period Off-peak period 

Time step selection 8:00–11:00, 18:00–23:00 7:00–8:00, 11:00–18:00 23:00–7:00 

Electricity price ($) (AT) 0.2075 0.1338 0.0634 

0.054 (Summer) 

imately 62156 kWh, and the largest cooling load per day during the 

cooling season in 2013 is 38605.88 kWh (08/16/2013). Therefore, CST 

can undertake the entire per day cooling load. On balance, the current 

operation strategy is GSHP, and EWC produces cooling to storage tanks 

overnight, which is the off-peak electricity price time. CST undertakes 

all the cooling load during the daylight, which are the peak and shoulder 

electricity price times. The GSHP and EWC run when the cooling load is 

greater than the capacity of the storage tanks. Each of the energy supply 

equipment monitors measure the inlet and outlet chilled water temper- 

atures; therefore, the hourly operation conditions of the equipment can 

be known. However, because the entire electricity consumption of the 

current strategy is supplied by the utility grid, the allocation problem 

of different equipment operating cannot be considered. Fig. 4 shows the 

flow chart of the current operation strategy. 

3.1.3. Pattern of electricity supply strategy 

A specific week, from 07/27/2013 to 08/02/2013, was chosen to 

present the electricity supply pattern of the current operation strategy, 

as shown in Fig. 5 . 

As mentioned above, the electricity load is undertaken by the utility 

grid, because CCHP and PV is not running. 

3.1.4. Pattern of cooling supply strategy 

According to Fig. 6 , the GSHP and EWC supply cooling for storage 

tanks at night, and all of the cooling load during daylight is undertaken 

by CST. The cooling supply strategy did show some improvement: GSHP 

and EWC, both of which are high power consumption equipment, did 

not run during the peak and shoulder electricity price times. In general, 
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Fig. 4. Current operation strategy. 

Fig. 5. Electricity supply pattern of current operation strategy. 

Fig. 6. Cooling supply pattern of current operation strategy. 

the current operation strategy provides some optimization of the cooling 

supply. 

However, if CCHP and PV are running, the electricity purchasing cost 

from the utility grid can be reduced sharply, and the ABS can also use the 

high-temperature flue gas and liner water to undertake part of the cool- 

ing load. Furthermore, the electricity consumption of ABS is quite low. 

For example, the rated power of ABS used by the No.2 energy supply 

station is only 9.05 kW, which shows that the electricity consumption 

of the energy system will not be significantly influenced when the ABS 

is running. 

3.2. Updated operation strategy 

3.2.1. Overall pattern of updated operation strategy 

The same load data are used to establish the updated operation strat- 

egy. In the basic electricity supply strategy, which assumes that the elec- 

tric power reform is completed, the CCHP and PV are permitted to run 

at full load to undertake part of the electricity load. The remaining elec- 

tricity consumption is handled by the utility grid. Regarding the cooling 

supply, the ABS can be used first if the CCHP is running. In addition, 

if the buildings require cooling, it must also have the electricity load 

requirement. Therefore, the ABS will always be the first option when 

this energy system must supply cooling to the buildings. Subsequently, 

if ABS cannot undertake the entire cooling load, just like in the current 

operation strategy, CST, which has already been charged by GSHP and 

EWC, undertakes the rest of the cooling load. Finally, GSHP and EWC 

will run if other equipment still cannot fulfill the cooling load. Fig. 7 

shows the updated coupling pattern of each energy supplying technol- 

ogy in the DES. 

3.2.2. Systematic procedure for updated operation strategy establishment 

To establish a dynamic operation strategy by coupling the operation 

pattern of different equipment in DES, a systematic procedure should 

be proposed. Essentially, the process of considering the coupled opera- 

tion of different energy supply technologies is one that solves the multi- 

criterion problem. 

In this study, since start or stop of the device, such as the number 

of opened cooling storage tanks should be the variable of constraints 

formula to establish the updated operation strategy. In this case, the 

input of model contains both continuous variables and integer variables, 

and MILP is used to calculate the real-time operation pattern of each 

energy supply technology. 

The concept of MILP application relies on establishing a linear pro- 

gram model [19] : 

min 𝑓 = 𝑐 𝑇 ⋅ 𝑥 = 

⎛ ⎜ ⎜ ⎝ 
𝑐 1 
⋯ 

𝑐 𝑛 

⎞ ⎟ ⎟ ⎠ 

𝑇 

⋅
⎛ ⎜ ⎜ ⎝ 
𝑥 1 
…
𝑥 𝑛 

⎞ ⎟ ⎟ ⎠ 
= 𝑐 1 ⋅ 𝑥 1 + ⋯ + 𝑐 𝑛 ⋅ 𝑥 𝑛 

𝐴𝑥 ≤ 𝑏 

𝐿 < 𝑥 < 𝑈 

(3) 

Regarding the operation strategy establishment using this method, 

the basic framework is as follows [20] : 

Minimization: 

• Energy consumption: 

▪ Energy purchase costs + Equipment amortization initial invest- 

ment in DES + operation and maintenance costs 

Subject to: 

• Energy balance: 

▪ Energy purchase + Portion of over demand for energy production 

(for sale) 
• Operating mode boundary conditions: 

▪ Generators, refrigerators, and other equipment running at rated 

power 

▪ The amount of waste heat recovered is within the waste heat 

generated 
• Conventional boundary conditions: 

▪ Minimum energy efficiency requirements 

▪ Maximum carbon emission limit 
• Investment boundary conditions 

▪ Payback period limit 
• Energy stroke boundary conditions: 

▪ The amount of heating (or cooling) storage is less than the ca- 

pacity of the heating (or cooling) storage tank. 

It should be mentioned that this study only focuses on the operational 

phase optimization of DES. The updated operation strategy does not 
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Fig. 7. The system structure diagram of No.2 Energy supply station. 

consider the factors related to the initial investment of each equipment 

in DES. Hence, “Equipment amortization initial investment in DES ”

and “Investment boundary conditions (Payback period limit) ” from the 

framework mentioned above is 0. 

Based on the illustration above, Formula (4) shows the mathematical 

formulation of the problem. Note that although power units, that is, 

kW, are used to measure the cooling flow over the course of one hour, 

the actual cooling used in that hour is measured in units of energy, 

that is, kWh. Therefore, cooling flows were measured in kW to enable 

comparison with power [19] . 

[ Minimum ] 𝑇 𝑜𝑡𝑎𝑙𝐸𝑛𝑒𝑟𝑔𝑦𝑐𝑜𝑠𝑡 = ∑
h∈H 

𝐶 𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝐷𝑒𝑚𝑎𝑛𝑑𝐶 ℎ𝑎𝑟𝑔𝑒 ⋅ 𝑚𝑎 𝑥 ℎ ∈𝐻 
{
𝐿𝑜𝑎 𝑑 ′𝑒 ′ 𝑡,ℎ + 𝐿𝑜𝑎 𝑑 ′𝑐 ′ 𝑡,ℎ 

}

+ 
∑
𝑖 ∈𝐼 

(
𝐷𝐸𝑆𝐼 𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛 𝑡 𝑖 ×𝑀 𝑎𝑥 𝑝 𝑖 + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑝𝑣 ′

)
× 𝑆𝑡𝑎𝑛𝑑𝑏𝑦𝐶ℎ𝑎𝑟𝑔𝑒 

+ 
∑
𝑝 ∈𝑃 

∑
ℎ ∈𝑃 

𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑢𝑟𝑐 ℎ𝑎𝑠 𝑒 ℎ × 𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑅𝑎𝑡 𝑒 𝑝 

+ 
∑
ℎ ∈𝐻 

𝐻𝑜𝑢𝑟𝑙𝑦𝐷𝑒𝑚𝑎𝑛𝑑 𝑅𝑎𝑡𝑒 𝑠 ℎ × 𝑚𝑎 𝑥 ℎ ∈𝐻 
{
𝐸 𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑢𝑟𝑐 ℎ𝑎𝑠𝑒 ℎ 

}

+ 
∑
ℎ ∈𝐻 

𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑢𝑟𝑐 ℎ𝑎𝑠 𝑒 h ×𝑀𝑘𝑡𝐶𝑅𝑎𝑡𝑒 − 

+ 
∑
𝑡 ∈𝑇 

∑
𝑖 ∈𝐼 𝑁𝐺 

∑
ℎ ∈𝐻 

𝐺𝑒𝑛 𝐿 𝑖,ℎ ×
1 
𝐸 𝑖 

×
(
𝑁𝐺𝐵𝑎𝑠𝑖𝑐 𝑃 𝑟𝑖𝑐 𝑒 𝑚 + 𝑁𝐺𝐶𝑎𝑟𝑏𝑜𝑛𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑅𝑎𝑡𝑒 ) 

+ 
∑
𝑛 ∈𝐻 

𝑁𝐺𝑓𝑜𝑟𝐷𝐸 𝑆 ℎ ×
1 
𝐸 𝑖 

×
(
𝑁𝐺𝐵𝑎𝑠𝑖𝑐 𝑃 𝑟𝑖𝑐 𝑒 𝑚 + 𝑁𝐺𝐶𝑎𝑟𝑏𝑜𝑛𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑅𝑎𝑡𝑒 

)

+ 𝐻 𝑜𝑢𝑟𝑙𝑦𝐹 𝑒𝑒𝑁 𝐺𝑓𝑜𝑟𝐷𝐸𝑆 + 
∑
ℎ ∈𝐻 

𝐻 𝑜𝑢𝑟𝑙𝑦𝐹 𝑒𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 

+ 
∑
𝑡 ∈𝑇 

∑
𝑖 ∉𝐼 𝑁𝐺 

∑
ℎ ∈𝐻 

𝐺𝑒𝑛 𝐿 𝑖,ℎ ×
1 
𝐸 𝑖 

× 𝑜𝑡ℎ𝑒𝑟𝐹 𝑢𝑒𝑙𝑝𝑟𝑖𝑐 𝑒 𝑖 

(4) 

To ensure that the logic of the operation strategy is self-consistent, 

the constraints (boundary conditions) should be set. Some key con- 

straints of electricity and cooling supply are presented in Eqs. (5) –(10) . 

𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑟𝑜𝑣𝑖𝑑𝑒 𝑑 𝑡,ℎ 
= 𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑢𝑟𝑐 ℎ𝑎𝑠 𝑒 𝑡,ℎ + 𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝐶 𝐶 𝐻 𝑃 𝑡,ℎ + 𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑉 𝑡,ℎ ∀𝑡, ℎ 

(5) 

𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝑃 𝑟𝑜𝑣𝑖𝑑𝑒 𝑑 𝑡,ℎ = 𝐸𝑙𝑒𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝐶𝑜𝑛𝑠𝑢𝑚𝑒 𝑑 𝑡,ℎ ∀𝑡, ℎ (6) 

Ele 𝑐 𝑡𝑟𝑖𝑐 𝑖𝑡𝑦𝐺 𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜 𝑛 𝑡,ℎ = 

∑
∀𝑖 ∉𝐼 𝑃𝑉 

𝐺 𝑒𝑛 𝐿 𝑖,𝑡,ℎ ∀𝑡, ℎ (7) 

𝐿𝑜𝑎 𝑑 ′𝑐 ′ ,𝑡,ℎ = 𝐶𝑜𝑜𝑙 𝑖𝑛𝑔𝑏𝑦𝐸𝑙 𝑒𝑐𝑡𝑟𝑖 𝑐 𝑡,ℎ + 𝐶𝑜𝑜𝑙 𝑖𝑛𝑔𝑏𝑦𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜 𝑛 𝑡,ℎ ∀𝑡, ℎ (8) 

𝐶 𝑜𝑜𝑙𝑖𝑛𝑔𝑏𝑦𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜 𝑛 𝑡,ℎ = 𝐻𝑒𝑎𝑡𝑓𝑜𝑟𝐶 𝑜𝑜𝑙𝑖𝑛 𝑔 𝑡,ℎ ⋅
COPabs 

COPelectric 
∀𝑡, ℎ (9) 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔𝑆𝑡𝑜𝑟𝑒 𝑑 𝑡,ℎ = 𝐶 𝑜𝑜𝑙𝑖𝑛𝑔𝑆𝑡𝑜𝑟𝑒 𝑑 𝑡,ℎ −1 + 𝐶 𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑡𝑜𝑟𝑎𝑔 𝑒𝐼𝑛𝑝𝑢 𝑡 𝑡,ℎ 
− 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑡𝑜𝑟𝑎𝑔 𝑒𝑂𝑢𝑡𝑝𝑢 𝑡 𝑡,ℎ 
− 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑆𝑡𝑜𝑟𝑎𝑔 𝑒𝐿𝑜𝑠𝑠𝑒 𝑠 𝑡,ℎ ∀𝑡, ℎ 

(10) 

The detailed boundary conditions of each equipment operation in 

DES can be found in [20] and [19] . MILP is applied by using DER-CAM, 

which is executed in the General Algebraic Modeling System (GAMS) 

using the CPLEX solver. The schematic of the energy flow used in DER- 

CAM is shown in Fig. 8 . 

The main input parameters of DER-CAM include: 

(1) The load description of target building, including primary energy 

supply type and load pattern. 

(2) Detailed electricity tariffs and natural gas prices. 

(3) The equipment parameters of each energy supply technology in 

the distributed energy system. 

The main output parameters of DER-CAM include: 

(1) Optimized configuration of energy supply technology. 

(2) Use week as the unit and hour as the time step to establish the 

optimal operation strategy of DES. 

(3) Weekly operating cost, energy consumption and CO2 emission. 

According to the concept of MILP, a rule of running priority of sub- 

system (different energy supply technology) can be presented, as shown 

in Fig. 9 . 

3.2.3. Pattern of electricity supply strategy 

Similar to the analysis of the current operation strategy, the elec- 

tricity and cooling data of the same specific week (from 07/27/2013 

to 08/02/2013) are used to present the energy supply pattern of the 

updated operation strategy, which is shown in Fig. 10 . 

First, the CCHP and PV systems run full of load to supply electricity. 

Then, the utility grid is used to meet the rest of the electricity load. 

Because both CCHP and PV have limited power capacity, the utility grid 

undertakes most of the electricity load. 

3.2.4. Pattern of cooling supply strategy 

Fig. 11 shows the cooling supply pattern of updated operation strat- 

egy. Because of the CCHP operation, ABS can obtain high-temperature 

flue gas and liner water so that it can supply some cooling. After the 

ABS reaches capacity, the CST should be used to handle the rest of the 

cooling load. As described, the cooling supply capacity of CST is greater 

than the maximum cooling load per day in this cooling season, and there 

is no need to let GSHP and EWC run during the daylight. Therefore, the 

120 



C. Li, Z. Li, H. Zhu et al. Energy and Built Environment 3 (2022) 113–127 

Fig. 8. Schematic of the energy flow used in DER-CAM[19]. 

Fig. 9. Using priority for the electricity and cooling supply. 

Fig. 10. the electricity supply pattern of updated operation strategy. Fig. 11. the cooling supply pattern of updated operation strategy. 
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only job of the equipment is charging CST during off-peak electricity 

price time, which is at night. It is worth noting that there is only one 

day using GSHP and an electric chiller to undertake a cooling supply, 

which does not correspond to the running priority rules in Fig. 9 . This is 

because this day was on the weekend, and the electricity supply could 

only be undertaken by PV. Thus, the CCHP system did not need to run, 

and waste heating was not produced. Therefore, the running priority 

level skipped directly to the GSHP and electric chiller. 

3.3. Rolling load forecasting for DES 

Rolling load forecasting updates the input parameters in the training 

set in real time and discarding the input parameters at the farthest mo- 

ment to ensure that the training set can reflect the latest information, 

so as to improve the prediction accuracy. In this paper, Support vector 

regression machine (SVR) is used to establish rolling load forecasting 

model. 

SVR as a machine learning with better non-linear fitting capacity, 

has been widely used in the research on HVAC load forecasting in re- 

cent years. Li et al. [21] used SVR to predict hourly cooling loads of 

an office building. Robinson et al. [22] applied SVR on Commercial 

Buildings Energy Consumption Survey (CBECS) to predict annual en- 

ergy consumption of commercial buildings in New York City. Xuan Zhou 

et al. [23] investigated the hybrid machine learning modelling meth- 

ods to predict building load and the results showed that Chaos-SVR 

and wavelet decomposition (WD)-SVR, whose expected error percent- 

age (EEP) are at least 60% better than that of the other single ones. Chou 

and Bui [24] pointed SVR was the best model for predicting the heating 

load. Yuxin Tao et al. [25] found that SVR model obtained through MSA 

optimization can effectively improve the predication accuracy and sta- 

bility of the air conditioning load prediction. Massana et al. [26] exam- 

ined predictive performance of some common machine learning models 

to improve short-term load forecasting in a non-residential buildings. 

Among these models, the SVR model has given the best balance of ac- 

curacy and computational cost. 

SVR was introduced by Vapnik in 1995, based on the Statistic Learn- 

ing Theory (SLT) and Structural Risk Minimization (SRM) [27] . In SVR, 

the regression function is approximated by the following function: 

𝑓 ( 𝑥 ) = 𝜔 ⋅ 𝜙( 𝑥 ) + 𝑏 (11) 

where 𝜔 is the weight vector, 𝜙(x) is the high-dimensional feature space 

which is nonlinearly mapped from the input space x and b is a scalar 

threshold. 

Following the principle of SRM, the objective function is obtained: 

𝑅 ( 𝑥 ) = 

1 
2 
∥ 𝑤 ∥2 + 

1 
𝑚 

𝑚 ∑
𝑖 =1 

|||𝑓 
(
𝑥 𝑖 
)
− 𝑦 𝑖 

|||𝜀 (12) 

The regression problem is transformed into the following constrained 

formation: 

𝑅 

(
𝑤, 𝜉𝑖 , 𝜉

∗ 
𝑖 

)
= 

1 
2 
∥ 𝑤 ∥2 + 𝐶 

𝑚 ∑
𝑖 =1 

(
𝜉𝑖 + 𝜉∗ 

𝑖 

)
(13) 

s . t . 
⎧ ⎪ ⎨ ⎪ ⎩ 

𝑦 𝑖 − 𝑤𝜙
(
𝑥 𝑖 
)
− 𝑏 ≤ 𝜀 + 𝜉𝑖 

𝑤𝜙
(
𝑥 𝑖 
)
+ 𝑏 − 𝑦 𝑖 ≤ 𝜀 + 𝜉∗ 

𝑖 

𝜉𝑖 , 𝜉
∗ 
𝑖 
≥ 0 , 𝑖 = 1 , 2 , … , 𝑚 

(14) 

where the constant C stands for the penalty degree of the sample with 

error exceeding ɛ . Two positive slack variables 𝜉 and 𝜉∗ represent the 

distance from actual values to the corresponding boundary values of 

ɛ -tube. 

The Lagrange multiplier is applied to obtain the partial derivative 

of the original variables ( 𝜔 , b, 𝜉, 𝜉∗ ), and finally the SVR model can be 

obtained: 

𝑓 ( 𝑥 ) = 

𝑚 ∑
𝑖 =1 

(
𝛼∗ 
𝑖 
− 𝛼𝑖 

)
𝐾 

(
𝑥 𝑖 , 𝑥 

)
+ 𝑏 (15) 

Where 𝛼 and 𝛼∗ are the Lagrange multiplier. The kernel function 

K ( x i , x ) = 𝜙( x i ) •𝜙( x ) satisfies the Mercer’s conditions and performs the 

non-linear mapping. 

SVR overcomes the disadvantages of traditional neural network 

learning based on experience and inspiration, over-learning, and dif- 

ficulty in small-sample learning. It so far has been widely used in vari- 

ous analyses such as regression, classification, and non-linear function 

approximation. SVR provides a new approach for establishing air con- 

ditioning load forecasting model thanks to the advantages of SVR algo- 

rithm in solving non-linear problems. 

4. Results and discussion 

After the updated operation pattern of whole cooling season in 2013 

was determined, a comparative analysis, from the perspectives of eco- 

nomic efficiency, energy consumption, and CO 2 emission, was per- 

formed to present and the performance improvement of updated oper- 

ation strategy discussed. Besides, taking the Development Building (02- 

01) in Tianjin Eco-city, which is shown in Table 1 , as an example to 

test the performance of proposed load forecasting method and discuss 

the necessity of load forecasting for DES. In addition, the defects of the 

proposed operation strategy and supplement priority were discussed by 

analyzing the pattern of updated electricity and cooling supply. 

4.1. Comparative analysis between current and updated operation strategy 

4.1.1. Economic efficiency results 

Table 8 shows the results of economic efficiency. All the energy cost 

of the current operation strategy is the electrical purchasing cost from 

the utility grid. However, the total energy cost of the updated operation 

strategy not only includes purchase electricity, but also includes the pur- 

chase of natural gas. Furthermore, in general, the total energy cost of 

the latter is less than the former, which is $142015.8 less, an 11.53% re- 

duction. Regarding the electricity purchasing cost, the latter is less than 

$358665.08, which is a reduction of 29.12%. If the electricity purchas- 

ing cost during the peak price time is compared, the reduction between 

these two different strategies is even greater, and is 31.21%. On bal- 

ance, for economic efficiency, the updated strategy has a much better 

performance than the current strategy. 

4.1.2. Energy consumption results 

Table 9 shows the result of energy consumption. In the comparative 

analysis of energy consumption, the advantage of the updated opera- 

tion strategy is reflected in the electricity consumption. Compared with 

the current operation strategy, the electricity consumption dropped by 

29.44%. On the other hand, the current strategy does not consume any 

natural gas, so the updated strategy consumes more natural gas than 

the current strategy by 4657504.57 kWh. However, according to the re- 

sult of total fuel consumption, the updated strategy consumes less fuel 

than the current strategy of approximately 2392103.02 kWh, which is a 

10.11% reduction. It should be mentioned that, in the Table 9 , the value 

of total fuel consumption is not obtained by adding the value in the first 

and second column, because the utility electricity is not the primary 

consumption. In this case, the data of first column should be converted 

to the standard coal consumption before processing the adding. 

4.1.3. Results of CO 2 emission 

According to Table 10 , the performance of the updated operation 

strategy is also better than the current operation strategy, which has 

dropped by 18.40%, approximately 431776.18 kgCO 2 . 

4.1.4. Horizontal comparison of these three factors 

According to the analysis above, which includes economic effi- 

ciency, energy consumption, and CO 2 emissions, the results are shown 

in Table 10 . 
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Table 8 

The result of economic efficiency. 

Period Total Energy Cost ($) Electricity TOU Cost(volumetric) ($) Electricity TOU Charges during On Peak time 

Current Updated Current Updated Current Updated 

Total 1231698.52 1,089,683 1,231,699 873033.4 568270.9 390918.9 

D-Value 142015.8 358665.08 177351.94 

Reduction 11.53% 29.12% 31.21% 

Table 9 

The result of energy consumption. 

Period Utility Electricity Consumption (kWh) Utility Natural Gas Consumption (kWh) Total Fuel 

Consumption (kWh) 

Current Updated Current Updated Current Updated 

Total 8,045,997 5,677,016 0 4,657,505 23664696.14 21272593.13 

D-Value 2368980.39 -4657504.57 2392103.02 

Reduction 29.44% / 10.11% 

Table 10 

The result of CO 2 emission. 

Period CO 2 Emissions (Grand Total) (kgCO 2 ) 

Updated Current 

Total 6,179,288 7572702.765 

D-Value 1393415.007 

Reduction 18.40% 

Fig. 12. Reduction of different factors. 

The reduced electricity TOU cost during peak electricity price time 

has the most obvious improvement, with a 31.21% reduction. In ad- 

dition, the improvement in CO 2 emission has the worst performance. 

Despite this horizontal comparison, there is also a 18.40% reduction 

( Fig. 12 ). 

4.2. Testing of rolling load forecasting 

Take the Development Building (02-01) in Tianjin Eco-city as an ex- 

ample to show the results of load forecasting. 

As the selection of inherent parameters ( C, ɛ ) and kernel function 

parameter 𝛾 of SVR also has influence on the prediction accuracy and 

performance, this paper uses grid search method, genetic algorithm and 

particle swarm optimization algorithm to optimize the parameters, and 

the results are as follows ( Table 11 ): 

The evaluation indexes of the model include correlation coefficient 

square R 

2 , Root Mean Square Error (RMSE) and Mean Absolute Percent- 

age Error (MAPE). The larger R 

2 (the maximum value is 1), the better 

the fitting effect is; the smaller the RMSE and MAPE, the higher the 

accuracy of load forecasting. Take the data from July 1 to August 9 as 

the model training set, and the data from August 10 to August 24 as 

the model verification set. Select the air conditioning load data at the 

last moment, outdoor dry bulb temperature, outdoor relative humidity, 

outdoor total solar radiation and current operating time as input param- 

eters to obtain hourly air conditioning load forecasting curve, as shown 

in Fig. 13 , Fig. 14 and Fig. 15 , and the prediction accuracy and fitting 

degree are shown in Table 12 . 

In terms of prediction accuracy and fitting degree, the grid search 

method and particle swarm optimization algorithm have obvious ad- 

vantages. The MAPE that characterizes the prediction accuracy is below 

7.5%, and the RMSE is much smaller than the corresponding value of 

the genetic algorithm. R 

2 , which reflects the goodness of fit is as high 

as 0.95. The standard genetic algorithm is easy to fall into the local 

optimal solution, so the training error may still be unsatisfactory after 

the iteration is completed. In addition, the optimization time of the grid 

search method is several times that of the particle swarm optimization 

algorithm. With the increase of the training sample size, the gap in the 

optimization time will continue to increase. Therefore, when the train- 

ing sample is large, the particle swarm optimization algorithm can be 

used to shorten the modeling time of the air conditioning load forecast- 

ing model. 

4.3. Discussion 

4.3.1. Energy efficiency of updated operation strategy 

The comparative analysis was performed using three metrics: eco- 

nomic efficiency, energy consumption, and CO 2 emissions. All three 

metrics are affected by the efficiency of primary energy utilization. Gross 

thermal efficiency (GTE) can be used to evaluate the primary energy uti- 

lization performance of different operation strategies according to the 

following equation: 

𝐺𝑇 𝐸 = 

𝑄 + 𝐸 × 3600 k J∕k Wh 
𝑇 𝐹 𝐶 × 𝑈𝐹 𝐿𝐶𝑉 

× 100% (16) 

where TFC ×UFLCV is the primary energy consumption. 

The CCHP system from DES in Tianjin Eco-city uses natural gas as 

fuel, and assumes the utility grid uses standard coal as fuel. The primary 

energy consumption of the current operation strategy and updated en- 

ergy consumption are shown in Eqs. (17) and (18) , respectively. 

𝑃 𝐸 𝐶 𝐶 = 

𝑄 

𝐶 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

𝐶𝑂𝑃 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

⋅ 𝜀 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

+ 

𝐸 

𝐶 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

𝜀 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

(17) 

𝑃 𝐸 𝐶 𝑈 = 

𝑄 

𝑈 
𝐴𝑏𝑠 

𝐶𝑂𝑃 𝑈 
𝐴𝑏𝑠 

+ 

𝐸 

𝑈 
𝐶 𝐶 𝐻𝑃 

𝜀 𝑈 
𝐶C 𝐻𝑃 

+ 

𝑄 

𝑈 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

𝐶𝑂𝑃 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

⋅ 𝜀 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

+ 

𝐸 

𝑈 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

𝜀 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

(18) 

According to Eqs. (17) and (18) , PEC C and PEC U are 23810150 kWh 

and 20970950 kWh, respectively. Then, the GTE of each operation strat- 

egy can be calculated using the following equations. 

𝐺𝑇 𝐸 𝐶 = 

𝑄 

𝐶 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

+ 𝐸 

𝐶 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

𝑃 𝐸 𝐶 𝐶 

(19) 
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Table 11 

Optimal parameters of SVR model determined by different optimization algorithms. 

Optimization algorithm C 𝛾 𝜀 Computation time /s 

Grid search method 6000 0.00001 1 2731.8 

Genetic algorithm 3870 0.09346 0.1 1407.1 

Particle swarm optimization algorithm 295 0.0001 0.1 593 

Fig. 13. Comparison curve of hourly HVAC load forecast and actual value based on grid search method. 

Fig. 14. Comparison curve of hourly HVAC load forecast and actual value based on genetic algorithm. 

Fig. 15. Comparison curve of hourly HVAC load forecast and actual value based on particle swarm optimization algorithm. 

Table 12 

Comparison of prediction accuracy and fitting degree of different opti- 

mization algorithms. 

Optimization algorithm MAPE(%) RMSE R 2 

Grid search method 7.483 32.893 0.966 

Genetic algorithm 29.523 99.037 0.725 

Particle swarm optimization algorithm 4.811 35.945 0.959 

𝐺𝑇 𝐸 𝑈 = 

𝑄 

𝑈 
𝐴𝑏𝑠 

+ 𝐸 

𝑈 
𝐶 𝐶 𝐻𝑃 

+ 𝑄 

𝑈 
𝐺𝑆𝐻𝑃+ 𝐸𝑊 𝐶 

+ 𝐸 

𝑈 
𝑢𝑡𝑖𝑙𝑖𝑡𝑦 

𝑃 𝐸 𝐶 𝑈 

(20) 

According to Eqs. (19) and (20) , the GTE of the current operation 

strategy and the updated operation strategy are 39.7% and 43.9%, re- 

spectively. The updated operation strategy improves the GTE by 4.5%. 

Waste heat recovery of CCHP can further increase the utilization rate 

of natural gas. The cascade utilization of energy is the root cause of 

GTE improvement. Therefore, the utilization of CCHP is the key point 

to evaluating DES performance. 

To further discuss the operational performance, the updated elec- 

tricity supply pattern is analyzed by coupling the TOU, and the up- 

dated cooling supply pattern is analyzed by coupling the CCHP oper- 

ating mode. 

4.3.2. Performance of electricity supply 

According to Fig. 16 , 2368980.39 kWh of electricity supply from 

utilities can be used during the cooling season in 2013 by implement- 

ing an updated operation strategy, which saves 57068 kg of standard 

coal. According to the TOU electricity price in Tianjin Eco-city shown 

in Table 7 , $358,665 can be saved, including $177,351 in peak-time 

electricity purchases (peak period). 

Fig. 17 shows the pattern of reduced electricity supply from the util- 

ity and TOU for one week (07/27–08/02). The difference in the elec- 

tricity supply from the utility generally occurred during the peak and 

shoulder periods, which shows that the economic efficiency has been 

more significantly improved than the improvement in energy saving. 

4.3.3. Performance of the cooling supply 

Fig. 18 shows the operational pattern of ABS and GICE from the 

CCHP system, which are represented by red blocks and gray transpar- 
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Fig. 16. Reduced electricity supply from Utility after operation strategy updated. 

Fig. 17. Combination of reduced electricity supply from utilities and TOU of one week (07/27–08/02). 

Fig. 18. Combining the pattern of cooling from ABS and GICE from CCHP. 

ent blocks, respectively. It can be seen that some periods in the cooling 

season when there is no cooling demand, and ABS was not running, re- 

sulting in some waste heat from GICE not being effectively used. This 

is an anticipated defect in the updated operation strategy. The further 

optimized strategy keeps the ABS running if there is electricity demand 

but no cooling demand. The cooling obtained by ABS can be stored in 

the CST. Further analysis can be performed using Fig. 19 . 

Fig. 19 shows the pattern of waste heat utilization of the CHP sys- 

tem for one week (06/17–06/23). The operational patterns of ABS and 

GICE are represented by green blocks and gray blocks, respectively. The 

red curve represents the state of charge (SOC) of CST. The blue blocks 

represent the cooling capacity of CST. It can be seen that electricity was 

supplied by GICE every day from 18:00 to 23:00, but ABS was not run- 

ning to recover the waste heat generated by GICE. According to the red 

curve in Fig. 19 , except for June 17th and 18th, CST was not charged 

on other dates, and the waste heat was not effectively used. Even if the 

CST was charged on the 17th and 18th of June, the charged cooling was 

generated by the GSHP and electric chiller, which means the waste heat 

was still not effectively used. 

The current occupancy rate of the six targeted commercial buildings 

is around 30%. Thus, the actual usage of the CST is far below the design 

capacity. If the remaining storage capacity of the CST can be further 

deployed, waste heat utilization can be further improved when there 

is no cooling demand, and the performance of DES operation can be 

further improved. Therefore, the demand priority between electricity 

and cooling should be discussed. 

DES has two main demand priority rules: “according the cooling & 

heating demand to determine the electricity demand ” (cooling & heating 

priority) and “according the electricity demand to determine the cooling 

& heating demand ” (electricity priority), which is based on different 

perspectives. The heating and power ratio (HPR) is used to measure the 

degree of these two different perspectives: 

𝐻𝑃 𝑅 = 

𝑄 

𝑊 𝑒 

(21) 

where Q is heating or cooling produced by the DES and 𝑊 𝑒 is electricity 

produced by the DES. 

In detail, according to the electricity demand priority rule, the de- 

mand not only contains the user-side requirement, but also contains the 

system that can sell the remaining electricity to the grid to generate ex- 

tra revenue. However, as mentioned above, this model is not in line with 

the current situation in China. Nevertheless, the electricity produced by 

the DES is always the auxiliary electricity for the grid, and generally 

the price does not have an advantage. Additionally, according to Hu’s 

research [28] , with increasing HPR, the system has a higher thermal 

efficiency but lower exergy efficiency. However, based on Wang’s per- 
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Fig. 19. Waste heat utilization analysis. 

spective [29] because of renewable energy use, the energy transmission 

distance is relatively short, so the exergy loss can be decreased if the op- 

eration strategy of the DES has a high HPR. As the consequence, in this 

specific DES, heating and cooling priority demand is used as the main 

rule, which is “according the cooling & heating demand to determine 

the electricity demand ”. 

4.3.4. The necessity of load forecasting for DES operation 

Accurate load forecasting plays an important role in system control. 

Most of the current mainstream control systems formulate correspond- 

ing strategies based on the real-time load results. There is a certain time 

lag from the command given by the control center to the operation of the 

cold and heat source system according to the optimal strategy. There- 

fore, forecasting the air conditioning load in the next period in advance 

can reserve time for the formulation of optimal control strategy and the 

command issued by the control center, so as to overcome this defect. 

In the phase of load forecasting, most of the existing forecasting model 

based on SVR only use the load data and weather forecast data of the day 

before the day or earlier to establish corresponding models, and do not 

use the known information of the day to modify the model, while the 

known information of the day has a greater impact on the prediction 

results. Hence, this paper adopts the rolling prediction method, intro- 

duces the latest load and meteorological information into the model, 

and constantly modifies it to solve the problem of low accuracy of the 

air conditioning load forecasting model. The specific process is shown 

in the figure xx below. 

In addition, due to the different load characteristics of weekdays, 

weekends and special holidays, the three scenarios can be modeled sep- 

arately in subsequent work to further improve the accuracy of load fore- 

casting ( Fig. 20 ). 

5. Conclusions 

In general, the operation strategy after updating not only reduces 

the energy consumption and electricity purchasing cost, but also influ- 

ences utility peak clipping. Consequently, compared with the current 

operation strategy, the energy-saving potential of each energy supply 

technology in this DES can be mined using the MILP. In addition, within 

the context of Chinese electricity reform, this comparative analysis can 

illustrate the improvement when the electricity generated from the DES 

can be filled into the utility grid. This single policy change will lead to 

changes in the overall DES operating model. Thus, this electricity reform 

can only be better realized by incorporating more advanced optimiza- 

tion algorithms into the operation strategy establishment. 

Consequently, in this manuscript, after analyzing the characteris- 

tics of DES and discussing the demand priority during the operation, 

a real-time update operation strategy is proposed using MILP. Taking a 

DES from Tianjin Eco-city as the case study, a comparative analysis is 

Fig. 20. The flow chart of rolling load forecasting model. 

performed, and the results show that the updated strategy can reduce 

29.12% the electricity time-of-use cost by 10.11%, total fuel consump- 

tion, and 18.40% of CO 2 emission during the cooling season. By analyz- 

ing the cooling and electricity supply patterns, the GTE can be improved 

by 4.5%. Considering the characteristics of Chinese supply reform, the 

heating and cooling priority demand is used to be the main rule, which 

is “according the cooling & heating demand to determine the electricity 

demand ”. 

Besides, forecasting the load of target buildings in the next period 

in advance can reserve time for the formulation of optimal operation 
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strategy. In this case, a method of “rolling load forecasting ” for DES by 

using SVR is proposed and discussed. The testing shows that the Mean 

Absolute Percentage Error (MAPE) is below 7.5%. And when the training 

sample is large, the particle swarm optimization algorithm can be used 

to shorten the modeling time of the air conditioning load forecasting 

model. 

This study focuses on a single DES connected to the utility grid. If 

more DES can feed-in the utility grid, further research on the stability 

of power distribution, demand response, and carbon transactions can 

be performed using this real-time operation strategy. This study cur- 

rently only considers economic indicators in the operational phase; the 

payback period should also be considered in future research to further 

optimize the DES operation strategy. In addition, the data used in this 

paper is old, because after negotiating with Eco-city, authors can only 

get the data for 2013 with a lower occupancy rate. It is necessary to use 

newer operating data for further analysis in future. 
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