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Abstract

Nowadays, due to the construction of new buildings, global warming becomes
more serious every day. Thus, global governments are taking keen interests in
the ways to reduce the building-related greenhouse gas (GHG) emissions.
Consideringthe life cycle of a building, it consumes a vast quantity of energy,
water, materials for construction, maintenance, and demolition effort. Improving
building energy performance has great potential to meet the requirements

above.

Through several years’ study, the researcher has found that the prefabricated
low carbon building would be the next revolution for building construction. The
primary intention of the research is to investigate the applicability of
prefabricated building technology and energy performance in the Eco-house of
Wuhan. Laboratory testing for the prefabricated low-carbon building
technologies including heat recovery ventilator and photovoltaic vacuum
glazing were conducted. The heat recovery ventilator would be applied to the

Eco-house.

In addition, the Eco-house provided an understanding of the exercise
experience in China. Measurements such as airtightness tests, co-heating
tests, thermographic images, and long-term monitoring were used to gain
building performance data on the Eco-house. The data and experience gained
from the project were combined to evaluate benefits of a low-carbon house in

China.
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1. Introduction

1.1. Problem statement

The energy and material consumption by buildings accounts for about 40% of

annual global consumption(Glass, Dainty and Gibb, 2008)(Zhao et al., 2015).
The efficiency of energy consumption becomes an key concern for the whole
world (ZHANG, MO and CHENG, 2015). Additionally, it is a major cause of
carbon emissions. Governments are making efforts to develop low-carbon
building technologies (Zhao et al., 2015). With the rising demands to achieve
an environmentally friendly situation around the world, an increasing interestin
the sustainability of buildings has been shown. In recent years, various low-
carbon devices and technologies have been promoted to support the
sustainable revolution in the global building industry, such as passive design
strategies (Zhang, Platten and Shen, 2011) and low waste technologies

(Zhang, Wu and Shen, 2012).

1.2. Research aims

This research intends to investigate the applicability of prefabricated building
technologyandenergy performance in the Eco-house of Wuhan.Basedon this,

three key points have been identified below:

® Develop effective prefabricated low carbon technologies.
® Specific low-carbon design, construction, and operation of the Eco-
house.

® On-site thermal performance of the Eco-house in Wuhan.



The thesis aims to explore the following contents:

® Identify and review the energy consumption patterns in the dwellings,
and the investigation methods that could be used to assess the built
house.

® Literature review on the technologies and devices which can be
integrated into the building units, including fabrics, fenestrations, and
heat recovery ventilation devices.

® |aboratory investigation on the prefabricated low-carbon building
technologies including window heat recovery ventilator-WHRYV device
and photovoltaic vacuum glazing.

® Discussthe architectural design process of the Eco-house in Wuhan.

® Investigate the thermal performance of the Eco-house based on several
on-site tests.

® Simulate the energy consumption of Eco-house.

1.3. Contribution to knowledge

This research promotes two prototypes of prefabricated technologies,including
a window heatrecovery ventilator unit and photovoltaic vacuum glazing. These
prototypes were tested under laboratory conditionsin the UK. Furthermore, the
design of the Eco-house in Wuhan is described, with overall thermal
measurements on components, airtightness, co-heating, thermographic

images, long-term monitoring.

The novel window heat recovery ventilator-WHRYV system can be integrated

into the window frames of a building/room to provide a comfortable

2



environment. The prototype integrates heat pipe/heat exchanger to recover
sensible heat loss and uses this heat to warm the incoming air. The

effectiveness of prototype is about 43% to 59%. The WHRYV system provides

100% fresh air to interior space and exhausts the stale air.

Vacuum glazingis a novel solution to reduce heattransfer through fenestration
which would limit the amount of air particles within the middle gap. The
proposed PV VG-4L does not only have much better thermal insulation
performance than conventional glazing but also has the ability to generate
direct current (DC) power. As the solar irradiance at about 500 W/m?, the PV
VG-4L can generate electricity at a level of 12 W/m2. The results indicate that
prototype can not only generate electricity but also has high insulation

performance compared to a conventional single-film PV glazing.

Based on the cognition of the author, the Eco-house is the firstattempt to utilize
the Building Information Modelling (BIM) for budget low-carbon houses in
Wuhan. The exercise of the Eco-house introduces notonly a set of low-carbon
technologies for China but also several practical experiences. A number of
methods for investigating the performance of a low-carbon house are first
applied in Wuhan. Ultimately, the Eco-house developed here can provide new

insightsinto the Chinese low-carbon housing market. The practice above has

value on both a research dataset and policy basis.



1.4.Research structure

The research was conducted in different steps and covered several tasks. The

work contains six chapters, and a summary is described as following:

Chapter 1. Relevant information has been quoted to explain the present

situation and background aboutthe topic. The aims and structure of the thesis

have also been illustrated.

Chapter 2: Literature reviews on the prefabricated low-carbon houses and low-
carbon technologies are included. Relevant building energy consumption
patterns and governmental targets are explained as well as the evaluation
methods on the sustainable house, including airtightness test and co-heating
test. Furthermore, the review also includes heat recovery ventilator system,

insulation material as well as various glazing systems.

Chapter 3: This chapter presents the design and testing procedure of the novel

window heatrecovery ventilator (\WHRV) under laboratory scale.

Chapter 4: Thermal performance of novel vacuum glazingis investigated. The
design of the hotchamber in the University of Nottingham is covered as well as
the assessment of the novel photovoltaic vacuum glazing is presented.

Additionally, the testing procedure of PV VG-4L in hot chamber is presented.

Chapter 5: The passive design of the Eco-house in Wuhan is described, with
an overview of the design details, components performance, material, and
devices. A detailed evaluation of its thermal performance is presented. Data

gained from several different tests (airtightness, co-heating, thermographic
4



images, long-term monitoring) is used to assess the post-construction quality.
Furthermore, a detailed retrofit plan for the Eco-house, based on the flaws

identified in the previous testing, is promoted to enhance the energy-saving

performance of Eco-house in the future.

Chapter 6: Conclusionsofthe research are presented here. And futurework on

currentresearch is stated, including furtherinvestigations on the Eco-house.



2. Reviews on sustainable building and prefabricated

sustainabletechnologies

2.1.Climate change

With the increasing evidence that greenhouse gas (GHG) absorbs emitted
radiant energy and causes the greenhouse effect, taking urgent measures to
prevent greenhouse effect in the future has become crucial (Taleb and
Sharples, 2011). To mitigate the impact, the United Nations Framework
Convention on Climate Change (UNFCCC) has been published (Bodansky,
1993). And many governments have made the promise on reducing carbon

emission (shown in Table 2.1).

Table 2.1 the climate target of various government

Area Targets Reference
European Union Thereduction of greenhousegas emission in 2030 should (European
accountfor at most55% of 1990 levels. Commission, 2020)
China Chinawill reduce its 2050 carbon emissions to a level thatis (Zhouetal., 2019)

42% below the country’s 2010 carbon emissions.

United Kingdom UK will reduce its emissions by at least 68% by 2030, (Business, 2020)

comparedto 1990 levels.

United States US establishes GHG reduction targets below 2005 emissions  (Damassa, Ge and

levels of 28% by 2025 and 45% by 2030. Fransen, 2014)
The building sector has an instrumental role in climate changes. The building-
related industry has become the primary contributor to GHG emissions. In
cities, there are thousands of buildings. They need to be constructed,
maintained,and demolished,each of which consumesavast amountof energy

and materials during the life cycle. With the development of real estate in Asia

and Mideast area, total GHG emissions would increase greatly in the next 40

6



years. As for China, the situation is more urgent. The growth rate of energy
consumption in buildings is about 10% since the past decades(Chang et al.,

2014). In fact, Chinese people suffer fromthe High Emission Economy.

At the same time, the building construction industry enjoys great potential to
reduce carbon emissions up to 1.35 billion tonnes of carbon emissions
(Tzikopoulos, Karatza and Paravantis, 2005). Therefore, climate remediation is
currently necessary for reducing power consumption and carbon emissions
(Tzikopoulos, Karatza and Paravantis, 2005). To accomplish it, one of the
practical ways is to develop the prefabricated building system and integrate as

many as possible sustainable technologies into building units.

2.2.Demands for innovation in the building components

Shortage of affordable housing in China

Because of the policy of Economic Reform and Open Upin Chinain the last40
years, Chinahas become the 29 largest economy after the USA. The Gross
Domestic Product (GDP) has increased 8% every year. More than 850 million
people in Chinahave lifted themselves out of extreme poverty (Kinmond, 2019).
Although China has made an impressive ‘economic miracle’, its market reforms
have not finished like those in other developed countries. The rapid
developmentin China also brought several challenges, such as an imbalanced
economic status, ageing population and so on. The high house price is a
concern of everyone in China and it is also one of the major social
contradictions. The Chinese house price grew about 10% every year from

1999-2019 (Ren, Xiong and Yuan, 2012). In 2010, the house price is 25%
7



higherthan in the previous year (Ahuja et al., 2010). The high house price has
caused several social issues. In Beijing, the average price of high-end
apartments has reached over CNY 96,000 (about US$ 13,700) per square
metre in 2019. The high house price in Chinese cities forces a large number of
people to go back to rural areas for a living. Those well-educated people need
more comfortable and modern houses rather than the conventional and
outdated house, which provides opportunities for developing the low-carbon

housein Chinese rural area.

The status of current building construction in Chinese rural areas

The Chinese building-related industry in rural area is very conservative,
possibly due to the low labour and energy cost and insufficient innovation
intentions. The high upfront cost is one of the most important issues facing
investors. Under the current environmentin Chinese rural area, it is difficultto
convince people to inject extra investment on sustainable features to their
house (Zuo and Zhao, 2014). (Paul and Taylor, 2008) states that the thermal
comfort of novel sustainable buildings is not significantly differentfrom that of
conventional buildings which are equipped with heating, ventilation, and air
conditioning systems. This idea is also the consensus of many people in China

(Zuoand Zhao, 2014).

The traditional approaches of house design and construction is irrational
without any reasonable analysis before construction. The design and
construction are decided by the construction members. There is little

contribution from specialist suppliers in design, structural analysis, cost



estimation and so on which leads to rough construction with extra energy costs
and conflictsin the future (Wang et al., 2019). Modern construction methods
such as prefabricated components, are widely used in urban areas. The
traditional methods, such as brick walls, are still widely used in Chinese rural
areas. However, with the developmentof the Chinese economy, side effects of
development have appeared. The rising labour cost and energy shortage are
forcing the building-related industry away from conventional methods and

closer to modern approaches, prefabricated construction.

2.3.Thelegislative context

After several energy crises in recent decades, the global governments have
promoted comprehensive legal systems for energy saving. The building

regulations limiting the energy using are most complex.

The passivhaus standard

The Passivhaus Standard, also named as Passivhaus Standard, promoted by
Germany refers to a construction requirement for domestic building. A passive
house is regarded as an energy-saving and comfortable house. The passive
house can maintain acomfortable temperature duringwinterand achieve a cool
temperature with litle energy consumption in summer (Feist, 2009). The
Passivhaus Standard includes three key specifications, including limits on
heating and cooling loads, a comfortable thermal environment, and a series
passive device or system. In other words, the passive house should include
good insulation, minimized thermal bridges and air infiltration, an efficient heat

recovery system and well-insulated building components.
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(Feist, 2007) states the current Passivhaus standards below,

The average annual heating or cooling loads for one square metre

should be less than 15 kWh.

e The Renewable Primary Energy Demand for all appliances including
heating, household electricity, should be less than 60 kWh

e The air leakage of the passive house should not exceed 0.6 ACH@50

Pa

The interiorroom temperature should be maintained at more than 20°C

Codefor sustainable homes

The Code for Sustainable Homes (CfSH) was promoted in Englandin 2007 as
a compulsory national regulation to reduce the energy consumption of
dwellings. Before the CfSH, the environmental rating scheme for buildings in
the UK was the EcoHome rating. It was replaced by the CfSH in 2008. The
CfSH is a standard to evaluate the thermal performance of a building
throughoutits life. Its objective is to provide general information on the overall
thermal performance of buildings and a measure for comparison between
various houses. Currently, all new-built house in the UK should satisfy the
requirement of the Code 6 on zero carbon emission. Code 6 means that not

just the combination of traditional passive solar energy devices but also a

reduction in the heating requirement of interior rooms.

(Department for Communities and Local Government, 2010) clearly listed all
the requirements on differentcodes as well as the Passivhaus Standards, as in

Table 2.2 below.
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Table 2.2 The requirements on the thermal transmittance of building components on different
standards

Code 1 Code 2 Code 3 Code 4 Code 5 Code 6 Passive

House
External Wall 0.30 0.30- 0.26 0.20 <0.1 <0.1 0.15-0.1
W/(m?- K) 0.26
Floor 0.22 0.22- 0.19 0.14 <0.1 <0.1 0.15-0.1
W/(m?- K) 0.19
Window 2.0 2.0-1.6 16 1.2 <0.8 <0.8 0.8
W/(m?- K)
Roof 0.22 0.22- 0.19 0.14 <0.1 <0.1 0.15-0.1
W/(m2- K) 0.19
Airtightness <3.0 <3.0 <3.0 <1.0 <1.0 <1.0 0.6/h
M3/(h-m?) @ @50Pa
50Pa

From Table 2.2, the overall requirements of CfSH Code 6 on building fabric are

higher than the Passivhaus Standard. The Passivhaus Standard is born for

central Europe, especially Germany.

Chinese Legislation

In 2015, the Ministry of Housing and Urban-Rural Development promoted the
‘Technical Guidelines for Passive Ultra-low Energy Green Buildings (Trial)
(Ministry of Housing and Urban-Rural Development in China, 2015). The
regulation defines the ultra-low energy consumption house with the following

characteristics:

® Well insulated building fabric
® Well insulated glazing system

® High airtightness
11



® Efficientheatrecovery ventilator system
® Make full use of renewable energy
Table 2.3 presents the technical requirements on the thermal performance for

ultra-low energy consumption housesin China.

Table 2.3 The requirements on the thermal performance for various regions of China (Ministry
of Housing and Urban-Rural Development in China, 2015)

Regions Unit Ultra-cold Cold Hot Hot Mild
Summers, Summer,
Cold Winter Warm
Winter
Building W/(m?- K) 0.10-0.20 0.10-0.25 0.20-0.35 0.25-0.40
Fabric
Windows Wi/(m?-K) 0.70-1.20 0.80-1.50 1.0-2.0 1.0-2.0 <20
Heating kWh/m? <18 <15 <5
Load
Air Nso <0.6/h
Tightness

Compared with the conventional house in China, the ultra-low energy

consumption house has several advantages, listed below:

® More energy saving. The demand for heating and cooling loads of
buildings throughoutthe year is significantly reduced, up to 90%.

® More comfortable. The indoortemperature and humidity of the building
are more suitable for occupants.

® Better air quality. The heat recovery ventilator system provides enough
fresh air in the room.

® Higher quality assurance. High-quality building components make the

building quality higher and give a longer life.
12



2.4.Sustainable and prefabricated buildings

Because of long-term efforts, the stakeholders of buildings seek to introduce
intelligenttechnologies into the builtenvironment. The passive design applied
by architects responds to climate conditions and requirement (Ahmad,
Thaheem and Anwar, 2016). The stakeholders aim to reduce energy

consumption and meet the requests from regulations promoted by

governments.

Low-carbon house or eco-house are terms used to describe such houses by
architects and engineers. Prefabricated houses use specific choices to mitigate
the impacts from buildings on the natural environment. Compared with
conventional houses, a prefabricated house has better energy and thermal
performance (Energy and Sources, 2009). Compared with the conventional
cast-on-site technology, prefabrication technology reveals a series of potentials
in Environment Impact-El (Cao et al., 2014). The prefabricated components
with high thermal performance are utilized in these houses (Energy and
Sources, 2009). Furthermore, because of the massive production runs, the
price of the prefabricated unitwould be lower than the cast-on-site building. It

would be more popularin the future.

Prefabricated building

The conventional method of building a house is to transport bricks, concrete, or
other raw material to the site. Then, build the house on site using these
materials. The process from raw material to building components are all

finished on site. A prefabricated building, in which most of the building
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components were produced in a certain place and transported to the
construction site, and finally, assembled together, has become popular around
the world (Zhang, Skitmore and Peng, 2014). Compared with the traditional
construction method, this approach is very different from a lot of field
construction, for instance, the raw processed materials are transferred to the
factory rather than for construction on the site directly. From the academic field,
there are several terms used to describe the prefabricated building or
technology, such as preassembly, modularization and off-site construction
(Song etal., 2005). In the USA, the prefabricated houseis also named modular
housing (Song et al., 2005), off-site production in EU countries (Song et al.,
2005) and in mainland China the name is industrialized housing (Zhang and

Skitmore, 2012).

After decades of development, the prefabricated building has been extensively
utilized in EU countries. And in mainland China, It just takes its own first step
(Zhangand Skitmore, 2012) (Zhang, Skitmore and Peng,2014). With the rising
of consciousness in low-carbon house, the prefabricated house has been
spread rapidly in China, especially in Beijing and Shanghai for satisfying the
requirement of housing needs and reducing pollution during the construction.
Compared with traditional methods, this kind of factory control and
industrialization is also believed to improve the environmental performance of
building (Steinhardt and Manley, 2016). (Hong et al., 2018) states the benefits

of the prefabricated house in China as listed below

e 75% of on-site labours can be saved compared with previous

construction methods
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e Less skilled labourrequired on site

e Duration of on-site construction can be reduced by about 50%

e Factory manufacture can promise high accuracy and quality of
components and reduce the risk of infiltration or exfiltration through
building fabric

e On-site pollution and waste can be reduced greatly

e Fewer demands on material storage

e Less dependence on weather conditions during construction

e A more prefabricated construction scheme

e Smaller risk of on-site construction faults

Several benefits of the prefabricated house have been addressed from the
academic field(Liu and Ying, 2009). With the rising need to accomplish a low-
carbon society around the world, various green technologies have been
promoted by sustainable practice in the global building industry, such as the
passive building strategies (Zhang, Platten and Shen, 2011) and sustainable
technology (Zhang, Wu and Shen, 2012). Technology is also regarded as a
new approach to sustainable construction to save energy and raw materials
(Zhang, Skitmore and Peng, 2014). The environmental impacts of the
prefabricated building can be significantly reduced. Thus, it is very important to
know how to integrate sustainable technology into building components.
Several studies have been proposed about the environmental benefits of off-

site production buildingin China.
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Table 2.4 lists the summary of studies.

Table 2.4 The research on the prefabricated building om environment impact

Reference Application of Prefabricated Environment Impacts
(Liu and Ying, 2009) prefabricated concrete Reduce solid waste
(Chen, 2010) material and energy use 20% reducing
(zZhang, Skitmore and Peng, timber shuttering 87% reducing
2014)
(Cao et al., 2014) Prefabricated concrete column 62% reducing

Prefabricated technology demonstrated a great advantage in environmental
impact over traditional building. (Cao et al., 2014) state that the combination of
the prefabricated building with prefabricated-sustainable technology is the key
pointto improve the performance of prefabricated houses. This project s trying

to integrate low-carbon technology into a building.

The common passive strategies in a prefabricated house

Concerning the low-carbon prefabricated house, the other part of the topic is
the sustainable house. Nowadays, many governments encourage low-carbon
design,the passive design referred to the architectural strategies applied by the
architect and engineersto respond to the climate conditions and requirements
(Ahmad, Thaheem and Anwar, 2016). Low-carbon houses are intended to
decrease the environmental impacts of the building. With help of a suitable
architecture design, a comfortable interior environment can be achieved, which
meansthe needs for energy on cooling or heating can be reduced. In the most
stressful season, summer or winter, the interior temperature should be the

primary consideration of the building design (Ochoa and Capeluto, 2008).
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Besides the mechanicalimprovementthrough innovation in ventilation, such as

power fans or heat pumps, the natural heattransfer approach is also available.

Table 2.5 summarises referencesfor architecture design which coverscommon

passive strategies for the components in prefabricated buildings:

Table 2.5 The common passive strategies

Passive Strategies Reference Statement

Orientation on building  (Morrissey, Moore The easiestapproach in achieving thermal comfort

and Horne, 2011) is the adherence to the oriented buildings
(Bekkouche et al., Positioning the house in the right direction is
2011) entailed in the central principle during building
design
(Haase and Amato, Solarirradiance can be determined by the
2009) orientation
(Olgyay, 1967) Building alignmentcorrespondsto local climatic

conditions to maximize the natural benefits

Building layout (Shape) (Okeil, 2010) Ventilation dependents on the building shape
(Capeluto, 2003) Self-shading has significantimpacton the interior
spaces
Building envelope (Capeluto, 2003) The cooling or heating systems can be economized

by adequately sealing the building

(Radhi, 2008) Residential buildings with decreased window/wall

ratio were observed to have reduced energy

demand
Walls (Christian et al., The impactof thermal insulation has significant
2006) effecton the heat conservation in the building.
Window (Kamaletal.,2000) The heatlossfrom the window accountforthe one

fourth of the overall energy loss from the building.

(Cuce and Cuce, The glazed window notjust limited to being more
2016) tough, but also the impactof heat transmittance,

thermal bridging via glazing, and directsolar gain
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Building colour (Asimakopoulos, Envelope colourleads for convective heat transfer,

1996) leading to quicker cooling down of the textured
surface
Solar controls/Shading (Bouchlaghem, A decrease in the heatobtained by the building is
elements 2000) favoured through passive shading systems.
(Graves etal., Using more natural lightis more comfortthan
2001) artificial lights. Reduction in use of artificial lights

alsoleadsto decrease in heat generated within the

building

(Capeluto, Yezioro Adjustable shading devices can reduce the energy

and Shaviv, 2003) consumed forthe heat and cooling.
Thermal Mass (Sidaniusetal., It is highly advised to use material with thermal
2000) massto maintain the internal condition.

The acceptance and applicability of prefabricated construction

In 2005, the Buildoffsite conducted a survey about how prefabrication hasbeen
applied in the UK (Pan, Gibb and Dainty, 2005). The survey shows that the
most obvious barrier to achieving prefabricated low-carbon house includes
higher capital cost, long-term payback period and random design changes
during construction. The result also reports that when the constructor
considered the prefabricated house, 71% of them were not satisfied with its on-
site performance. From the survey, the main drivers for prefabricated
application were skilled labour shortage, high quality, and minimal on-site time.
Another side effect of the prefabricated house is inflexible design during
construction, which means higher requirements on the designer and civil
engineer. Although prefabrication can reduce time and money consumption,
the funding mechanism should adjust to accommodate the higher cost of the

designer as it requires a much longer design period and also more skilled
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designers. It seems there will still be a long-term period to spread prefabricated
houses. Therefore, in order to achieve any innovation in the industry, the first
thingis to increase the knowledge among the stakeholders. The designerand
constructor can share the same experience and build prefabricated low-carbon

houses.

2.5.Energy consumption patterns in building

Energy consumption patterns in buildings rely heavily on local climate
conditions,the behavioursof occupantsand the regulations ofthe country. The
developed counties are developing energy conservation in the building sector
in general and in residential buildings. Additionally, these countries have
systematic GHG emission reduction policies and criteria defining the space
heating or cooling loads with the unit-kWh/m2. For example, the Passivhaus
Standard defines the annual heating and cooling loads of buildings as being

less than 15 kWh/mZ.

About 40% of energy use is consumed by building-related industry (Gong and
Song, 2015). Moreover, the building industry accounts for almost half of the
global energy consumption (Ghiaus and Inard, 2004) and produces 33% of
global GHG emission (Berardi, 2016). The energy for coolingand heatinginthe
interior space is around 40% of the global annual consumption, with a great
amountof GHG emissions (Omer, 2013). In the last decades, the development
of air conditioning demands a considerable increase in electricity use (Chiesa,
Simonetti and Grosso, 2014) (Omer, 2013). To release the pressure on GHG

emissions and energy crises, there are considerable common interests in the
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world, promoting environmental protection. Allthe governmentsin the world are
raising awareness of sustainable development by producing environment-
friendly designs which can use the least energy to satisfy the most comfortable
interior environment. Because of the needs for reducing energy consumption,
the researchers have proposed several sustainable approaches and energy-

efficienttechnology(Berardi, 2016).

Chinahas become the world's largest consumer of energy. Compared with
2000, the energy consumption in 2035 is expected to increase by two fifths
per unit (Zhang and Liao, 2015). In 2009, China has proposed several
policies to reduce Chinese carbon emissions per unit GDP by 50%. And in
the 12t five-year plan-2010, the total energy consumption in Chinawas 7%
greater than that in 2010(NBS, 2012). According to the Ministry of Housing
and Urban-Rural Development, the construction industry consumed 27.8%
of the total energy consumption in China. And the heating, ventilation, and
other domestic appliances contribute more than half of the energy

consumed by the building(Yang et al., 2010).
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Final consumption by sector, 2018
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Figure 2.1 Energy consumption by final users in the UK (Department for Business, 2019)
According to the report (Department for Business, 2019), as Figure 2.1 shows,
energy consumption in the domestic sector was increased by 3.4%, while the
service part was up by 1.1% in the UK. The consumption in transportation
experienceda fall of about 1%, as Figure 2.1 shows. The domestic sector is the
most responsive to temperature changes as a larger proportion of energy is
consumedfor space heating. The energy consumption forindustry experienced
significantdrops from 62 to 22 million Tonnes of Oil Equivalent-M toe. The most

notable elementis the growth in transport consumption and domestic use.

UK is facing a significant but exciting infrastructure challenge. Therefore,
energy efficiency in buildings is essential to improve the local environment
friendly level and decrease the energy requirement. To reduce the carbon
emission from buildings, the British government required that certain new
buildings are energy efficientand require allthe newbuildingsto be zero carbon
from 2016. They also introduced the low-carbon approaches to encourage

people to pay for home improvements using savings on their regular energy
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bills and improve the certificate for the energy performance to be more user-

friendly.

Active and passive measures can help to improve energy-saving performance.
Active approaches include upgrading the appliances with higher efficiency
units. The passive measures cover the improving thermal performance of
building components and proper airtightness. For example, replacing the
ordinary double glazing with vacuum glazing can reduce the heat transfer

coefficient from 2.8 to 1 W/(m?-K), which allows the interior temperature to

remain for a longertime and enables one to reduce the energy bills.

Principles of heat flow in buildings

The main heat-loss channelsare though convection,conduction,and radiation.
The heat energy would transfer from the hot side to the cold side and cannot
flow backwards without the help of other devices such as heat pumps. To
evaluate the thermal performance of the house, it is necessary to investigate
the principles of heat flow within the buildings. It can provide guidance on
minimizing the building heat loss. It is also important to consider the thermal
comfort within the interior environment since the main purpose of a house isto
provide a comfortable interior environment for occupancy. The current
regulation suggests that the internal temperature should range from 18°C to

24°C (Park and Oh, 2014).

The thermal performance of the fabric components such as fenestration, wall,
roof and airtightness would have a great impact on the temperature, humidity

and ventilation (Ormandy and Ezratty, 2016). As the increase of airtightness
22



and insulation performance of the fabric, the energy consumption would
decrease greatly. However, the possibility of overheating and increasing CO2
proportion increases (Patidar et al., 2011), which would have a negative impact

on the occupants’ health.

There are several approachesinwhich energytransfersfrom the building fabric

to the environment. Figure 2.2 shows the main heat loss or gain routes for

dwellings.
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Figure 2.2 The heat transfer approaches within dwelling
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Presuming that a house with an internal temperature similar to the external
temperature, there will not be energy transfer through the building fabric. But
under most situations, there would be a temperature difference between inside
and outside, since the distribution of internal temperature is smaller than the
ambient temperature for comfort. The common heat losses and gains are

summarised below:

e Transmission heat loss (L,,,,,s) — the heattransfer through the building
23



fabric via conduction
e Ventilation heatloss ( L,,,.) —the heatexchange through the ventilation
between inside and outside, by air leakage or fenestration
e Solar heatgains(G,,,,,) — the energy gain through the solarirradiance
e Internal heat gains (G,,.;na;) — the energy gains through occupancy

body temperature, lighting, appliances.

(Feist et al., 2007) states that the heating equation for a dwellingis as below,

as the H is the heating gains for overall building:

H = (Gsolar + Ginternal) - (Lvent + Ltrans) Equation 1

(Baehr and Stephan, 2011) states that the main heat transfer approach for
building is conduction. The conduction would happen with temperature
differences between inside and outside. The convection always happens in the
internal air. The warm air expands and rises while the cold air sinks because of
the density difference. The convection would introduce the air circulation within
rooms. Due to the solar irradiance transmitted through windows and other
building components, solar irradiance is the simplest method for heat transfer.
Infiltration is the air leakage through the joints of building components. With the
air leakage, the heat would be transferred to the air. Under a high level of

airtightness, the contribution of heatloss through infiltration will reduce greatly.

Preventing heat transfer

This section is to investigatethe main approaches of heatloss. By reducingthe

heat transfer through building fabric, the heating or cooling loads will be greatly
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decreased. (Chris Woodford, 2019) states that the heat transfers in three

differentways within dwellings.

e Heatflows down directly into soil or rock through foundations
e Energy transfers by conduction through building fabric, such as wall,

roof, and windows.

e Large amounts of energy can flow in/out of the building via infiltration or

exfiltration.

Roof 25%

Mechanical/natural
Ventilation 20%

N

e

Window and Door 15%

— Tihfx i

| Wi

‘W | 1

L) —~—

iy — ——
i’ it S

Wall 25%

Floor 15%

Figure 2.3 The contribution of heat loss for different approaches
Figure 2.3 shows the contribution of energy loss to a building. The building
fabric accounts for more than 85% of the heat loss of a building, as the roof,
walls, and fenestrations account for about 25%, 35% and 25%, respectively.
Pareto's principle states that, for many events, roughly 80% of the effects come
from 20% of the causes (Bunkley, 2018). Therefore, the key to reducing the

heat transfer is to increase the thermal performance of building fabric.
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Specifically, reducing the thermal transmittance of material and the thermal
bridge between inside and outside is the main way. Furthermore, increasing the
airtightness of the building is also important as the infiltration or exfiltration

accounts for a great amount of energy transfer.

2.6. Post construction assessment

Normally, the estimation on the building energy consumption before the
construction stage are essential. At the same time, the post construction
assessment of the building is also necessary to investigate the actual
performance. However, the systematic post construction assessments on the
low-carbon house have not been promoted among the building related
industriesin China. For the EU, there may be a policy change in the building
evaluation process, that is, the energy consumption of a building is defined by

on-site evaluation ratherthan modelling at the design stage (UKGBC, 2019).

The post construction assessmentis not only based on a qualitative analysis of
the occupancy review. Furthermore, the assessment is used to refer to the
systematic assessment of thermal performance and indoor environment
(White, 2014). The assessment approach provides a comprehensive evaluation
tool for post construction. It is certain that the information obtained from the
evaluations is invaluable to designers and other stakeholders as the
performance of the completed building can be compared to that at the design
stages. It would help to locate the factors leading to gaps between reality and

expected performance.
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Reviews on the air tightness testing

Buildings require a suitable level of ventilation to maintain the health and well-
being environment. However, the uncontrolled air infiltration through the voids
or gaps of building fabric can cause heat loss or gain, leading to excess or
inefficientenergy consumption. The heat loss through airleakage can account
for about 30% of total energy loss in existing buildings. For various types of
buildings and structures, the typical air leakage pathway is different. Figure 2.4

shows the typical air leakage way in a house.
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Figure 2.4 Typical Air Leakage of the House
The majority of obvious air infiltration is caused by the combination of cracks,
and joints of building components rather than through the centre of a single

component. Forvarioustypes of buildingsand structures, the typical air leakage
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pathway is different. (Infiltration and Centre, 2012) states leakage typically

occurs at the following locations on the building envelope:

® Junctions between walls and floors
® Junctions between window frames and walls
® Electrical equipment
® Wall penetrations
According to the different building types, the recommended airtightness

standards have been established in Table 2.6.

Table 2.6 The common requirements on the airtightness of various building

Type Air permeability

m?3/(h-m?) @ 50Pa

Best Practice Normal

Offices
Naturally ventilated 3.0 7.0
Mixed mode 25 5.0
Air conditioned/low 2.0 5.0

energy

Factories/warehouses 2.0 6.0
Superstores 1.0 5.0
Schools 3.0 9.0
Hospitals 5.0 9.0
Museums and archival 1.0 15

stores
Cold Stores 0.2 0.35

In all new housing developments, the British regulations request that the

minimum of air permeability should be not over 10 m3/(h-m?) @ 50 Pa. As a

compulsory standard, the testing on airtightness is the first stage of the post
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construction assessment. The most admired approach to investigate air
leakage rate is the blower door test. The basic process of the evaluation is
installing a certified blower fan at the gate of the buildingand sealingall obvious
vents within the dwelling. Figure 2.5 below shows the air-tightness testing

process.

External Air flow

Internal De-pressured

N T—

Air flow

Airtight System Blower Door Test Fan

Figure 2.5 Air tightness testing process
When the blower fan is exhausting or intaking the air, there would be a slight
positive or negative pressure difference between inside and outside. Once the
pressure gap reaches about50Pa continuously, the air flow through the blower
fan would be the rate of air leakage of the dwelling at50 Pa (DCLG, 2015). The
main terms used to describe the air tightness parameters are q50 and n50
(Sinnottand Dyer, 2012). qg50 is most commonly used in the UK. It means that
the volume of air passing every m2 of building fabric every hour, expressed in

m3/(h-m2) @ 50 Pa. n50 represents the volume of air leakage divided by the

overall volume of interior space, expressed in air change rate.
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Reviews on thermographic images

In order to visually investigate the thermal bridge between the interior and
outside, the infrared thermographic survey can provide visible and direct results
using athermographic camera. The thermographic camera provides the visible
evaluation of the quality of construction, such as the joints between the building
components. The thermographic camera is also used in air pressure testing,
which can identify the air leakage area and reduce the energy transfer (Balaras

and Argiriou, 2002).

Reviews on co-heating testing

The evaluation of the overall heat loss or gain for dwellings is necessary for
low-carbon house. The developmentof the co-heating test methodology began
in the late 1970s (Bauwens and Roels, 2014). The Co-heating test is widely
used in Europe to investigate the total heat transfer through the fabric of
buildings (Jack et al., 2018). The primary method on evaluation for overall heat

loss in the UK is the co-heating test (M. Taylor; L. Morgan, 2011).

To undertake the co-heating testing, heatflux sensors may be applied with the
dataloggerto gain the parameters of conductive heattransfercurrentof building
envelope.The heatfluxsensor which mountson buildingwalls or other building
components can record the amountof heat energy lost or gained through that

component.

This method utilizes several electric heaters to maintain a constant intemal

temperature. The on/off operation of fan heaters can be controlled by the
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thermostat under a specific set temperature. Normally, the interior temperature
should be over 10°C higherthan the outside temperature. And the total power
supply to the heater is measured by a power consumption meter. The
circulation fan is employed to accelerate air flow and mixing. A pyranometer is
used to measure solar irradiance. The duration of the testing more than 5 days
is recommended. The result from the co-heating test, heat loss coefficient
(HLC), is a measurement of total heatloss currentthrough the envelope and

divided by the temperature difference, expressed as WI/K.

From the above measurement, the on-site assessment of the constructed
building can be analysed. Such assessments can provide valuable information

on the actual thermal performance of the constructed buildingand identify the

gaps between the designed and as-builtthermal performance.

2.7.Reviews of the prefabricated sustainable technology

The global temperature increased by 0.2°C in the past 100 years. The
researcher predicts that the average temperature in China would increase
about 5°C, which would have great impacts on the peak temperature during
summer in Wuhan. According to the statement (Roberts, 2008), the average
carbon consumption per square metre in domestic buildings would be much
higher than in industrial or public buildings. Roberts (Roberts, 2008) also
mentioned that most of the housesin the UK were built between 1930-1970s.
Previous occupants did not consider energy saving at that time. Because of
historical restrictions, those old buildings do not have good thermal

performance. However, the annual replacementrate for new homesin the UK
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is about 1%. Thus, there would be a very long time to reduce the overall
building-related carbon consumption. In China,the situation is similar. The wide
application of low-carbon houses starts from 2010s. Previously builthousesdid

not consider energy saving.

The prefabricated components can satisfy the high accuracy requirements of
low-carbon technologies. In this chapter, the reviews also cover the recent
achievements of prefabricated low-carbon technologies, including fabric,

fenestration, and heatrecovery.

Mechanical heat recovery ventilator system

Reducingthe energy demandnot onlyincludesthe application of more efficient
devices or equipment but also increases the airtightness of buildings.
Increasingairtightness means lower air infiltration (Gendebien, Bertagnolio and
Lemort, 2013). However, the increasing airtightness has side-effects on the
indoor air quality-IAQ of buildings. It has a negative impact on the health of
occupants. Necessary frequentventilation would help to improve air quality but
would cause more energy uses than normal. Hence, the ventilation of buildings
must be undertaken under controllable level to satisfy the requirements from
thermal conditions and IAQ. It is necessary to recover energy by utilizing heat
recovery ventilator systems. Common ventilation devices are difficultto achieve
the above requirements. The mechanical heat recovery ventilator (MHRV)
system provides an optimal solution for the dilemma. MHRYV can offer several

functions, including air freshness, climate control and energy recovery.
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Heat recovery is a method that is used to reduce the heating and cooling loads
of buildings. Normally, there would be a temperature difference between inside
and outside. The exhaustair can be used as a heat source or heat sink for the
inletair (Li, Wild and Rowe, 2019) (Gendebien, Parthoens and Lemort, 2019).
The heat energy of exhaust air can be transferred to inlet air. The temperature
of pre-heated or pre-cooled air can increase or decrease close to the interior

temperature. Thus, the heat loads of the building can be reduced.

Definition and concept of heat recovery ventilator

The heat recovery ventilator is referring to the air-to-air heat recovery system
inthis section. The system transfers the energy from an air stream with a higher
temperature to the other air stream with a lower temperature, which is effectve
to run (Gan and Riffat, 1998). (Qi Xu, Saffa Riffat,2019) definesthe device as
a unitoperating between two air flows with temperature gaps and transfers the

energy from one flow to the other flow. It is based on preheating the incoming

air to the interiorthrough recycled waste heat of exhaustair.
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As Figure 2.6 shows, a representative heat exchanger system in buildings
usually is composed of a heat exchanger unit, ducts for the fresh and exhaust
air and a fan (Mardiana-ldayu and Riffat, 2012). At present, the heat recovery
system can recover about60-95% of the waste energy, which is very promising
(Qi Xu, Saffa Riffat, 2019). Besidesthe energy saving, the MHRV system also
enjoys other advantages such as supplying efficient ventilation, air filtration,

reducing the moisture in the toilets and so on.

Fresh air; fCGntaminated air

Heat
recovery unit

Extracted f Preheated
warm air fresh air

Bathroom Bedrocom

Extracted f Preheatgd
warm air fresh air

Kitchen Living room

Figure 2.6 Heat recovery ventilator system (Xu, Riffat and Zhang, 2019)
The heatexchangeristhe place where energy or heatis transferred. In the heat
exchanger, the fresh air gains or loses the heatautomatically from the exhaust
air andintroducesit to the inside environment. There is heat transfer between
inlet air and outlet air without the air mixture. The MHRYV system is always

installed in the attic as Figure 2.6 shows.
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Classification of heat recovery

Heat recovery can be categorized into several types, especially for air-to-air
heat recovery systems. There are four differentheatrecovery devices that can
be installed in the building (Xu, Riffatand Zhang, 2019). The main difference
between these MHRV systems is the heat exchangertype. (Cuce and Riffat,
2015) provides a classification of heat exchanger based on the below
properties, including heat transfer method, air flow direction and so on. The
primary types of heatrecovery system cover fixed plate, heatpipe, rotary wheel,
and run-around coil. Recent achievements of the different types of heat
recovery are analysed and compared for suitability for integration into passive
ventilation systems (shown in Table 2.7). In Table 2.7, the thermal efficiency of

the heatrecovery has been summarized.

Table 2.7 Recent achievement on the different types of heat recovery

Rotary thermal wheels

o Rotary wheel heatrecovery system is a motor-driven rotating porous wheel.
e The speed of rotors usually low, ranging from 3rpm to 15 rpm.
e The total efficiency of rotary thermalwheelsis generally above 80% (Juodvalkis etal., 2011).

Return air
y” Exhaust air

Supply air/ .

" Outdoor air

e The heatwheel heatrecovery barely recovers 40% of the available enthalpy.

o Intermsofthe performance of rotary wheel heatrecovery, atmospheric conditions (N6brega

and Brum, 2009), air mixing rate (Tu, Liu and Jiang, 2013), rotation speed (Ruivo, Angrisani
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and Minichiello, 2015) and wheelmaterials (Jani, Mishra and Sahoo, 2016) take a significant

place.

Fixed plate

e Plate exchangers are made of thin plates stacked together.

e The platesmay be smooth.

e Mostcommon type of heat recovery system.

e The typical efficiency of sensible heat transfer is from 50% to 80% and air flow can be
counter-flow, cross-flow or paraleel flow.

Exhaust air out Fresh air in

~ N 7

N

N

Supply air to
room

e (Kragh et al., 2007) (Kragh, Rose and Svendsen, 2005) has promoted a counter-flow heat
recovery system with efficiency almost90% in ventilation system in cold climate.

e (Cuceand Cuce, 2017) states efficiency of polycarbonate heatexchanger can achieve about
50-80%.

o (Nasif,2015) found thatair-to-air fixed plate energy recovery heatexchanger utilizing porous
paperand Mylar film can save 78% energy.

o (Al-Waked et al., 2013) confirmed thatthe fixed plate heatrecovery is mosteffieiency.

e (Nasif etal., 2010) states the efficiency of membrane fixed plate is about 75% for sensible

and 60% for latent.

Heat Pipes

e Asealedself-contained, fluid evaporating condensing system.

e The unitis divided into two sections for inlet air and outlet air where the working fluid is
evaporator and condenser

e No flexible part

* No need forexternal power supply

. No cross contamination
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e Wide range of applications

e Easyforclean

Heat input Liquid flow Vapor flow  Heat output

section TG section '

TE ion section '

e Typical heat pipe exchangers could achieve thermal efficiency ataround 50%

e Shao and Rifat’s experiments proved that, with the pressure loss every 1 Pa, the efficiency
of a heat pipe recovery system in naturally ventilated house could achieve 50%.

e (Gan and Riffat, 1998) showed that the efficiency of het pipe heat recovery system would

decrease with the increase of velocity and poor thermal contactbetween fins and heat pipe

Run-around

¢ Run-around heatrecovery system consists of two individual heatexchangers and a coupling
liquid
e liquidto transfer absorbed heatfrom one stream into the other side

Recuperative heat exchanger 2

Hot fluid in m e == = Hotfluid out

Pump

Cold fluid out el == o= == Cold fluid in

Recuperative heat exchanger 1

e run-around system does not require the supply and exhaustair duct side by side.
o thermal efficiency of run-around is normally from 45% to 65%.
e (Dhital, Besant and Schoenau, 1995) stated a run-around heat recovery system can allow

the ventilation airflow rate to be increased withoutthe increasing the energy consumption.
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Applications of heat recovery system in ventilation system of buildings

The application of heat recovery in buildings can significantly increase the
energy efficiency ofthe building. The combination of heatrecovery and different
energy-efficient systems could contribute to reducing heatloss, stabilizing the
heat flux of buildings. The mechanical ventilation system is used for creating
the desired airflow and maintaining indoor comfort. However, mechanical
ventilation devices consume large amounts of electricity for circulating fresh air.
Andsometimes, it wouldincrease the energy consumption by upto 50% (Manz
and Huber, 2000). Several researchers have tested the performance of heat
recovery unitwith decentralized ventilation systems based on different outdoor

conditions.

Baldini has tested a decentralized cooling and dehumidification system, as
Figure 2.7 shows, which is suitable for humid climates with high temperatures.
The experimental result reported that within air temperature around 30°C and
20 g/kg humidity ratio, the air coming from outdoors could be treated to the
required conditions, supply air at 14-15°C and 8-9 g/kg (Baldini, Kim and

Leibundgut, 2014).
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Figure 2.7 The arrangement of the three-heat exchanger (Baldini, Kim and Leibundgut, 2014)
The combination of heat recovery with ventilation systems could obviously
reduce heatloss. Compared with fixed-plate type heatrecovery, the integration
of heat pipe and rotary wheel heat recovery with a wind tower enjoys the
advantage of being more compact (Zeng, Liu and Shukla, 2017). However,
unexpected noise from the DC motor for the rotary wheel heat recovery unit
(rotating regenerator) during its operation could be an issue. The effects of air

pollution on decentralized ventilation, heat recovery and indoor air quality lack

investigation.
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Fabric technology

The study forthe envelope of buildings has become the main field of low-carbon
house research as two thirds of the energy loss in buildings is through the

facades (Granadeiro et al., 2013).

Walls are the main part of the building envelope and thermal transmittance have
a significant impact on the capacity of heat conservation in buildings. Thus,
increasing the thermal resistance is the main approach for the low-carbon

building envelope.

Insulation material

The building components, such as, windows, walls, floors, skylights, and roof,
through whichthe living space is protected from exterior elements are referred
to as the “building envelope”. Certain supplementary facilities, for instance,
shieldinga home’s structure from a difficultclimate, blockingoutside noise,and
improving indoor air quality are the services delivered by an effective building
envelope. Current cooling or heating systems can be economized or they can
be switched to low-energy substitutes for the purpose of saving maximum
energy upon theimplementation of passive thermal control, besides adequately
sealing the building (lyengar, 2015). The thermal comfort of occupants largely
depends on the thermal performance of the building envelope (Khampom and
Chaiyapinunt, 2014). Insulation material must provide acceptable performance
which means not only the thermal performance. Other factors include sound
insulation, resistance to fire, water vapor permeability and impact on human

health.
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Table 2.8 summarizes the list of common insulation materials analysed in the

market.

Table 2.8 List of the common insulation materials

Conventional

Thermal
Insulation o
conductivity Statements

material
(W/m - K)

Stonewool 0.033-0.040 e The water vapor condenses has negative impact on thermal
insulation performance of stone wool (Karamanos, Hadiarakou
and Papadopoulos, 2008).
e Stonewoolhasseveral advantages, such as good p erformance
ofsound absorber and easyto recycle during demolition.
e Stonewoolis typically classified as a non-combustible material,
which means it has minimal or zero contribution to the spread

offire (Pereiraetal., 2016).

Glasswool 0.031-0.037 e Thermal insulation performance of glass wool can be not
affected by high temperature and moisture conditons
(Tatematsuetal., 2014).
e Glasswoolcanberecycled forsecondary use.
e Glass woolis extremely low spread of flame, non-emission of
dense smoke and toxic gases, on depletion of oxygen (Zhang

etal, 2017).

Expanded 0.031-0.038 e The thermal performance depends on the density of material.
polystyrene The higher the density, the better thermal performance.
e Expanded polystyrene is easily flammable and can release
hazardousgasesfor occupants.
. Polystyrene is highly flammable and ignites at relatively low
temperatures, which requires brominated flame retardant to

improve its fire resistance.

Extruded 0.032-0.037 e Extruded polystyrene has similar characters to Expanded
polystyrene polystyrene.
e  The water vapor condenses has negative impact on thermal
insulation performance.

e Polystyrene foamis combustible.
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Cellulose

0.037-0.042

Cellulose is produced by recycled papers, wood fibres (Hurtado
et al., 2016).

The thermal conductivity of cellulose is between 0.037 and
0.042 W/mK.

The density of cellulose is between 30 and 80 kg/m3

These materialscan berecycled.

Cellulose insulation is naturally flammable. But, with help of
phosphorus based flame retardants, the cellulose would be
suitably flame retarded (Gaan and Sun, 2007) (Salimova, Gaan

and Nazarov,2008).

Wood fibre

0.038-0.050

The water vapor condenses and increasing temperature has
negative impact on thermal insulation performance (Troppova
et al., 2015).

Wood fibre-based insulation material is flammable. Thus, the
fire resistance should be improved by treatment with a retardant

reagent.

Mineralized

wood fibre

0.060-0.107

Mineralized wood fibre could be recycled.

Vermiculite

0.062-0.100

It can be used in bricks (Sutcu, 2015) and lightweight concretes
(Maderuelo-Sanz et al., 2016), or mixed with a binder
(Schackow etal., 2014).

Vermiculite could be recycled after demolition.

Vermiculite isideal for non-combustible material (Hezhevetal,

2018).

Alternative

Hemp

0.034-0.043

During application, hemp needs to be protected away from
moisture, rodents and insects (Zach etal., 2013).
Hemp based walls are fireproof and enjoy advantages on

acoustic performance.

Advanced

Vacuum
Insulated

Panel-VIP

0.0035-0.008

VIP consistsof a core material installed with g etters, desiccants
and opacifiersand enveloped by air-tight fabric.

The coreis usuallymade of a porous material with low thermal
conductivity.

The thermal conductivity can reach down to 0.004 W/(m-K).
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e Thelife spanis up to 160 years (Baetens, Jelle, Thue, et al.,
2010).

e Although the core material of VIPs can achieve excellent fire
resistance, the enclosing membrane can be a fire risk

(Kontogeorgos etal., 2016).

GFP (gasfilled 0.010-0.035 e The gas can be air or other gases with lower thermal
panel) conductivity (Baetens, Jelle, Gustavsen, etal., 2010).
Aerogel 0.013-0.015 e Aerogelis defined as a porous structure with pores ranging from

2 to 50 nmin diameter.
e Thedensitycanreachdownto 3kg/m?
e Unique binary network microstructure endows aerogel with

excellentfireresistance.

Besides the conventional insulation material, the innovative insulation such as
Vacuum Insulation Panel-VIP, Gas Filled Panel-GFP and aerogels present
ultra-low thermal conductivity with physical advantages that are becoming
commercial these years (Jelle, 2011). In addition, the application of Phase

changing material (PCM) in building fabric can provide significant energy

savings (Kalnaes Simen Edsjgand Jelle, 2015).

Vacuum insulation panels

Vacuum insulation panel (VIP) is one of the most promising building insulation
material. Typical VIPs include a porous core enveloped by an airtightness
cover, usually aluminiumfoil. The porous structure of the core would allow the
air to exhaust. The most common materials are core cover fibreglass,
polyurethane, cork, perlite, aerogels and so on. The radiation heat transfer is

reduced by the use of opacifier.

As Figure 2.8 shows, the envelope material should be airtightand vapour-tight

in order to reduce the side effect from air and vapour on the thermal insulating
43



properties (Villasmil, Fischer and Worlitschek, 2019) (Alam et al., 2017). The

common thermal conductivity is about 0.004 W/(m - K).

Getter

Cover- Foil Bag

Material: fumed silica, fibre glass

| Ml;lﬂeat Sealed Seam

Figure 2.8 The structure of VIPs
However, the thermal insulating properties would increase after long-term
application dueto the air and moisture infiltration through the envelope (Kalnaes
Simen Edsjgand Jelle, 2014). Stabbing the VIP envelope would also cause a

great increase in the thermal conductivity to about 0.020 W/(m-K). It is the

major drawback of all types of VIPs. Thus, the VIP is not suitable for
construction without detailed design. It is suitable for the prefabricated low-
carbon house as prefabricated components are manufactured in the factory
(Jelle, 2011). The lack of flexibility and the risk of perforation will be the main

barriers for wider application of VIPs.

The application of VIPs requires extra additional supporting components. The
thermal insulating property of these supporting components is not the same as
the VIPs. Thus, there would be a thermal bridge through the components.

(Lorenzati et al., 2016) promoted a model for estimation of the performance of
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VIPs with supporting components. (Mujeebu, Ashraf and Alsuwayigh, 2016)
suggests replacing the traditional insulation panel with VIPs to reduce the heat
loss through the building fabric. They used Autodesk Revitto simulate energy
consumption for houses. The result showsthe VIPs application would reduce

energy consumption by 18%.

The major drawbackis the irreversible increase of thermal conductivity. Regular
maintenance is required due to its fragile nature. In case a VIP is punctured,
the thermal conductivity increases greatly. It must be considered that the
metalized film around the VIP will form a thermal bridge. A special structure is
required to protect the VIP withoutdamaging the surrounding materials. Thus,

the cost of the building with VIPs is four and eight times more than the same

building with EPS and UPR (Villasmil, Fischer and Worlitschek, 2019).

To reach the same thermal resistance, the VIPs can be constructed thinner
which saves space. (Liu, 2012) suggested that VIP materials have better
performance in terms of insulation and space-saving. Butthe cost is still high
dueto its nature. Thus, the VIP is suitable for the building with high cost, as its

space-saving capacity would mitigate the impact of high capital cost.

Structural insulated panels

Structural Insulation Panel-SIP isone of the prefabricated componentsandhas
become a topic concern for researchers in recent years. The concept of
structural insulation boards was first proposed in 1935 in the Forest Products
Laboratory in Madison, USA, which provides a flexible, cost-effective solution

for highly insulated and energy efficient houses. SIPs enjoy advantages of
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minimal material wastage, less site material, controlled quality, faster project
completion, labour-savings, and lower total construction costs (Whitmore II,

2015). Furthermore, lower weight of SIPs compared to the conventional wall

systems, such as brick, leads to the lower total weight of constructure.

SIPs are a sandwich panel used as building components such as walls, roofs,
and floors. The main difference between various SIPs is the thickness of the
two layers of skin material and the thickness of core layer, which can be made

of various materials according to its application.

The core of SIPs is usually non-structural and ridged. The foam is commonly
Extruded Polystyrene and Expanded Polystyrene or Polyurethanes. (Frostig
and Thomsen, 2011) stated that the Polyurethanes enjoys better performance
against fire, flaming, and against loads. Injected Polyurethanes foam can be
easily adhered to all SIPs. Furthermore, there are several SIPs skin materials
including Oriented Strand Board-OSB, fibre cement, cement, calcium silicate,
and metal. Oriented Strand Board is the most widely used skin material
because of its low cost (Panjehpour, Abang Aliand Voo, 2013). However, that
kind of board is flammable and vulnerable to moisture. In order to alleviate the
above shortcomings, SIPs made of OSB can be utilised as partition wall that
are not exposed to moisture. Among the skin materials, the cement board is
more convenientto use as SIPs (Panjehpour, Abang Ali and Voo, 2013).
However, there is need for future research to improve its brittle failure and its

high density.
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Floor material

The term ‘floor’ refers to the lower enclosing surface of spaces within buildings.

Table 2.9 below summarized the statements on common floor materials.

Table 2.9 the list of floor material

Floor Type Statement

Timber 1. Timber floorcan be very durable although it may scratch and is prone to movement.
2. It can beunsuitablefor use inroomsthat may be exposed to humidity or moisture.
3.  Timber floors should be well ventilated to reduce the risk of timber rot and musty

smells, which would cause heatloss (Harrisand Dudek, 1997).

Laminate 1. Laminateflooringis aversatle and resilient flooring type.
2. Itisacompressed fibreboard plank.
3. Laminate wood flooring exhibited the highest thermal conductivity over the other
floorings (Seo etal., 2011).

4. Aircan escapethroughthejoints.

Vinyl 1. Vinylflooringis generallyfixed by gluing.

2. ltiseasyto maintainandkeep clean.

Bamboo 1. Bamboo can be compressed into afloor material.
2. Bamboo has been considered one of the most promising building materials for
decades(ZeaEscamillaetal., 2018).
3. Bamboo flooringis easierto catch fire than timberflooring, and the risk of flashover
is higher, and the carbon dioxide content produced by early combustion is higher
(SHU and Chen, 2007).

4. Theheatlosscan escape from gaps between bamboo flooring.

Cork 1. Corkis water-resistant.
2. Cork materials are composites.

3. Corkisanatural thermaland acoustical insulator.

Ceramic 1. Ceramicis difficultto scratch ordent andis also suited to wet environments.

Carpet 1. Carpetis amulti-layer mixture of different polymers and inorganicfillers.
2. By 2025, carpet waste will be banned fromlandfillin the UK, because they are non-

biodegradable (Sotayo, Green and Turvey, 2015).

Rubber 1. Therubberflooris made of natural or synthetic materials, including recycled rubber

tires.
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2.  Rubberflooring is suitable for the applications that often require moisture and dirt
resistance, sound absorption, and temperature stability.
3.  Rubber flooring enjoys advantages on excellent elastic performance and high

thermal insulation (Zhang et al., 2019).

Floor insulation brings a lot of comfort and leads to energy savings. Commonly

used floor insulation materials include:

Cellulose.

e Cork board.

e Hempcrete.

e Woodfibre.

e Mineral wool.

e Extruded Polystyrene.

e Expanded Polystyrene.

Fenestration

When heating is considered, 10-25% of heat loss is due to windows, whilstfor
cooling, the heat penetrating glass could resultin considerable heat gain which
also depends on the outdoor temperature (Robinson and Hutchins, 1994).
Thus, windows and glazing have much significance on energy savings when
modelling buildingsto determine thermal comfort andtotal energy consumption
(Pal 2009). There is a significantimpactof window to wall ratio on energy saving
for the purpose of heating and cooling within buildings. As window to wall ratio
increases, so does solar heat gain. Heat loss through building fabric will also
increase since windows have a bigger area in comparison to solid

wall (Robinson and Hutchins, 1994).
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Purpose of developing high performance window systems

Glazing systems are regarded as the primary heattransferbridge in the building
envelop. Comparing with the thermal performance of insulatedwall, the U-value
of the window hardly approached that of the wall as the fenestration is primarily
forventilation andillumination. The purpose of ventilation andillumination limits
the thickness of windows. Windows can accountfor about40% of the heat loss
duringsummer andwinterwhilethe area of windows just 10% of building fabric.
Under more strict building regulations, the new build house tends to utilize the
low thermal conductivity window system to reduce the heat loss. To cope with
the energy-saving requirements, window glazing systems has been developed
with several options and double glazing has been applied world-wide (Corgnati,

Perino and Serra, 2007).

The most advanced window system has much better physical configurations
and optical properties. The novel state-of-art glazing system is not only limited
to increasing the thermal performance but also integrating other devices to
satisfy other purposes, such as photovoltaic, phase changing material and so
on. The glazing system aims to provide several properties, such as high thermal
performance, solar energy collection or daylighting control (Sadineni, Madala
and Boehm, 2011). This section will review the currentdevelopment of glazing

systems.
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Components of windows

Window systems might be the most complicated components in a building. It
should satisfy the requirements for airtightness, ventilation, daylighting, and
solar energy insulation. The requirements above are contradictory. As Figure
2.9 shows, the window system is an assembly of glazing, frame, spacer, and
sash. Fenestration refers to the design of doors and windows in houses. The
thermal performance of a window depends on many factors, such as the
number of layers of glass panels, frame materials, and the airtightness of joints.
The material selection of the window frame has a significantinfluence on the
thermal transmittance value. Wood, vinyl, or PVC frames have higher heat
resistance than metal. Furthermore, metal frames, especially aluminium, can
be improved by adding thermal isolation or thermal fracture between the inside
and the outside. The U-value of ordinary single glazing is about 6 W/(m?K).
While the heatconductivity is the centre of the glazing, itdoes not considerthe
energy transfer through frames and edges of glazing. The low emittance

coatings can reduce the U-value of the window system.

Glazing System

Centre of Glass

Slash
Edge of Glass

Spacer
Wall

Figure 2.9 Window components showing glazing layers separated with spacers and sits
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Advanced glazing types

Multilayer glazing system

The multilayer glazing system is the most used and developed product in
market. The cavity between the two glass sheets is filled by air or another gas.
The key advantages over single glazing are energy-saving, solar and acoustic
shield properties. Normally, the glazing system can achieve better thermal
system by increasing the number of layers. Once the cavities between the
sheets are filled with argon or krypton, the thermal conductivity and weight of
windows can reduce rapidly. In Table 2.10, the properties of samples are
summarised. It can be noticed that krypton is most common inert gas applied
in multilayer glazing systems. The cost of argon filledinsulated glazing systems
is lower than krypton. However, the lowest U-value for multilayer glazing filled

with argon is about 0.6 W/(m?K).

Table 2.10 Parameters for Passivhaus Standard certified glazing products

name value  Transmittance Energy coefficie
W/(m? Transmiss nt
K) ion
Pilkington Optifloat 5.8 0.89 0.83 0.98 (Pilkington
4mm OptifloatT™M
single Clear,no
date)
energiKare 0.6 0.71 0.64 (Pilkington
2-16mm energiKareT
argon M Triple, no
Triple date)
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INTERPANE iplus 3CE 0.8 0.71 0.47 (Institute,

GLASs 2017)

Guardian ClimaGuar 0.5 0.71 0.45 0.53 (ClimaGuard
Glass dN ® N:
insulating
glass by
Guardian
Glass, no

date)

Vacuum glazing

Getter

Support Pillars

Glass Sheets

Solder Glass Edge Seal

Figure 2.10 Schematic of a vacuum glazing
In vacuum glass, the evacuated chamber prevents the conduction and
convection of the gas to reduce the heat transfer between the inside and the
outside. As Figure 2.10 shows, a high vacuum gap, normally less than 1Pa, is
maintained in the vacuum cavity by support pillars, normally solder material or
indium. The tiny support pillars keep the two sheets of glass apart from each
other. Furthermore, when combining a low emittance coating, the solar-
radiation heattransfer between the glass sheets can be reduced greatly. (Jelle

et al.,, 2012) found that the common thickness of double vacuum glazing
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product is in half thickness of a typical triple glazing with same U-value 0.70

W/(m2K), as Table 2.11 shows.

Table 2.11 Parameters for SPACIA-21 vacuum glazing

name value  Transmittance Transmission coefficient
W/(m?K)
Pilkington SPACIA- 0.7 0.533 0.228 0.32 (Pilkington
21 Spacia™,
no date)

In recent years, the concept of triple vacuum glazing has spread. Some
researchers state that the triple vacuum glazing can significantly reduce the U-
value compared with the typical double vacuum glazing (Memon, 2019)

(Serajian Tehrani et al., 2019). Accordingto the research, a U-value less than

0.20 W/(m2K) can be achieved by triple vacuum glazing.

Photovoltaic glazing

Solarenergy devicessuch as the Photovoltaic (PV) panel, or solar collector can
reduce the carbon emissions. Nowadays, the PV device is not limited to
mounting on the roof, the vertical PV device is also promoted. The PV glazing
is the main developmenttrend. Photovoltaic glass can both shade and generate
electricity. Most PV glass is made of mono-crystalline silicon wafer solar cells.
(Qiu, Yang and Zhang, 2019) found thatthe solar cells has significant impacts
on the overall heat gain for interior environments. (Remes et al., 2019)(Cho et
al., 2019) states that the semi-transparent amorphous silicon solar cells have
been developed and commercially applied in markets. The semi-transparent

amorphous silicon cells are produced thin by dividing a regular tiny gap for
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visibility. The solar transmittance of the PV glazing can be adjusted by
controlling the area and distance of the gaps. Thus, the electric generation of
PV glass is influenced by its transmittance. After suitable adjustment, the PV
glazingcan be a desirable application foroffices,housesandso on. The normal
generation performance of PV glass is about 4.3%, which is relatively low for
normal PV panels. However, 54.2% of heatgain can be reduced and also 56 W
electric generation can be achieved because of the PV glass. (Bambara and
Athienitis, 2019) found that photovoltaic glass may replace all the electricity in
the greenhouse to supplementthe lighting and reduce by about 23% the life
cycle cost of greenhouses. Therefore, the PV Glazing is suitable for

greenhouse applications.

Low-emissivity coating

Low-emissivity (low-e) coatings can be used in order to reduce energy usage
in transparent areas of a building (Jelle, Kalnaes and Gao, 2015). The largest
part of solar energy can be foundin visible light(380-780 nm) and near infrared
(780-3000nm). In general, solar gain is the major contributor to interior
overheating. Controlling the solar irradiance transmittance and utilizing the

solar daylightis one of the key factors to accomplish a sustainable house.

Low emissivity refers to a surface with low radiant heat energy emission.
Normally, the emissivity of specific material would be affected by the
temperature, wavelength,and surfaceroughness. The low-emissivity coating is
to reduce the radiative heat transfer. The near-infrared light would be reflected

by the low-e material to reduce the solar gain. Low-e coatings can be applied
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to the surface of glazing by sputtering or pyrolytic coating processes (Mardiana-

Idayu and Riffat, 2012).

@ Cenre of glazing 8 Total glazing
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Figure 2.11 Comparison of U-value of triple vacuum glazing (Fang, Hyde and Hewitt, 2010)
The number of low-e glazing coatings has a significantimpact on the thermal
performance of low-e coating glazing (Fang, Hyde and Hewitt, 2010), as Figure
2.11 shows. The U-value of the glazing increases with the decrease of low-e
coating layers. This means that increasing the number of coatings on the glass

surface will reduce heat transfer.

State-of-art glazing systems are aimed to provide high performance insulation,
solar gain control or daylighting. Several current commercial thermal glazing
types are reviewed in this section. However, there are several side effects of
these glazing systems such as heavyweight, relatively low solar transmittance,
high capital cost, and complicated manufacturing processes. In the later part,

the novel PV VG-4L-photovoltaic vacuum glazing is promoted and tested.
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2.8.Conclusion

Low carbon buildings are the main contributor for reducing carbon emissions in
the future. The promising way is to reduce heating and cooling loads as well as
minimizing the material consumption during construction. The prefabricated

components can promise high quality and accuracy of low-carbon house.

The thermal performance of a building is complex and multidimensional. The
design and construction of a low-carbon building should consider the majority
of heatloss approachesand try to prevent the pathways. The post-construction
analysis, including co-heating test, thermographic analysis, air tightness test,
provide the on-site data of whole building thermal performance. These results
are invaluable for the existing building retrofits in the future and provide real

inspiration for the design and construction of a future energy-saving house.

The low-carbon houseintroduces significantchallengesto the buildingindustry.
Energy-saving cooling or heating systems have contributed to achieving ultra-

low carbon emissions.

Significantenergy saving for cooling or heating loads can be achieved by the
application of heat recovery ventilators, insulated walls, and vacuum glazing
systems. Dueto the lowerthermal conductivity, VIPs and vacuumglazing would
be a more energy efficient alternative to other conventional building

components.

56



3. Performanceinvestigation of anovel heat recovery

ventilator unit

3.1.Introduction

The heat recovery ventilator can reduce energy consumption from the HVAC
systems (Dodoo, Gustavsson and Sathre, 2011)(Zhong and Kang, 2009). The
energy in the exhaust gas can be transferred to the fresh air. Therefore,
increase the temperature of the fresh air, and reduce the heating demand in
winter. The previous review has investigated the effectiveness of various types
of heat recovery devices. In addition, they also have great potential for
integration into passive ventilation systems. (Sauer and Howell, 1981)
concluded that heat recovery devices were suitable for both passive and
mechanical ventilation. The heat recovery units with heat pipes were proved to
be the most effective for passive ventilation dueto the fixed components except

for fans.

This section is about the thermal performance of the novel window heat
recovery ventilator (WHRV) unit. In this report, an evaluation on the
performance of WHRYV unit has been conducted. The unit was tested in an
insulated box to evaluate the impacts of various factors on the performance of

the heatrecovery unit.
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3.2. Prototype description

Summer ) Winter

Figure 3.1 Schematic of Novel WHRYV system with Window Frame
This project proposes a unique innovative compact and uncomplicated design
of WHRYV. The proposed technology can provide both efficient heating and
cooling ventilation systems in various seasons. As Figure 3.1 shows, the
proposed WHRV unitcould be prefabricated intoa building/roomwindow frame
and automated with advanced intelligent control systems which could provide
a promising solution in providing the thermal comfort for heated/cooled
buildings, while minimizing heat losses through ventilation. Horizontal
installation of unitisrecommended. Through the pre-test, the system could only
work with a vertical position when the heating section was on the top. The
thermal transfer performance of heat pipes will be limited by operation
orientations. Moreover, the vertical application would take a longertime to heat
upthe airthan horizontal scheme. Therefore, all the later lab-scale investigation

was conducted based on the horizontal scheme.
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Additionally,the proposed system is designedto be compact and easy to install
due to its small size and light weight compared to the integration of a typical
heat recovery system with conventional heat pump. There are some
advantages in terms of two separated air flows, such as no moving parts to
transfer heat, high reliability, no cross contamination, compact, fully reversible
for preheating or precooling and easy for cleaning. Furthermore, a large cross-
section can transfer a large amount of heat over a relatively long distance

withoutinputting additional power to the system to transfer energy (BROWN,

KOSSON and UNGAR, 1991).

Heat Pipes

Aluminum Plate Fins

Figure 3.2 The schematic of WHRV system
A window-based unitshould be much easier to fit for real application following
discussion with window installation companies. The size of window frame can
provide enough space for the unit. As Figure 3.2 shows, the common height
and depth of frame is 6 cm and 10 cm, respectively. It will not stick out beyond
the windowsill due to the current outer size. Thus, the heightand depth of unit
should shorter than window frame. The widths of window frames are various,

commonly in 1 m, 0.915 m and 0.63 m (POINT, 2015). In order to install in the
59



window frame, the unit should be slim with a low profile. The length of unit
shouldbe less than the width of window frame. Therefore, the size ofthe WHRV

islm - 0.14m - 0.057 m.

Heat pipes are used for heat transfer between air flows. The heat pipe is made
of grooved copper tube with 0.0125 m in outside diameter, a wall thickness of
0.5 mm and 0.95 m in length. There are 130 continuous plain fins on both the
condenser and evaporator sections. The outside diameter of each fin were
0.025 m and 1 mm in thickness. There were four 0.02 m dividers on the outside
of the heatpipes and at the middle of the bank to prevent cross-contamination
of return and supply air. Overall, four heat pipes were used in this experimental
work, each filled with same amount of methanol with operating temperature
ranges from -40°C to 100°C. At the thermal interface of the heatpipe, the liquid
in contact with the thermally conductive solid surface becomes vapor by
absorbing heat from the surface. Then, the steam travels along the heat pipe
to the cold end, and then condenses back to the liquid, releasing latent heat.
Then, the liquid returns to the thermal interface by capillary action and repeats.
Since the heat transfer coefficient of boiling and condensation is very high, the

heat pipeis a very effective heat conductor.
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Figure 3.3 The photo of WHRV

The majority of the system has been constructed from lightweightaluminium
sheetwith thickness 1.5 mm. As Figure 3.3 shows, there are fourfansto pump
the air out. In the middle space of the unit, there is a power bank named Power
Traveller Powergorilla Multi-Voltage Portable Charger. It can provide different
DC current to power the axial fans and provide various air velocities. The
maximum voltage for the fans, 12V, 8.4 V,9.5 Vand 12 V, are applied to fans
separately to get differentair velocity. Furthermore, the unitcan work with PV
panels. The PV panels can provide DC power direct to the fans or charge the
power bank without the need for DC-AC converters during daytime. During
night,the power bankcan supplythe power to thefans. Accordingto thetesting,
the fully charged power bank can powerthe fans for over 4 hours withoutextra

power supply.
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3.3. Experimental rigs

The evaluation was conducted using a controllable insulated box located at the
Laboratory of the Department of Architecture and Built Environment, University
of Nottingham. The test box was made of expanded polystyrene insulation to
reduce the influence of surroundings, as Figure 3.4 shows. The test box isin

size of 1.8 m-0.7 m-0.7m. The prototype was placed on one side of the test

box with two separate air flow vents (supply and exhaust). The gaps between
box and WHRYV were sealed by aluminuim tape from the top to the bottom. The
air supply fans introduce the air intake into the insulation box through the air
inlets and the heat pipes. The exhaustfan exhausts the air and blows it out of
the box through the air outlets. A heater fan with 2 kW capacity was placed to

simulate warm condition in the test room.

Figure 3.4 Experimental Rigs
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3.4.Sound level measurements

Conventional centralized mechanical heat recovery ventilator-MHRYV systems
are usually noisy, require pipeline transportation, are complex to install, and
costly maintenance, so they are not widely used in buildings (Balvers et al.,
2012) (Cuce and Riffat, 2015). (Harvie-Clark et al., 2019) states that the noise
from the ventilation system should be less than 25 dB according to the
Passivhaus Standards. According to (HM Government, 2010), noise from
continuously running systems should not exceed 30 dB in living rooms and
bedrooms. However, the most heat recovery ventilators can generate sound
level at 45-55 dB (Seagren, 2019). Zero Carbon Hubin the UK states that the

occupants interviewed by the them prefer to turn off their ventilation systems

because of noise (Zero Carbon Hub, 2016).

In order to investigate the noise level of the promoted unit, the sound power

level has been measured by sound level meter. Table 3.1 below summarized

the devices for measurement.

Table 3.1 The testing rigs on sound level measurements

Device Type Description
Sound Level meter RS PRO RS-95 Sound level Meter Range: 30to
130dB
Sound Level Calibrator Castle 01GA612 Sound level Calibrator Accuracy: +04
dB

Before the measurement, the sound level meter should be calibrated by sound

level calibrator. Here are the steps to calibre the sound level meter:

1. Carefully place the calibrator on the microphone of meter
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2. Activate the calibrator at the desired tone, which normally start from 94

dB, then 104 dB.

3. Keep the calibrator on until the procedure is complete and check the

meter.

From the calibration, the sound level meter used enjoy the accuracy +1.2 dB.

According to the testing result, the noise level of the WHRV is 38 dB, which is

much lower than other normal ventilators as mentioned in previous section.
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3.5. Data acquisition

Thermocouples are common temperature measurement device, as shown in
Table 3.2. However, thermocouples measure temperature based on voltage,
not directly within the temperature range. As a result, the thermocouple needs
to be calibrated to produce interpretable measurementinformation. Using water
in ice and steam points to calibrate temperature is the easiest option. It can be
seen from Appendix 1 that the laboratory has calibrated all thermocouples

used. It can be noticed that the accuracy of the selected thermocouple is about

+0.4°C.

Table 3.2 The information about the measurement tools

Measurement Tools Details Description
DT80 series 3 Linearization errors
Datalogger
<0.1°C
Accuracy:
K-type Thermocouple K-type
+0.4°C
testo 405i Hot-wire
Accuracy:
; 0to 30 m/s
t I
anemometer wireless £0.03 m/s

Smart Probe
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As Figure 3.5 shows, the DataTaker (DT85 series 3) was used as an interface
between a computer and the thermocouples. The datalogger is used for the

data collection. The data were collected over a period for each test. The

datalogger collects the data every five seconds.

Data logger

Thermocouples ¢
P RN “ ly‘
Heat Re\cbve\.

Hot Chamber o —

P —
IS

Fan Heater

Thermocouples
Computer

Figure 3.5 The schematic of testing rigs
In order to measure the air velocity, a hot-wire anemometer with an accuracy
within 0.03m/s was used. The anemometer was used to measure the air
velocity atthe inletand outlet at the same locations. The velocity readingswere
averaged. According to the measurement, the average air velocity of WHRYV
unitunder8.4 V power supply is about 1.24 m/s. And average air velocity of
WHRV unitunder 9.5V power supply is about 1.79 m/s. Average air velocity of
WHRYV unitunder 12 V power supply is about 2.45 m/s. ASHRAE Standard
62.2-2016 stated that the minimum ventilation volume is 15 Cubic Feet per
Minute-cfm per person in a house with mechanical ventilation (ASHRAE, 2016).

The 15 c¢fm equalsto 25.5 m3h.
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As shown in Table 3.3, it can be noticed that the minimum air flow rate of

prototype is higherthan the requirements for single room.

Table 3.3 The air velocity under different voltage supply

Power supply to fans (Voltage) Air velocity (m/s) Air flow rate (m3h)
84 1.24 28.12
9.5 1.79 40.6
12 2.45 55.6

Figure 3.6 states the positionsof thermocouplesinthe testing rig. The positions

of the thermocouples are listed below:

® Fourlocations of thermocouples in the exhaustair outside of box, Teout
(A, B,C, D)

® Fourlocations of thermocouplesin the supply air outside of box, Tsout (E,
F, G, H)

® Fourlocations of thermocouplesin the supply air inside of box, Tsin (I, J,
K, L)

® Fourlocations of thermocouplesin the exhaustairinside of box, Tein (M,
N, O, P)

® Three locations of thermocouplesin the test box, Tbox (Q, R, S)

® Two locations of thermocouples of ambient air, Tambient(T, U)

Hot Chamber Troom(QR.S)
Tsin (LJ,KL) Tein (M,N,O,P)
ey miri e vttt i et e iedradtoj ey | e e— ettt SRR SR g
Tsout:(E,F,G,H) Teout (A,B,C,D)
Tambient (T, U)

Windows Heat Recovery Unit

Figure 3.6 The positions of 21 thermocouples
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3.6. Experimental procedure and equation

The evaluation on the thermal performance of the WHRYV unit requires
measurement of air velocity and air temperature of inletair and exhaust air.
Measurement for WHRV system was carried out with different air velocities

under the following steps.

® Settheinsulated box underhightemperature environment (29 <€), while
the ambienttemperature is about22 €.

® Turn on the fans. Andthe air velocity under 8.4 V power supplyis 1.24
m/s. While the ambient air was pumped into the unit from the inlet, the
air inside the test room were pumped into the unit from the other side.
Measure the temperature of the air flow from the two outlets.

® Then, switching the power supply from 8.4 Voltage to 9.5 Voltage,
measure the temperature of the air from the two outlets.

® Andfinally, switching the power supply from 9.5 V to 12 V, measure the

temperature of the air from the two outlets.

Effectiveness equation

According to the ASHRAE Standard, the effectiveness of heat recovery is
expressed by the following Equation 2, the temperature change of supply air
divided by the temperature difference between the exhaustair and the supply
air ASHRAE, 2013). The effectiveness of the heatexchangeris defined as the
ratio of actual rate of heat transfer by the heat exchanger to the maximum

possible heat transferrate between the two air flows.
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g, = sin~Tsout  Equation 2

$ Tein —Tsout
While ¢, is the heatrecovery effectiveness.

3.7. Testresults and performance analysis

The tests were carried out to investigate the performance of WHRV unit
including four heat pipes by measuring temperature and air velocity at the
supply and exhaust flows. According to the evaluation results, the following

parameters were calculated using equation abovementioned.

® Temperature changes under differentair velocities

® Effectiveness underdifferentair velocities
Temperature data

The tests were carried out with an ambienttemperature between 22°C to 23°C
and test room temperature 29°C to 31°C. It should be noticed that the unithas
been sent to Wuhan in April of 2018 to install in Eco-house in Wuhan. There
was only 1 weeks to test the unitin the UK. The testing condition was
unsatisfactory because of limited time. The ambient temperature was about
21°C while the testing was undertaken. | am suggested to increase the
temperature in box to reach about 10°C difference between inside and outside.

Thus, the interior temperature of box is 30°C.
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Figures 3.7, Figure 3.8 and Figure 3.9 are the temperature results while the air

velocity is 1.24 m/s, 1.79 m/s and 2.45 m/s, respectively.
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Figure 3.7 The temperature distribution while air velocity is 1.24 m/s
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Figure 3.8 The temperature distribution while air velocity is 1.79 m/s
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Figure 3.9 The temperature distribution while air velocity is 2.45 m/s
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The temperature difference for the supply air, Tsin-Tsout was collected. The
temperature difference presentsthe changesbetween supplyair to the box and

ambient fresh air. From Table 3.4, it should be noticed that the temperature

difference will increase when air velocity decrease.

Table 3.4 The temperature difference under various air velocity

Air velocity (m/s) Average Temperature changes (°C)
1.24 m/s 5.26
1.79 m/s 492
245 m/s 4.04

Heat recovery effectiveness

Differenttests were conducted to investigate the impacts of air velocity on the
heatrecovery effectivenessunderastable airflowrate. The effectivenessofthe
crossflow arrangementheat recovery is calculated by Equation 2 based on the
collected data. Table 3.5 illustrated the results of sensible effectiveness,
ranging from 43% to 59%. The effectiveness of WHRV system would increase

with the decrease of air velocity.

Table 3.5 The thermal effectiveness under air velocity

Air flow rate (m3h) Effectiveness
55.6 43%
40.6 49%
28.12 59%
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3.8.Conclusion

This chapter discussed experimental evaluation on WHRYV unit performance.
The unitwas tested in an environmental control insulated box with various air
velocities. Compared with complicated tubes and vents of traditional MHRV
system, WHRYV is more compact, and easier to install. Due to the current
situation with coronavirus, adequate ventilation by either opening windows or
mechanical ventilation devices is essential to avoid suffering from diseases
(Bhagat et al., 2020). This technology may play an important role in reducing
the impact of the spread of COVID-19 in poorly ventilated
residential/commercial buildings. Such a system will be able to effectively

capture pollutantsin the air and kill viruses entering the building.

Some conclusions could be conducted from the results, as shown below:

® As the air velocity increase, the effectiveness air velocity would
decrease.

® When the air velocities ranged from 1.24 to 2.45 m/s, the effectiveness
ranged from 43% to 59%.

® Thisunitisasmall andlightdevice which can achieve high effectiveness,
low in noise and could be prefabricated into a window frame.

® The proposed prototype can provide both efficientheating and cooling

ventilation system on various seasons.
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4. Theinvestigations oninnovative photovoltaic vacuum

glazing for building applications

4.1.Background

Vacuum glass has great potential to reduce heat transfer through the building
fabric. Furthermore, it is a feasible approach to reduce the carbon emissions.
This chapter is about the design and development of an integrated semi-
transparent thin-film PV vacuum glazing with four layers of glass, named PV

VG-4L.

The main aim of this testing is to investigate the high-performance PV-VG
window technology. In order to evaluate the performance of PV VG-4L,
prototypes were manufactured and studied under laboratory and actual
conditions. At the laboratory scale, the experiments were conducted under
steady-state conditions usinga TEC-driven hot box in the Sustainable Energy

Research Laboratory at the University of Nottingham, UK.
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4.2. Thedesign and system description

[ | Glass cover with self-cleaning
coating
0 EVA
| =]
Lt [D Thin film PV glass
= I Solder glass
\%YQ
Vacuum

glazing
4-glass design:
Self-cleaning glass+ EVA
layer + Thin film PV glass +
EVA layer + Vacuum glazing

Figure 4.1 The photo of prototype
The design of PV VG-4L is illustrated in Figure 4.1. PV VG-4L integrate a thin-
film PV glass window with double layers vacuum glass and extra self-cleaning
coated glass layer, which has thickness about 28.5 mm. The use of a self-
cleaning coating on the glass surface will increase PV lifetime, enhance
efficiency by 1-3%, and reduce cleaning requirements. The layers are
combinedthrough an ethylenevinyl acetate (EVA) film. For this research, a thin

film PV glazing with 40% transparency was used.

The novel PV VG-4L was made by the combination of a conventional vacuum
glazing and PV thin film glazing system. The PV VG-4L has sandwich structure
with the polyvinyl butyral. The transmittance of the PV laminated glass is about

35%.
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The PV VG-4L is shown in Figure 4.2. The dimension of the PV VG-4L
prototype is 300 mm-300 mm-28.5 mm, much thinnerthan conventional triple
glazing. The novel glazing technology can produce power as well as offering

the highest thermal insulation performance. Additionally, the novel glazing

system is suitable for the building integrated Photovoltaic-BIPV applications.

Figure 4.2 The schematic of PV VG-4L

4.3.Using hot-box method for investigation of the PV VG-4L thermal

performance

An affordable small hot box suitable for thermal performance

measurement on glazing unit

This section presents a small affordable hot box built in the Department of
Architecture and Built Environment, the University of Nottingham. Whilst no
specific European Standards are available for the small hot box, at a cost of
approximately GBP 10,000, the design, development and utilisation of the hot
box were performed by taking into accountalmostall the requirements outlined

inthe ISO 8990 andISO 12567 standards (Klems, 1979). As Figure 4.3 shows,
75



the hot box comprises three components, including the metering box, the
prototype panel,andthe cold/hot box. The box is designed by considering the

minimum requirement for the metering area according to ISO 8990 (1 m - 1 m)
and the maximum size of the window that can be tested is 1.2 m - 1.2 m. In

order to ensure uniform air circulation atthe air speed requirementspecified in
ISO 12567, a baffle with a series of 12 V Direct-Current fans was installed in
each of the cold and hot areas. Innovative heating and cooling elements were
introduced in the design of the hot box using two separate units of
thermoelectric (TEC) air to air heat pumps at 102 W capacity, capable of

achieving 3°C to 45°C in the cold and hot enclosure respectively.

1200mm

1800mm

1800mm

1800mm

1800mm

4098mm

Figure 4.3 The schematic of hot box

The box which provides warm air and represented indoor conditions, is called
the metering box; meanwhile the box which provides cool air and represents

outdoor conditions is the cold box or the environmental chamber. The panel
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that holds the prototype is called the prototype panel. In the design of the hot

box, the following importantrequirements should be satisfied,

® Good wall insulation. The heat flow rate through the wall must be small
enough to be neglected.

® High airtightness. The gaps between the components shouldforman air-
and water-vapour-tight enclosure to avoid unexpected heat or moisture
transfer.

® The prototype panel is a critical component, and lateral heat flow is

minimized by edge insulation.

The small hotbox was constructed using Polyisocyanurate (PIR) insulation core

from EcoTherm of 0.022 W/(m-K) and at 150 mm thick which gives a heat flow

rate through the metering box at a temperature difference of approximately 0.18

W/(m?-K). In order to minimise the heat loss through the perimeter of the

specimen, the edges of the metering and cold box that meet the specimen
panelare fitted with a rubber tape. The assembly is closed tightly usingaclamp

mounted on the frame of the boxes.
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An air-to-air thermoelectric heat pump (TEC-HP), AA PowerCool Series AA-
100-24-22, at capacity of 102 W was used to provide heating and cooling
environmentto the space. The heat pump is environmentally friendly since no
compressor or refrigerants are involved in the heating and cooling process. An
easy-to-use PC software is included for programming and visual review of
output parameters. The temperature sensor which controls the output of the
controller uses T type thermocouples which is located between the baffle and
the specimen. It is noticed that, to monitor the heat flux rate from the metering
area, a total of 16 thermocouples were placed on the inner surface of the

metering wall as Figure 4.4 shows.

Hot side I Cold side
- —l Thermocouple
Thermocoup | e :— - -—: Heat Flux [

Hot side i E Sensor Cold side
TEC Fan 1 TEC Fan
- .l 5 6 T (=] [ ™

1 [
1 [
-
Datalogger
EE Desktop

Figure 4.4 The schematic of the testing process on hot box
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Since different materials have differentthermal mass values, the temperature
should be steady state. To check the temperature variation within the hot box,
an insulation sample at 150 mm thickness has been used for verification. From
the analysis, the measured U-value of the sample is 0.020 W/(m?K) meanwhile
the value given by the manufacturer is 0.022 W/(m2K). Figure 4.5 presents the
measured temperatures on the insulation layer at steady state condition for

about 6 hours.
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Figure 4.5 The measured temperatures
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Investigation on the thermal performance of PV VG-4L

Figure 4.6 The hot box with the installed PV VG-4L

A PV VG-4L prototype, as Figure 4.6 shows, was manufactured. By following
closely ISO 12567 standards, the PV VG-4L was installed at the prototype area
of the hotbox. As Table 4.1 shows, the test was performed underthree different
temperature conditions. However, the air velocities on the hot and cold sides
are fixed at 0.3 m/s and 1.5 m/s, respectively. Using a hot box, the total heat
transfer coefficientcan be estimated from the hot and cold surfaces of the PV
VG-4L prototype. Based on the Equation 4, the measured U-value of PV VG-

4L was presented in Table 4.1.

Table 4.1 Experimental results for the glazing surface temperature and U-value using the
calibrated hot box

Surfacetemperatureonthehotside  Surfacetemperatureonthecold side U-value
°C °C W/(m?2- K)

334 19.6 0.58

26.76 14.62 0.56

25.32 9.91 0.56
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4.4. The studies of the performance of PV VG-4L under real conditions

The on-site performance of PV VG-4L under real sky conditions was
investigated for the power generation performance. This section first discusses
the thermal performance of the PV VG-4L underreal conditions. The prototype
was installed at the E. ON House at the University of Nottingham, United
Kingdom. The PV VG-4L was set up horizontally 0.9m above the floor on stilts
so that the solar condition of the prototype is like the common glazing of a

house.

During the testing, various parameters were measured, including the ambient
air temperature, the exterior solar irradiation, the outside and inside surface
temperature of the prototype as well as the |-V curve and the power generated

by the prototype. Figure 4.7 shows the installation of the PV VG-4L.

Pyranometer CMP 3

Thermocouple

PV VG-4L

Figure 4.7 The photo of testing rigs
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It is important to note that the pyranometer to measure the incident solar
irradiance was placed parallel to the surface of the PV VG-4L. The thermal and
electrical characteristics of PV VG-4L under real conditions were monitored
using the sensors summarized in Table 4.2. It is worth noticed that the outdoor
monitoring of PV VG-4L is carried out under two conditions: daytime and night-
time. In the daytime, the thermal transmittance reading of PV VG-4L given by
the heat flux sensor can getthe heatgain value. A 1 kW convective heater was

used as the heat source.

Table 4.2 Measured parameters and accuracy

Parameters Sensor Accuracy
Heat flux Hukesflux Thermal Sensors +1.9x10-6
VI(W/m2)
Solar irradiance CMP3 Pyranometer Temperature
dependence of

sensitivity: +5%

Maximum power produced by the RO4 Handheld Digital Multi-meter Electric current

PV VG-4L (+1.5 pA)

Hukesflux heat flux sensor is made of ceramics and plastic combined as flat
plate. It is installed on the cold side of the wall to measure the heat flow from
the hot side of the wall. It generates a small amount of voltage, which will be
recorded by DataTaker, and then divided by the sensitivity of the HFO1 heat
flux to calculate the heat flow. Thus, it was used to measure the heatflow from
the hot side of the wall to the cold side of the wall. It has been proved by ISO
9869 and ASTM C1046 to be used to calculate R-value and U-value. CMP3

Pyranometer is proved by ISO 9060 spectrally flat Class C.
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Figure 4.8 Variation in the outside glazing surface temperature (To-amb), inside glazing
surface temperature (Tint), Outdoor ambient temperature (To-amb), indoor ambient
temperature (Ti-amb) and solar irradiance (G) with time of the day.

Figure 4.8 shows the changesin the surface temperature of the outer glazing,
the surface temperature of the inner glazing, the outdoor ambient temperature,
the indoor ambienttemperature, and the solarirradiance during the day. All the
data below are collected in June of 2019, the average interior temperature was
heated up to 30 °C by a convective heater. At night, the internal temperature of
the prototype is higherthan its external surface temperature. However, as the
incident solar irradiance increases, the outer surface temperature also
increases. As the prototype absorbs the solar irradiance, some of the radiation
was converted into heat energy. The heat energy would increase the
temperature of the outside glazing surface. Therefore, the external surface
temperature became highercompared to its internal surface temperature of the
prototype. Compared with conventional single thin film PV glazing, the vacuum
layer behind the PV component can act as an insulation layer to reduce the

heat transferthough the prototype.
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As Figure 4.9 shows, the overall U-value of the PV VG-4L was measured to be

as low as 0.6 W/(m2K), which is similar to the laboratory test result.
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Figure 4.9 The measured U-value of the prototype during night
(Waichal, 2018) stated that any exposure to the conditions outside the
specifications, such as direct sunlight, rain or wind will certainly have adverse
effect on the output from Hukesflux sensor. During testing, the Hukesflux
sensor is attached on the outerior side of PV VG-4L. The sensor would be
affected by the direct sunlight. In order to mitigate the impact from sunlight, the
measurementon the thermal transmittance should be undertaken during night-

time.
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The investigation on the thermal performance of PV VG-4L has been
presented. The power generation performance of the prototype is provided
below. From Figure 4.10, it can be concluded that the maximum power
generated at average solar irradiance of 500 W/m? is approximately 2 W for 0.4

m x 0.4 m PV VG-4L made of amorphoussilicon solarcells. Thus, the PV output

rate is about 12 W/m2.

25 600

=

- S e e 500

) e ° E
~

2 400 =

(a8 o !

515 ° o B
c

- 300 ©

2 =

©

© 1 s

Q ® —_

é 200 5

& 0.5 @ 3

5 100

C

w

0 0

NS SIS SR S

OO ®
RO ) .

oY

O 0O O O 0O © O
P D RSB RS
NINSN AT QTN B

» P P /
NAENEEN I NN N AN RN M OMEN
Time of day
Figure 4.10 The power generation (W, blue dots), the solar irradiance (W/m2, orange dots)

4.5. Theimpact of solar transmittance of PV VG-4L

During winter, the PV VG-4L can effectively conserve the heating energy.
During summer, the vacuum PV glazing provides the most energy-saving for
cooling. From the measurement of project partner, the solar transmittance of
PV VG-4L is about 36%. Solar gain is a particularly effective form of passive
heating as the radiation from the sun is mainly short-wave infrared radiation,
which can pass through the glazing and heat the internal structure of the
building. The low solar transmittance can resultin the low level of solar energy
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gains. Thus, the application of the prototype requires additional heating energy
in winter because of its solar transmittance. Furthermore, the low solar
transmittance would affectthe daylightin theroom. (Qiu and Yang, 2020) stated
that vacuum PV glazing can provide more useful than daylightillumination in
room and avoid the daylightglare for the interior space. The PV VG-4L reduce
the unwanted solar illumination, and the power generated can supply to the

artificial lights.

4.6.Conclusion

From the indoor analysis, the U-value of the proposed glazing system is about

0.58 WI/(m? - K). Meanwhile, when investigated under real conditions (field

testing), the overall U-value of the PV VG-4L was measured down to 0.6 W/(m?

-K). As the solar irradiance increases, the solar heat absorbed by the thin film

PV glazing layer, has led to the increase temperature of the external glazing
surface. The vacuum layer of the prototype could help to reduce the heat
transfer from outside to inside. Ataverage solar irradiance of 500 W/m?, the PV
VG-4L can generate maximum 2 W energy. Thus, the PV output rate is about

12 W/m2.

Clearly, the vacuum layer introduced in the PV VG-4L glazing presented in this
paper is better in thermal performance as an additional benefit. The results
show that PV VG-4L not only can generate electricity, but also has high
insulation performance compared to a single-film PV glass with a typical U
value of about 5 W/(m2K). The U-value of PV VG-4L has improved by almost

90% over single-film PV glass. The performance of the PV VG-4L promises a
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wide range of potential applications. Furthermore, the proposed PV VG-4L is a
combination of the conventional vacuum glazing and thin film PV glass. There
is no manufactural difficulty in factory. The factory even does not need to
change the production line and just combine two parts together. Thus, the
current manufacture factory would prefer to produce the PV VG-4L products
over other novel vacuum PV glazing system as almost no need for the cost on

design and research.

It should be mentioned thatthe design and sample of PV VG-4L was proposed
and manufactured in 2019. Thus, the PV VG-4L was not installed and tested in

Eco-house.

87



5. Theoretical analysis and evaluation of the Eco-housein

Wuhan

5.1.Introduction

In China, there are over 600 million people living in rural areas. However, less
than 1% of the houses in Chinese rural areas are sustainable buildings. The
previous conventional house with several disadvantages, such as poor
daylighting and bad sound insulation, cannot satisfy the modern requirements
on house. People would prefer to purchase new-built property with modern
characteristics. There would be a massive market opportunity and potential to
promote the new-built sustainable house which can minimise the requirements

on the grid power supply and energy loss through constructions.

Figure 5.1 The photo of Eco-house in Wuhan

As Figure 5.1 shows, the Eco-house is an innovation building designed to
handlethechallengesdiscussedin the Chapter2. This houseis the first attempt
on construction and operation of budget low-carbon house in the central area

in China. The project partner had an agreement with the local governmentthat
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this building would be an important attempt to the China Council for the
construction of new socialist countryside Policy in Hubei Province. In addition,

the property provides an opportunity to evaluate the feasibility of sustainable

prefabricated houses for low-income families.

This chapter demonstrates the design process and experience to minimise the

energy consumption of Eco-house. A substantial investigation into the

performance of a budget sustainable house is covered as well.

5.2. Therequirements of the low-carbon building

Sustainable design is regarded as the particular way to construct and operate
a building by using as much as possible natural resources, such as heat, air,
passive solar gain, and cooling. Through the passive design, the use of
mechanical systems can be reduced by about 80%. The laws limiting the
energy using of buildings are most complex, covering the requirements on
heating/cooling loads, thermal performance of building components and air

infiltrations.
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Table 5.1 summarizes the requirements from the various building regulations.

Table 5.1 The requirements on the building components on various regulations

Regulations Hot Summers, Mild Winter Passivhaus CfSH-Code 5 CfSH-Code 6
(Ministry of Housing and Standard

Urban-Rural Developmentin

China, 2015)
Building 0.20-0.35 0.15-0.1 0.2 0.1
Fabric
W/m?K
Windows 1.0-2.0 0.8 1.2 0.8
W/m*K

The requirements of CfSH Code 6 on building fabric are higher than the
Passivhaus Standard, and they have more demanding requests on
airtightness. However, the above standards might not be suitable for Chinese
climate conditions, especially in Wuhan, and are needed for extra adjustments.
Wuhan is located in the area named’ Hot Summers and Cold Winter'. ‘Hot
summer and cold winter’ areas mean that the average temperature of the
coldest month is about 0~10°C, and the average temperature of the hottest
month is about 25~30°C. The buildings in this area must consider the
requirements of the well-insulated building fabric for winterand summer. Based
on the ‘Passive ultra-low energy consumption green building-Technical
guidelines’ and above other standards, the energy performance of the Eco-

house in Wuhan should satisfy the following requirements.

® The annual heating/cooling demand must not be more than 15 kWh/m?

per year.
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® The maximum air tightness level should less than 0.6/h at 50 Pascals
pressure

® The interior room temperature should be maintained between 20°C to

26°C as required by building regulationin China

The operation schedule of the house in arural areais listed in Appendix 4. The
occupants spend theirtime in the Bedroom during the nightand about5 hours
in the Livingroom during the daytime. The schedules for weekdays and

weekends are also different.

5.3. Thedevelopment process for the Eco-house in Wuhan

Nowadays, many governments encourage low-carbon design, which refers to
the architectural strategies applied by the architect and engineerto respond to
the climate conditions and requirements (Ahmad, Thaheem and Anwar, 2016).
In order to obtain a clear process of sustainable design, the Eco-house in
Wuhan would use sustainable design with the help of the Building Information

Model. The design procedure for the Eco-house is summarized below.

1. Analysisthe site of Eco-house in Wuhan

2. The Eco-house designs

3. Design and investigations on the thermal performance of components
4. Testing the overall performance of the Eco-house

5. Computer simulation on Eco-house

6. The construction experience of the Eco-house in Wuhan
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Analyse the site of the Eco-house in Wuhan

Wuhan islocated in the centre of China. The climate of Wuhan is a subtropical
monsoon climate, which is warm and moist humidity in summer, cold and dry
inwinter. The summer precipitation isabout 1000 mm, which accountsforabout
three quarters of the annual precipitation. Thus, evaporative cooling is not
suitable for applicationsin Wuhan. Furthermore, the Chinese governmenthas
forbidden the application of city-level central heating supply for Wuhan urban
area since the 1950s. The insulation performance of Eco-house is necessary,
as the average temperature during winter is much lower than the comfort

temperature for humans.

Laboratory Building

Sm  Musical Hall

Figure 5.2 The plans of the site

The construction site is located in the Hubei University of Technology-HBUT,
Hongshan District, Wuhan. The size of the site is about 120 m-35 m, alongside
a boulevard. As Figure 5.2 shows, a music hall is located on the south side of
the site. The heightof the music hall is about 8 metres. And, on the north side,

there is a five-storey experiment building. Furthermore, on the northeast side
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of the site, there is a photovoltaic car-parking experimental structure. Through
the lighting and ventilation analysis from the computer programme, the best
choice of the site is chosen, the grey area. The existing buildings, the white
rectangles, have notconsideredthe qualityand visibility of human lifeand other
existing factors for the Eco-house. The construction site used to be a grassland
for relaxation and entertainment. Furthermore, the height of the music hall
would have negative effects on the illumination and visibility quality. The narrow
space for the new-builthouse would cause insufficient sunlightto be received

by the building.

The new-built house has a chance to get the direct wind blowing from the
western side of the building. In order to get better ventilation movement and
sunlightangle, itis required that the Eco-house be far away from other existing
buildings. It aims to avoid the negative effects of other buildings and give more

‘free’ spaces.

The Eco-house design with BIM

The concept of the Building Information Modelling-BIM is a life-cycle platform
merging design, construction, energy analysis and cost analysis. It enables all
parties to work on a project with a shared platform. The building componenthas
been utilising various information and visualisation technologies to support
construction activity. Compared with the Computer Aided Design (CAD), the
BIM is increasing the visibility in three dimensions, especially when designing
and representing complex areas or complex elements. The most common BIM

software is Autodesk Revit. The software allows users to design a building with
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structure and its components in 3D. In addition, the software would set the

properties of the building performance, such as thermal resistance, structure

and so on.

Figure 5.3 The screenshot of the 3D model in Revit

As Figure 5.3 shows, the shape of the building should not be complicated to
reduce the capital cost of construction, and to make all the technology

integrated easily into the component of the building.

This Eco-houseis for the people who lived in the rural area in Hubei Province.
Most of the families are extended families. Extended families include at least
three generations: grandparents, married offspring, and grandchildren.
Normally, the labours of the family are always away from their hometown and
work in the city for higherincome. Thus, the most common family inthe Chinese
rural area includes the grandparents and grandchildren. The common number
of family members is about 3-4 people. Currently,the new-builthouse in rural

area only has two or three bedrooms with one living room.
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As Figure 5.4 shows, the layout of this building includes two bedrooms with one
livingroom. The north-south orientation can make full use of the natural sunlight
and ventilation. Both livingroom and bedroom can get direct sunlightall day.

The rooms will be more likely to gain the maximum solar irradiance during

winter.
} 3000 | 3000 | 3000 } 3000
3000 3000
3000 3000

3000 | 3000 3000

P

Figure 5.4 The layout of Eco-house
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In order to make the buildingeasyto manufacture,the buildingcomponentsare
designed in the module concept. From Figure 5.5, the size of all the building

fabricis 3 m - 3.9 m and are easy to prefabricate in the factory. Besides the

careful layout of the building envelope, the structure was designed for better

performance.

Figure 5.5 The photo of the prefabricated structure

Because of the application of PV panels on the pitched roof, the angle of the
roof should consider being the optimum angle of PV to get the best
performance. The optimal angle of the PV panel could be determined by the
latitude and longitude of Wuhan. The latitude and longitude coordinates for
Wuhan (China) is 30.58333 °, 114.26667 °. For differentseasons, the angle of

the adjustable PV panelis shown below,
A, =L, *092—-243 Equation3
Agjq =Ly *098—23 Equation 4
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A,=1L,*089+24 Equation5

While,

the A, is the angle of the PV panelin summer,

the 4; , is the angle of the PV panelin spring and autumn,

the 4,, is the angle of the PV panel in winter,

The L, is the latitude of Wuhan.

Based on the above equations, the optimal angle for the adjustable PV panel
forvariousseasonsis listed belowin Table 5.2. The average angle of the above

gable solar panelis 27 °.

Table 5.2 The optimal angle (°) for the adjustable PV panel

Jan Feb Mar Apr May Jun
43 35 27 19 21 4
July Aug Sep Oct Nov Dec
11 19 27 35 43 50

However, most of the BIPV panels on the roof have fixed angles. Withoutthe
adjustable PV panel, less power would be generated. As for the city latitude

between 25° and 50°, this equation 11 is used to calculate the best angle for

fixed PV panel,

A L, *0.76+3.1 Equation 6

city =

The A, is the angle of the PV panel where the latitude of the city is between
25° and 50°. The optimal angle of the fixed PV panel is about 26°, which is
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similar to the average adjustable angle above. Thus, the angle of the pitched

roof is about 26° in order to maximise the PV generation performance.

To access solar energy potential in different areas, PVGIS (Photovoltaic
geographical information system) developed by European Commission Joint
Research Centre as an online tool could be friendly to estimate the solar power
generation capacity of PV systems (Ghazi andIp, 2014). The general efficiency
value, 14% for the polycrystalline panel, is suggested by PVGIS, as Figure 5.6

shows.
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Figure 5.6 The screenshot of PVGIS
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The estimated annual power generation from PV panelsis 3259.61 kWh. The

monthly energy generated by the PV panel has been presented in Figure 5.7.
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Figure 5.7 The power generation of PV panel
Design and investigations of the thermal performance of building

components

Prefabrication of windows, doors, kitchen cabinets, and roof has become an
important role in Eco-house construction. Recentinnovations have resulted in
an even wider variety of prefabricated components. This section is to evaluate
these prefabricated building components. The thermal performance of the wall,

WHRYV, door and vacuum glazing system was also investigated.
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Exterior door

Door is usually used for the entrance and provides effective protection against
external temperature, noises, or other factors. A well-insulated door should
have several characteristics, such as a highly insulated body and air tightness.
The cost of the insulated door is much higherthan the normal door. But there
is no clear regulation defining the thermal performance of the exterior door in
Wuhan.In order to reduce the capital cost of the building, the constructor would

prefer the normal door rather than the insulated door.

The ‘Technical Specification for Door and Windows of Residential Buildings
DB11/1028-2013 in the Beijing Area’ requires that the U-value of the door
should be less than 1.8 W/(m?2K). The climate in Wuhan is much warmer than
in Beijing. The regulationsin Beijing can satisfy the requirements for an exterior
door in Wuhan. Figure 5.8 shows the details about the designed hollow core
wooden door with a U-value of 1.87 W/(m?K) in Revit.

Type: Entrance door v Duplicate...

Rename...

Type Parameters

Pararmeter Value ~

Construction
Function ?Iﬂter\or
Construction Type i

Dimensions

Thickness 254
Rough Width

Rough Height
Analytical Properties
Analytic Construction Door - wood - hollow core - wood storm ~
Visual Light Transmittance 0
Solar Heat G

Coefficient

Thermal Resistance (R

Heat Transfer Coefficient (U)

Identity Data

Figure 5.8 The screenshot of setting on the exterior door in Revit
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However, the measured U-value of the door is about 3.46 W/(m?K). The
performance of the exterior door is far away from the demands. In the future,

the project partner would replace and retrofit the door with better thermal

performance.

Windows heat recovery ventilator

-" HII!_‘r————
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Figure 5.9 The photo of the WHRV system installed above the window frame
In Eco-house, the experimental investigation was carried out by placing the
WHRYV unit above the window frame, as shown in Figure 5.9. This section
investigates the on-site performance of the novel Window Heat Recovery
Ventilator (WHRYV) installed in the Eco-house, especially the impacts from the
temperature difference between inside and outside. The proposed WHRYV unit
has been tested in the UK under laboratory conditions as Chapter 3 states.

Then,in 2018, the unitwas delivered to Wuhan by air.

As in the previous chapter, the measurement for heat recovery effectiveness

was carried out with different temperature differences between inside and
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outside. Most of rigs are the same as with previous testing. The testing required

extra anemometer, RS PRO AVM-01 Vane, with an accuracy of +3%.
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Figure 5.10 The schematic of the measurement on WHRYV system in Wuhan
As Figure 5.10 shows, the measurementsteps on the WHRYV system have been
listed below. The DC power supply for the fan was setto 8.5 V. The measured

air velocity is 1.24 m/s.

® Turn on the fan heater. Set the inside temperature at about 21°C, while
the outside temperature is about 18°C. Measure the temperature of the
air flow fromthe two outlets by thermocouples and record the data every
3 seconds by datalogger.

® Then, switch the fan heater to a higher power to adjust the internal
temperature. At this time, the internal temperature is 9°C higher than
outside. And measure the temperatures of the air flow.

® Finally, adjustthe temperature gap to 15°C and take the measurement.

Based on Table 5.3, the heating effectiveness of the WHRYV system is about
55% under various temperature gaps between inside and outside. The testing

resultis slightly lower than the laboratory testing results, 59%. It is noticed that
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the temperature difference between inside and outside almost has no impact

on the effectiveness of the WHRYV system than the air velocity.

Table 5.3 The summary on the effectiveness of WHRV system under various temperature
gap

" Exterior Temperature°C  Interior Temperature°C  Temperature gap °C  Effectiveness
18 21 3 57%
18 27 9 56%
18 33 15 54%

The measurements on Eco-house were undertaken in May of 2018. The
exterior temperature in Wuhan isabout17°C to 37°C. There was no satisfactory
testing environmentin Wuhan. Thus, we and our project partner decided to
adjust the interior temperature to simulate the hot weather in Wuhan. And the
exterior temperature is to simulate the interior temperature. Through above the

method, the operation condition during the summer of WHRV has been

simulated.
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The glazing system for Eco-house

The most common glazing types for domestic buildings are single glazing,
multilayer-insulating glazing, and vacuum glazing. Currently, single glazing is
becoming a thing of the past, and is being replaced with more durable and
efficient counterparts, double glazing, and vacuum glazing. Air-filled double
glazing is the most common fenestration products in the market as a
consequence of their well-documented manufacturing process and
considerably better thermal insulation feature compared to conventional single
glazing (Cuce, 2016). Double glazing has been widely used in the EU and
China.Theunitprice ofthe double glazingisnotlike before because of massive
manufacture. A conventional vacuum glass window is composed of two flat

glasses separated by a vacuum cavity and small pillars.

This section investigates the thermal transmittance of three types of glazing
above mentioned. The main aim of the research is to find the best glazing type

compatible with the higher level of the Code for Sustainable Homes and

Passivhaus Standards.
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Mathematical analysis of the heat transfer process

BS EN ISO 6946 and CIBSE Guide A quote standard values for the thermal
resistance of unventilated cavities providing a function of the thickness of the
cavity and the direction of heat flow, which are shown in Table 5.4, Table 5.5,

and Figure 5.11.

Table 5.4 The surface resistance values (MCRMA, 2006)

Surface Resistance Direction of the heat flow
m?2 -K /W Upwards Horizontal Downwards
Resi 0.1 0.13 0.17
Rse 0.04 0.04 0.04

-Rsi: internal surface resistance, Rse: external surface resistance

Outside Inside

Rs R1 R4 | Risi

Figure 5.11 The schematic of summing thermal resistances

R; =Ry, +R, +R, +R; + R, + R; Equation7
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Table 5.5 The coefficient of thermal conductivity W/(mK) of unventilated air cavities (MCRMA,
2006)

Thickness of the air Direction of the heat flow
cavity (d) Upwards Horizontal Downwards
5 0.045 0.045 0.045
7 0.054 0.054 0.054
10 0.067 0.067 0.067
15 0.094 0.088 0.088
25 0.156 0.139 0.132
50 0.313 0.278 0.238
100 0.625 0.556 0.455
300 1.875 1.667 1.304

The valuesin above Table 5.5 are directly proportional to the thickness of the

layer, d in metres, and can be expressed as:

e Upwards heatflow: A =0.00511 + 6.227-d W/(mK).
e Horizontal heatflow: A = 0.00858 + 5.518-d W/(mK).

e Downwards heatflow: A = 0.0247 +4.268-d W/(mK).

4mm 12mm 20mm

Figure 5.12 Summing thermal resistances on various glazing system
1. Basedon above references, for 4 mm single glazing, Aglass = 1.05 W/mK,

Rglass =0.0038 mM2K/W. Rso=0.04 mZKNV, Rsi=0.13 m2K/W.
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Rsingle = Rso + ReLass +Rsi= 0.172 m2K/W

2. Based on above references, for 28mm double-glazing, Aair= 0.12 W/mK,
Rair-20mm = 0.17 m2K/W. For the glazing, )\glass = 1.05 W/mK, Rglass =

0.0038 Mm?K/W. Rso=0.04 m?K/W, Rsi=0.13 m?K/W.

R2smm = Rso + RcLaAss + Rair + RaLass + Rsi = 0.34 m2K/W

3. For the 20mm double-glazing, Aair-122mm = 0.075 W/mK, Rver = 0.16
m2K/W. For the double glazing with air gap in 12mm, Agiass=1.05 W/mK,

Rglass =0.0038 m2K/W. Rso=0.04 m2K/W, Rsi=0.13 m2K/W.

R2omm = Rso + RGLAss + Rver + RaLass + Rsi = 0.338 m2K/W

Therefore, the theoretical U-value of single glazingis:

Usingle = 1/RA = 5.8 W/(mZK)

The theoretical U-value of double glazingin 28 mm is:

Uzomm = 1/Re = 2.88 W/(m2K)

The theoretical U-value of double glazingin 20 mm is:

Uzemm = 1/Rc = 2.96 W/(m2K)
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Experimental set up and procedure

Figure 5.13 The photo of testing rigs

In the laboratory in Nottingham, four types of glazing are used for testing with

a size of 300mm-300mm and designed for evaluations of the overall U-value.

The test rigs were the same as the testing rigs, as shown in Figure 5.13.
Temperature gaps between inside and outside glazing surfaces were collected
by K-type thermocouples, with 0.4 °C accuracy. HFP01-05 heat flux sensors
were used to measure conductive heat transfer through the window surface
with a sensitivity of 63.6 uV/(W/m2). A 200W mini heater was applied as a
constant heating power supply for the glazing box. The data was collected by

DT85 data logger.
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The U-value of the various glazing has been measured and listed in Table 5.6.
When the rigs reach equilibrium, data collecting by DataTaker is taken, and the

test lasts 1.5 hours.

Table 5.6 the U-value of the various glazing

Glazing U-value - W/(m?K)
Vacuum glazing 1.056
28mm doubleglazing 2.675
20mm doubleglazing 2.78
Singleglazing 6.245

From Table 5.6, it could be deduced that vacuum glazing takes a major place
due to its better thermal resistance performance. The expected U-value of
various glazing is similar to the test results. From Table 2.2, the thermal
transmittance required by CfSH Code 6 and Passivhaus Standard should be
less than 0.8 W/(m2K). Theoretically, the seven layers of air-filled glazing
system can provide thermal transmittance lower than 0.8 W/(m?K). In practical
applications, it is impossible to apply eight layers of glazing on the window.
Based on the above statement, vacuum glazing enjoys the best potential to
achieve the requirements from CfSH Code 6 and Passivhaus Standard, as the

performance gap between vacuumglazingand standardsis most narrow. Thus,

in the Eco-house, Novel Triple VG-Cavity 3L has been applied.
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Novel triple VG-Cavity 3L

The design and structure of VG-cavity 3L, is illustrated in Figure 5.14. Triple
VG-Cavity 3L involves the integration of 12mm air cavity with an 8mm vacuum
glazing, low-E coating, and an additional layer of 4mm self-cleaning glass. The

total thickness of the three-layer glass unitis 24 mm.

4T+12A+4TL+0.3V+4T

T-Tempered clear glass; TL-tempered Low-E glass; V-vacuum space; P-PVB interlayer; A-air space.
Figure 5.14 Schematic of Triple VG-Cavity 3L

From the website on Passive House Institute, the most of certified glazing
products is triple glazing filled with argon (Institue, 2021). The U-value of the
products ranges from 0.6 W/(m?K) to 1.19 W/(m?K) with a thickness of 44 mm.
Compared with air filled glazing, the thermal conductivity of argon, 0.016
W/(mK), is much lower than air, 0.026 W/(mK). However, argon-filled glazing
has even the smallest gaps in it. The gas between the panes are broken and
wouldallowthe argon gas to leak out (Cuce, 2018). It wouldreduce the thermal
performance of argon filled glazing. In order to minimise the impact of argon
leakage. The design of VG-cavity 3L has been promoted. It is a hybrid vacuum
glazing composed of vacuum glazing and low-e glass. The cavity is injected

with air to achieve ultrahigh thermal insulation performance.
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Figure 5.15 The photo of the positions of thermocouples and heat flux sensor
As with the previous insulation performance testing, the rigs needed were the
same as forthe investigation on the SIPs. Place 5 thermocoupleson both inside
and outside surfaces to record the temperature of the internal and external
surfaces of a window. The thermocouples are tightly attached to the surface
and fixed by aluminium tapes. In order to minimise the impact of ambient air
temperature, there is another masking tape covering the aluminium tape. The

heat flux sensorwas placed in the centre of the glazing, as Figure 5.15 shows.

From the testing, the measured U-value of the promoted VG-Cavity 3L is about
0.42 W/(m2K). According to Table 2.2, the maximum acceptable U-value of
glazing is about 0.8 W/(m?K) for windows in Passivhaus Standard. The

performance of VG-Cavity 3L is outstanding.
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Wall

Walls are the main part of the building envelope. And thermal resistance (R-
value) of the wall has significantimpacts on the capacity of heat conservation
in buildings. Improving the insulation performance of building fabric is one of
the most cost-effective ways to reduce energy consumption. In this section,
investigations on the various thermal performances of insulated panels are

provided.

Testing on VIP and SIP

The options of insulation material for the wall includes the structural insulated
paneland vacuuminsulated panel. The experimental investigation of insulation
panelswas carried outusing an environmental chamber, located on the ground
floor of the SRB building, the University of Nottingham, UK, to simulate the
indoor and outdoor environmental condition. Half of the unit panel is positioned
faced in to one chamber acting as interior temperature condition, the other half
of unitwas faced to the other chamber which was set as the exterior condition.
The cold side is about 10 °C. The hot side is about 30 °C. The temperature

difference is about20 °C. The rigs are the same in Chapter 4.
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A vacuum insulation panel (VIP), as shown in Figure 5.16, is a novel thermal
insulation componentfor the market. VIP can give the same thermal resistance
with a much thinnerthickness. This part presents the evaluations of VIPs and
SIPs and the factors which must be considered during the application of VIPs

in buildings.

Figure 5.16 The photo of VIP
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As Figure 5.17 shows, the thickness of the designed SIPs wall is about 202
mm, including three finish layers on both sides of the wall and three insulation

layers. The main insulation material is rigid insulation with a thickness of about

125 mm. The expected U-value of the wall is about 0.28 W/(m?K).

et Delete w Oy

e I
Figure 5.17 The screenshot on the structure of SIPs in Revit

The sample of the structural insulated panel was made by technicians of

laboratory. It had a similar structure to designed structure in Revit but without

finish layers, as shown in Figure 5.18.

Figure 5.18 The photo of SIP
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The U-valuesof the insulated panel is measured as Table 5.7 shows. The costs
of the panels are queried from a construction company in China. It can be
noticed that the cost of SIPs is just about 35% of the cost of the VIPs. The gap
of total cost on wall between Eco-house with VIPs and SIPs is over £16,000.

Thus, the project partner selected the SIPs as the main structure of the wall for

Eco-house.

Table 5.7 The measured U-value of SIP and VIP

Option U-value-W/(m?K) Cost-/m?
VIP 0.15 £100
SIP 0.29 £33

Testing the wall in Eco-house

From the above statement, the VIP enjoys higherinsulation performance than
SIP. As mentionedin Section 2.8, the VIP is suitable for the building with high
in cost. It is not suitable forthe budget Eco-house because of its high cost. The
benefits with space saving are not obvious because VIPs cannotcompensate
extra capital cost of the SIPs as the land price in suburban. Thus, SIPs have
become the most famous form of prefabricated building envelope for normal
sustainable houses. SIPs can form a solid thermal envelope around the

structure. The well-designed connection jointbetween the two panelwould also

reduce the heat loss and increase air tightness.

In section 2.3, various governments have proposed the regulations or
guidelines for Low-carbon houses. (Ministry of Housing and Urban-Rural
Developmentin China, 2015) definesthe thermal transmittance should be lower
than 0.35 W/(m2K). In orderto check the performance of SIPsin the Eco-house,
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an investigation intothe heat fluxand temperature record was undertaken. Like
the previous insulation performance testing, the investigation employed the
Datalogger and thermocouples to record the temperature differences every 10
seconds. The internal and external temperatures were recorded over the 2
hours experimental period. The heat flux sensor, Hukeseflux HFP0O1 heat flux

sensor, was used to record the heat flow through the wall.

It should be mentioned that the thermocouples used in Wuhan is supplied by
the project partner in Wuhan. They have calibrated the thermocouples with
accuracy of +0.5°C. The datalogger and heatflux sensoris the same one used

in the UK.

Based on Equation 4, the U-value of the exterior wall is about 0.278 W/(m2K).
Compared with the expected U-value stated above, it can be noticed that the
SIPs of Eco-house could achieve the expected target in practice. The thermal
performance of the exterior wall cannot satisfy the requirements of Passivhaus
Standards and CfSH Code 4. However, the climate of Wuhan is warmer than
the European countries. The performance of the SIPs has satisfiedthe Chinese

building regulations.

5.4.Testing the overall performance of the Eco-house

There is obvious evidence to suggest the performance of some components
are not as good as expected. The difference between the anticipated and real
performance is the performance gap of the Eco-house. The overall testing is to
locate the flawsin Eco-house,includesthe airtightnesstest, co-heatingtestand

thermographic image test. The airtightness test and co-heating can be used to
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evaluate the overall performance gap of the Eco-house in Wuhan. Using the
thermographic images can identify the area which causes the gap. As this
project focuses on the long-term operation, the data from April to September of
2018 was collected from every room in the Eco-house. The results were
collected every ten minutes for every sensor, including the temperature and
solar irradiance. The evaluations throughout the whole house, including Co-
heating test, heat flow monitoring and other assessments have been
undertaken. The Retrofit Advice has been proposed based on the above-

mentioned investigations.

Air Tightness testing

Air leakage testing is the methodology measuring the amountof air entering or
exhausting from a building through the unwanted infiltration. Air tightness
measurements on post-construction buildings are extremely important to
predict the heating or cooling load and retrofit projects in the future. In addition,
infiltration control has become a valuable parameter on indoor air refreshing

and energy saving. An airtight building has several advantages over other

normal buildings:

e Dueto the lessair leakage and heatloss through the building fabric, the
airtightbuilding has lower heating or cooling bills

e HVAC system has better performance under same status

e Reducedchanceofunwanted moisture enteringtheinterior environment

e Less moisture, and less chance of mould
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The Passivhaus Standard requests the house to have a maximum of 0.6 air
changes per hour at 50 Pascals pressure (ACH50). In China, the maximum air
changerate at 50 Pascals is 0.6 for ultra-low energy houses. The ATTMA (Air
Tightness Testing and Measurement Association) TSL4 standard defines the
air permeability methodology. The Chinese national regulation ‘Standard for
determination of air permeability of buildings-Fan pressurization method GB/T

34010-201’ also states the methodology on airtightness testing.

Before the test, all the openingsin the building should be temporarily sealed.
The openings include the windows, openings for HVAC, and so on.
Furthermore, the size of the building should be measured. As for the Eco-house
in Wuhan, a single-storey house, the Blower Door Testing Method has been
selected to test the airtightness. There have been several available calculation
techniques for the test in the market. The project partner provided some rigs.
As for the air permeability envelope area, all facades, roofs, and floors should
be consideredas part of the buildingenvelope.Andall internal doors should be
fullyopened. The airchangerate volume is the volume of airinside the building.

The volume for the Eco-house is 262 m3.
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Table 5.8 summarizes the new used device used during airtightness testing.

The testing required the previous anemometer to measure the air flow rate of

the fan.

Table 5.8 The summary of device during airtightness testing

Device Type Statement Accuracy
Fan QinLao Negative Pressure fan
Pressure Sensor SmartSensor AS510 +0.03hPa

The pressure fan is temporarily sealed into an exterior doorway using the door
panel system. The pressure sensor should be placed inside and outside of the
building to measure the indoor/outdoor pressure difference. The datalogger
recorded the internal and external temperature at the same time. During the
testing, the pressure fan is used to blow airinto the building to create a positive
pressure between internal and external areas at 50Pa. The pressure
differences force air to escape through the building fabric. Once reachingthe
50Pa pressure difference, the speed of the fan should be fixed. The total air
volume supplied to interior space is the air leakage volume-V,, at 50Pa

pressure difference.

As for the air change rate-n.,, n, is the air leakage volume-V;, divided by the

building volume V.

Y50
%4

Ney = Equation 8

The airtightness testing of the Eco-house was complicated by the co-
corporation of the author and project partner in Wuhan. The test was
undertaken after overall construction finished in April 2018, with aresult of 0.68
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/h @ 50 Pa. Compared with the Chinese regulation, the performance of the
Eco-house s relatively good. However, the Eco-house was built according to
the Passivhaus Standards. The performance of the Eco-house cannot satisfy
the requirement of the Passivhaus Standards on airtightness. Further
improvements on the air infiltration are necessary if want to achieve better

energy saving performance.

During the test, the smoke test would help to identify the air leakage paths.
Place the lit cigarette near the well-known air leakage path, such as the wall
and roof junctions. Combining the resultof the airtightness and thermographic
iImages testing, the key air leakage paths could be identified. The air leakage

approaches would be sealed during retrofit period in the future.

The co-heating testing

The actual energy performance of buildings can differ significantly fromits initial
expectations. The Co-heating test is widely used in Europe to investigate the
total heat transfer through the fabric of buildings (Jack et al., 2018). The co-
heating test is used to investigate the heat loss through the thermal envelope,
which provides an assessment of the construction quality of the completed
building. It is to calculate the heat loss coefficient-HLC by comparing the heat
gaininto a room againstthe gaps between temperatures inside and outside the
building. The test investigates the heat loss or heat gain through the wall and
fenestrations. During the testing period, the house should be unoccupied, and
all the fenestrations should be sealed completely. However, keeping the house

under the above status for almost one week is impossible, as the basic interior
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decoration is undertaken during this period. The restricted precondition and

long time consuming of the Co-heating test would cause a deviation of results.

The Co-heating test equipmentare summarized in Appendix 2.

The general framework for the Co-heating test is discussed below,

Test temperature: For optimum testing, there should be a temperature
difference of at least 10°C between interior and exterior. The common
interior temperature would be about 18-22°C, which is the reason the
test is often undertaken in wintertime. This helps mitigate against the
impact of solar gain which requires a correction to be applied. However,
the testing was undertaken in April 2018. The interior temperature was
about 30°C because of high exterior temperature.

Testing duration: 9 days

Internal space access: Access to the building should be controllable, with
minimum allowances to check the equipment.

Building component control: fenestrations should be closed during the
test. The wall voids, gaps and ventilation systems would be sealed and
switched off. All the building appliances such as fridge, should be tumed
off. Limit all possible air exchange between external and internal areas.
Test rigs setting: the interiorroom temperature shouldbe heatedto 10°C
higherthan external temperature. The fan heater acts as a heat source.
The constant interior temperature is achieved by several 2kW fan
heaters. And no ventilation device was working. The thermostat can
switch on or off the fan heater automatically. Another fan assisted to

ensure good air mixing to even out the temperature throughoutthe Eco-
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house. The energy/bill metre recorded the electric consumption of fan
heaters. As Figure 5.19 shows, the datalogger recorded the temperature
of the inside and the outside. The Eco-house remained unoccupied

during the testing period.

Electric
Consumptlon
I Metre !

Figure 5.19 The photo of Co-heating testing rigs

External temperature is measured by the weather station and
DataTaker. The weather station, Oregon Scientific-Pro Weather Station
WMR200, should be mounted on a mast outside the house. A
pyranometer is vertically mounted on the external south facade of the
building. The HLC value should consider the impact of solar gains. The

value from the pyranometer should be taken into consideration to correct

the final value.
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All above mentioned tests took place from 8"to 15" of April 2018. The outside
environment conditions were recorded via a weather station installed beside
the Eco-house. Dividing the daily heat gain for the interior room by the
temperature difference between internal and external indicates the HLC. The
Appendix 3 shows the summary of energy use for every room. A plot of the
temperature difference between inside and outside against daily energy

consumption during the Co-heating test is shown in Table 5.9.

Table 5.9 The temperature difference between inside and outside against daily energy
consumption

Date Temperature Difference-°C Total-W
08/04/2018 10.3 38,792
09/04/2018 13.8 55,166
10/04/2018 8.8 35,821
11/04/2018 13.6 52,084
12/04/2018 12.7 49,253
13/04/2018 12.3 47,045
14/04/2018 15.6 62,731
15/04/2018 9.6 34,824
16/04/2018 16.3 58,817

The equation of the slope line shows the HLC measure with and withoutsolar
corrected in the Eco-house. The equation demonstrates for every 1°C
difference between internal and external corresponding about 160-Watt heat
loss through the envelope. Based on the previous evaluations, the thermal
performance of wall and glazing systems for Eco-house is good enough. If

improvingthe performance of uninsulated components, the heatloss coefficient
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would reduce further. In addition, the HLC is not substantially affected by the
solar gain as the weather is always cloudy during the testing period, resulting
in only about a 14% increase of HLC for the case. The suitable solar shading

device for the Eco-house also reduces the heat gain from the fenestration.
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Figure 5.20 The resulting of the Co-heating testing
Several factors would cause the final HLC to be inaccurate, as shown in Figure
5.20. Further research should be conducted to identify other factors which

caused the gap between the design and on-site performance.

Combining Co-heating test with other fabric tests such as airtightness and
thermographicimage to helpto gain more insightson understandingthe factors
contributing to heat losses of the house. However, the testing mentioned
requires more professional researchers and construction managers for the
project in China, which would increase the time and cost of the construction.

Thatis the major barrier forthe evaluation on post-construction performance of
sustainable house.
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Thermographic image testing

The thermographic images monitoring is designed to help to distinguish the
flaws in the building. The monitoring results would give the bestvisualization to
establish the thermal bridge in Eco-house, which can helpto identify the flaws
during the design and construction process. The thermographic image testing

is a qualitative analysis.

Innovate UK Protocol seeks to minimise the impact of these parameters by

providing several guidelines:

® The temperature difference between the internal and external should be
about 10°C.

® Dry building surfaces with no rain during testing period

® \Wind speed less than 8 m/s

® The distance between thermal camera and target should be less than

10m
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The aim of the thermographicimages is to identify the heatloss approach within
the building envelope. The heat loss may be caused by thermal bridges, voids
in wall and air leakage within the structure. The FLIR C2 Compact Thermal

Imaging System is the chosen device for this testing. The parameter of the FLIR

C2is shownin Table 5.10,

Table 5.10 Parameters for FLIR C2 Compact Thermal Imaging System

Type Parameter Photo

Temperature Min:-10°C
FLIR C2 CompactThermal Temperature Max: 150°C

Imaging System Thermal Sensitivity: 0.1°C

The following thermographic images were taken on 23/04/2018 at 16:30 in

Hubei University of Technology, Wuhan. The ambient environmental factors

are below:

® \Weather conditions: Cloudy
® External Temperature: 34-37°C
® Internal Temperature: 25°C

® Distance away from target part: 2m —-10 m

As for this section, several external photos are taken with a suitable
temperature scale set by the camera automatically. The maximum and
minimum temperature value in every photo is different. The warm colourin the
photo shows the area at a relatively high temperature and the dark colour

represents the low temperature. The range of temperature can be indicated by
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the right-hand bar of thermographic image photos. The ambienttemperature is

shown on the upper-left side.

Figure 5.21 The thermographic image photo of Eco-house from Front View
Figure 5.21 shows that relatively highertemperature on the southern wall and
lower temperature on the roof. The temperature gap between wall and roof is
up to 10°C. While the interior temperature is lower than the exterior
temperature, the heattransfer through the southern wallis much less than roof.
The result verified that the thermal performance of the wall is much better than
the roof. Furthermore, significant heat transfer is apparentin the joints around
the exterior door. This may be due to voids or gaps between the building

components. This part could be retrofitted by a spray foam product.
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Figure 5.22 The thermographic image photo of exterior door
The above thermographic image photo is taken from indoors. Figure 5.22
depicts obvious heat transfer from outside to inside through the door. The
overall profile shows the exterior door is not well insulated compared to the
walls. In addition, the heat loss through the gaps between the wall and door is
very obvious. The two brightest spots are the intelligent locker system. The
locker system is made of metal, which is good for thermal transfer. The photo
verifies the U-value of the door is much higherthan the U-value of wall. The

door should be replaced in the future because of its poor thermal performance.
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Figure 5.23 The thermographic image photo of window

Figure 5.23 above shows that heat transfer through the VG-Cavity 3L is a little
higherthan the wall. The U-value of the VG-Cavity 3L is about 0.42 W/(m?K),
which is a little higherthan the U-value of the wall. However, the heat loss
arounddoor frames indicatesthat the main heattransfer approach is apparently
through the window frame. Figure 5.23 highlights the importance of material
selection as the heat transfer is apparently through the window frame. On the
edge of the VG-Cavity 3L, there is a bright rectangle. The rectangle is the
thermal bridge between inside and outside. It requires extra sealing material to
reduce heat transfer and air infiltration. Overall, the performance of VG-Cavity

3L window is satisfactory
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Figure 5.24 Thermographic image of the junctions between the wall and floor
The interior wall and floor are clearly visible here. However, there is no obvious
sign of thermal bridging in Figure 5.24. The insulation performance of the wall
panel is performing well. There is no significantheatloss in the joints between
floors and walls. This may be due to the accurate prefabricated building

component.

Figure 5.25 Thermographic image of the joint between wall and roof
Figure 5.25 is taken from interior space. The temperature difference between
the wallandroof is about6°C. Based on the design,the U-value of the expected
roof is about 0.87 W/(m2K). The temperature distribution suggests that the

insulation performance of the roof material is much poorer than wall panels.
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Furthermore, after an interview with the constructor, the actual U-value of the
roof is 1.5 W/(m2K), almost two times over the designed roof. The roof of Eco-

house needs retrofits on the thermal performance in the future.

Based on the above statements, it can be summarized that the locations of

thermal bridging in the Eco-house include:

® Roofandthe junctions between the roof and wall
® Exterior door and junctions between door and ambient wall

® Around low-quality sealed windows and doors

Monitoring the temperature distribution of Eco-house for the long-term

Whether a given building or system is working in the energy-efficient phase
depends on the different applications, climate, or other influencing factors.
Thus, a long-term monitoring is necessary for the Eco-house. Once the on-site
investigation finished, the Eco-house was still monitored over an extended
period of time and the results were emailed to the UK for analysis every single
month. The long-term testing was monitored from April 2018 to September
2018. From the end of September, the Eco-house began its first phase retrofit,

which is not suitable for the long-term monitor.
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As Figure 5.26 shows, the central monitor system is the DataTaker web, and
the testing device is the DataTaker DT 80 serious data logger. During the
monitor period, the data logger would collect the data every 10 minutes every
day. The data logger collects the data from the sensor and provides the
graphical for monitoring. However, there are several small construction
activities duringthe period. The behaviourof workers would have some impacts
on results. Andthey also reported that they would cutthe power supply for the
DataTaker for 1 or 2 days. Thus, there would be some flaws in monitoring the
results. The monitor system includedthe 27-thermocouplesplacedin 9 different
places in the Eco-house and 1 pyranometer placed on the southern wall. Two
of the thermocouples are for ambient temperature. The other thermocouples

are for the investigation in interior rooms.

®
Thermocouple Thermocouple T
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Thermocouple

Figure 5.26 The schematic of positions of sensors
For convenience, every room hasbeen labelled in Eco-house,the LivingRoom,

Bedroom 1, and Bedroom 2. Bedroom 1 is the bedroom in the southeast part,
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and Bedroom 2 is the room facing north. The monitoring started from 18™, April
2018 to September 2018. As for Figure 5.27, the grey line demonstrates the
changesof external temperature. The temperature of the Livingroomis the blue
line. The yellow line and the orange line are for Bedroom 1 and Bedroom 2,

respectively.
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Figure 5.27 The temperature distribution for April to mid of May
Maximum and minimum external temperature in Figure 5.27 is 38.88°C and
17.11°C, respectively. The difference between the maximum and minimum
external temperature values is about 21°C. On the contrary, the difference
between the maximum and minimum of Bedroom 1 temperature is just about
6°C. The distribution of the external temperature is almost 4 times more than
the distribution of internal temperature, which shows the Eco-house can
maintain the interior temperature almost regardless of the change of external

temperature.
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Figure 5.28 showsthe distribution of temperature in June. There are still several
obvious characters. On the twelfth day of June, the external temperature
reached the highest, 39.65°C. At the same time, the interior temperatures of all
rooms are below 30°C. Furthermore, the orange line is almost overlapping the

red line. Thetemperature of bedroom 1 is similarto the temperature of Bedroom

2.
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Figure 5.28 The temperature distribution for June
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In July, the average external temperature is higherthanin June.As Figure 5.29
shows, the average interior temperature of Livingroomis higherthan the other
rooms. The distribution of the Livingroom is around 11°C. The distribution of
externaltemperature is about18°C, which isjust 1.5 times than the temperature
of livingroom. And the distribution of Bedroom 2 is similar. From July, a new
occupant began to settle in the Eco-house. Based on the interview with the
occupantthere, the windows ofthe Livingroomand Bedroom 2 are alwaysopen
for ventilation,which can causethelarger distribution of temperature than June.
As for Bedroom 1, the distribution is just 4-5°C, which is still a quarter of the
distribution to external temperature. Based on the above monitor results,

occupancy behaviours would have greatimpacts on the interior temperature.
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Figure 5.29 The temperature distribution of July
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Figure 5.30 showsthe temperature distribution in August. The average external
temperature in August is the highest, about 35°C. The highest temperature
reached was about 45°C, which is 20°C higher than the common thermal
comfort range. But the interior temperature is much lower than the external
temperature. The new applied portable air conditioningin August2018 would
be the reason. The temperature of Bedroom 1 is frequently below the external
temperature, followed by Livingroomand Bedroom 2. Accordingto the interview

with the project partner, they arranged the two Bedrooms for occupants. The

occupants always turned on the portable air conditioning during the daytime.
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Figure 5.30 The temperature distribution of August
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As shown in Figure 5.31, the external temperature in September is much lower
than in August. The occupants only turned on the air-conditioning in Bedroom
2 several times at the start of September. The temperature of Bedroom 1 and
Livingroomis from 23 °C to 30 °C, almost 10 °C lowerthan the highest extemal
temperature at the same time. The highestinteriortemperature from 25t to 28

could be as low as the lowest external temperature.
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Figure 5.31 The temperature distribution of September
The long-term monitoring covered the period from April to September 2018.
During the period of the hottest climate, the highestinterior temperature is also
over 30°C. The installation of air conditioning could help to reduce the interior

temperature butincreases the energy bills.
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The retrofit advice

This section presents several retrofit recommendations based on the testing
results above. The retrofit improvements are predicted to be undertaken in two
main phasesbetween 2019 to the end of 2021. As Table 5.11 shows, the retrofit
plan includes several upgrades to both building fabric and integrated systems.
With the progress of retrofit on Eco-house, the building would be more airtight.
Thus, installing several more novel heat recovery ventilators above the
windows becomes necessary for the occupants. However, the retrofit would be
delayed because of Coronavirusin Wuhan in 2020. The end date of Phase 2

would be the end of 2021.

Table 5.11 The retrofit plan on Eco-house

Building component or Achieved (April Phase 1 (2019-midof  Phase 2 (2020-end of
system 2018) 2020) 2021)
External Wall U-value: No change No change

0.278 W/(m?K)

Roof U-value: No change Retrofit the roof;
1.5 W/(m?3K) expected U-value
0.87 W/(m?3K)
Windows U-value: No change No change
0.42 W/(m?2K)

Triple VG-Cavity 3L

Doors U-value: U-value: 2 W/(m?3K) No change
3.46 W/(m?3K) Hollow core wooden
door
Ventilation Strategy Natural ventilation Novel Windows Heat Installed Air
recovery ventilator and Conditioner
natural ventilation (KFR-35GW)
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Airtightness

Improvement Work

0.68/h @ 50 Pa

Sealing material is
placed covering the
edges of window and

doorframes

Tape and sealing
material coving the
junctions,
Expectedto 0.6/h @

50 Pa

Photovoltaic

Inactivated 1 kW

Applicated 1 kW

Install extra 2 kW PV

Photovoltaic Panel Photovoltaic Panel on Panel
on roof roof
District Sewage No No Install a Small-scale
Treatment Sewage Treatment
Tank

The previous study demonstrates that the air permeability of the Eco-house is
about 0.68 /h @ 50 Pa. Following each phase of retrofit work, the airtightness
test was conducted to assess the airtightness improvement. As the thesis
submitting date is before the end of phase 1, the test of phase 1 justrepresents
some of the achieved retrofit at that moment. The resulttested on 05/May/2019

reduced leakage from 0.68 /h @ 50 Pato 0.61 /h @ 50 Pa. The measured U-

value of the new exterior door is about 2 W/(m?2K).

The Eco-house used to have a portable air conditioner and electric heater for
workers during construction period. After construction finished, the portable air
conditioner has been removed from Eco-house. According to the retrofitting
plans from the project partner, a new sponsored air conditioner would be
installed in Eco-house before the end of 2021. The model number of air
conditioner might be KFR-35GW. The model is rated in level 1 with a cooling
capacity of 3500 W and heating capacity 4500 W. (National Energy

Fundamentals and Management Standardization Technical Committee, 2010)
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stated the energy level for air conditionerin China. Table 5.12 summarized the
Cooling Coefficient of Performance-COP for various level. The COP for an air
conditioner is defined as the ratio of the heat/cool output to the power input
whilstthe system is in operation. Thus, the cooling COP of new installed air

conditioneris about 3.6 and the heating COP is about4.6.

Table 5.12 Air conditioning energy saving level (National Energy Fundamentals and
Management Standardization Technical Committee, 2010)

Energy Saving level
Rated cooling capacity

1 2 3
Rated cooling capacity
3.6 3.4 3.2
<4500 Watts
4500 Watts < Rated
cooling capacity <7 100 35 33 31
Watts
7 100 Watts < Rated
cooling capacity <14 3.4 3.2 3.0

000 Watts

5.5.Computer simulation of the Eco-house

Because of the passion for low carbon buildings, architects begin to consider
the thermal processes of buildings at the beginning of the design process.
Building simulation software can use computer software to calculate thermal
processes in a 3D digital model. Researchers have tried different software to
simulate the total energy consumption. Dynamic parameters of the model are
needed, including the weather details, occupancy time and so on. Thermal
simulations of buildings are complex and become necessary during the design
process especially for sustainable building. The simulations can help to verify if

the house can meet the energy-saving targets.

140



Simulation target statement

This section presents the result of a simulation for the Eco-house using

Autodesk Revit modelling software assisted by Ecotect. The Autodesk Revit

platform could provide the simulation result based on the 3D model in software.

Several high-performance building components have been utilized in Eco-
house. This section provides the simulation results of the Eco-house. The main
aimis to find outthe heating and cooling loads for the Eco-house. This section
introduces a reference building parameter to investigate the energy saving
potential of new build Eco-house in Wuhan. According to the evaluation in
China, (Lu Meijun, Wang Guixiu and Fan Yi, 2009) states the common thermal

properties of a house in arural area of central China, as Table 5.13 shows.

Table 5.13 The summary of the thermal parameters and structure of ‘refence house’

Building component or system Thermal Performance and Structure

External Wall U-value: 2 W/(m?K)

20 mm mortar +240 mm Brick + 20 mm mortar

Roof U-value: 3.6 W/(m?K)

20 mm mortar+180 mm CementPanel+20 mm mortar

Windows U-value: 6.4 W/(m’K)
Single Glazing
Doors U-value: 3.68 W/(m°K)

Common Timberdoor

Ventilation Strategy Natural ventilation
Airtightness 1.42/h @ 50 Pa
Photovoltaic No

Heating or Cooling Method Air Conditioning
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The simulation software selection

The author had some experience with the Autodesk Ecotect. Furthermore, the
model of the Eco-houseis finished in the Autodesk Revit. Both of the above
software is developed by the Autodesk company. The 3D model file from Revit-
gbXML can be opened by the Ecotect as well withoutany file transfer, which
can avoid unknown building information loss during file transfer. In order to use
the thermal simulation software properly, a good understanding of the factors
which will affectthe energy saving performance is needed so as to ensure the
results could be appreciated. The currentsimulation results largely depend on
the parameter inputs. Thus, the previous on-site testing should be carefully

undertaken.

Zones setting

The main parameter settings in Ecotect include annual calendar, local weather,
zoningof houses, construction materials, and operation schedules.Figure 5.32

presents the 3D model of the Eco-House in Revit.

T T ————— & s mn

Figure 5.32 The 3D model in Revit
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The zone is defined as the basic unitfor building simulation. The simulation
result can be represented by differentzones. Figure 5.33 and Table 5.14 below
showsthe Eco-house zone setting. With differentpurposes of rooms, the whole

house can be divided into Bedroom 1, Bedroom 2, Toilet, Storeroom and

Livingroom.

Heating and Cocling Loads 7 X
~ General Detais
Building Type Dormitory
Location Wuhan, China
i 1
A
3048
ciope Use Function Parameter
Building Service Split System(s) with hech
Building Construction Building>
Building Infiltration ClassNane
Report Type Standard
Use Load Credits 0
e
< >
(= Calcuate_| [Save Settings| | Cancel

Figure 5.33 The zones of Eco-house in Revit

Table 5.14 The summary of size for different zones

Space Name Area (m2) Volume (m3)
Livingroom 32 1275
Bedroom 1 11 41
Bedroom 2 11 41

Toilet 3 11
Storeroom 2 7
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The measured parameter of the building for simulation

Heat loss through the building fabric, especially through fenestrations, takes a

substantial proportion of the total heat loss. Materials with higher thermal

resistance will significantly reduce unexpected heattransfer through the fabric.

The thermal parameters of the Eco-Wuhan House and ‘reference house’ are

listed in Table 5.15.

Table 5.15 The summary of the parameters for Eco-house and ‘reference house’

Building ‘Reference house’ Current House (April After Retrofit in 2021
component 2018)
or system
External Wall 2 W/(m?K) 0.278 W/(m?K) 0.278 W/(m?K)
Roof 3.6 Wi(m%K) 1.5 WI(m?K) 0.87 W/(m?K)
Windows 6.4 W/(m’K) 0.42 WI(m’K) 0.42 W/(m’K)
Doors 3.68 W/(m?K) 3.46 W/(m?K) 2 WI(m’K)
Ventilation Natural ventilation Natural ventilation Novel Windows Heat
Strategy recovery ventilator

Airtightness

Level

1.42/h @ 50Pa

0.68/h @ 50Pa

0.61/h @ 50Pa

Photovoltaic

No

No

3 kW PV Panels

The calendar setting

The calendar setting is an important parameter in building energy simulation.
The calendar setting would help to define the occupant’s behaviours. As the
weather condition varies throughout the year, the occupants would have
different behaviours at different times. The behaviours would have great

impacts on the internal heatgains. The occupants would notspend alongtime
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in houses during weekdays. During the weekend, the occupants would spend
a longertime at home for entertainment. The heating and cooling systemin the
house would be controlled to switch on when occupied. The calendar setting

for weekdays and weekends has been listed in Appendix 4.

Table 5.16 provides the expected daily energy consumption of appliances.

Table 5.16 The expected daily energy consumption of appliances

Appliances Status Power (kW) Frequency Daily Energy Consumption
(kWh)
Kettle Per 1.5L 3 4 times/Day 0.6
Cooker When on 0.79 30 mins/Day 0.4
Fridge When on 0.8 31 mins/Day 0.4
Microwave Oven Per hour 0.03 All Day 0.62
Total 2.02
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Simulation results analysis and discussion

Temperature Distribution
Hours

960
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240
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Figure 5.34 The distribution of interior and exterior temperature

N
!
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Bedroom

Figure 5.34 above presents the comparison between the external and intemal

temperature distribution. The outside temperature is around 6°C during winter

and 28°C during summer. (Ministry of Housing and Urban-Rural Development

in China, 2015) required that the interior temperature should be about20-26°C

for the ultra-low energy house. The distribution of interior temperature is much

smaller compared with outside temperature due to the high thermal

performance of building components.
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Figure 5.35 and Figure 5.36 shows the average heat loss and heat gains
through building fabric for every month at 0:00 and 12:00, respectively. It is
noticed that the heat loss during the night-time is much more than in the

daytime. The heat gains during the daytime are much more than during the
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Month

m Reference house  mCurrenthouse  m After retrofit

Figure 5.35 The average fabric gains for various months at 0 am
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Figure 5.36 The average fabric gains for various months at 12 pm
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night-time. The fabric heat transfer of the ‘After retrofit house is the least
because of the high thermal insulation of building components. The heat
transfer through the fabric of ‘reference house’ is four times over the current
house. After all the retrofit plans are finished, the fabric gains would decrease

greatly, just about 15% of the fabric gains of ‘reference house’.
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Figure 5.37 The heating loads for three cases
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Figure 5.38 The cooling loads for three cases
As seen from Figure 5.37, Figure 5.38, and Table 5.17, the ‘currenthouse’ can
archive about 19 kWh/m? and 14 kWh/m? for heating and cooling load,
respectively. Compared with the ‘reference house’ parameters, the thermal
performance of the currenthouse is much better. However, it cannot satisfy the
requirement of the Passivhaus Standard, for which the annual heating or

cooling loads per square meter should be less than 15 kWh/m?2. According to
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the simulation results, the expected heating and cooling loads are 12 kWh/m?

and 7 kWh/m2, respectively, when the retrofit is finished in the future.

Table 5.17 The annual space cooling/heating of three cases

Referencehouse Current house After retrofit
Total heating energy (Wh) 2,234,505 1,103,397 688,248
Space heating (kWh/m?) 39 19 12
Total cooling energy (Wh) 1,547,132 809,558.2 405,507.3
Space cooling (kWh/m?) 27 14 7

It should be noticed that there is only an electric heater and no cooling device
in Eco-house currently. The energy efficiency of the cooling and heating device
is set at 100% in computer simulation. The simulated results on cooling or
heating energy are not the actual energy consumption for cooling or heating
device. Based on the retrofitting plans mentioned in Section 5.4, there would
be an air conditionerto install in Eco-house in end of 2021. If considering the
COP of the air conditioner, the energy consumption for heating and cooling
would be much lower. The calculated energy consumption on heatingis 149

kwh. And the energy consumption on coolingis 110 kwh.

Life cycle assessment-LCA

Several models and systems for assessing environment impacts of buildings
have been proposed in recentdecades. As an effective tool, LCA is widelyused
in evaluating the environmental impacts of building construction. Life Cycle
Assessment (LCA) was first proposed by the United States in 1960s. It is to
quantify the impact of a specific product on the environmentand find out the
approaches for reducing the negative impact (Carroll, 2006). The evaluation

includes the entire life cycle of the building, from processing of raw materials,
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construction, operation, demolition, as well as all transportation processes
involved. The activities of a building lifecycle and the relationship between the
construction stage were described in Figure 5.39. LCA-based systems are
based on quantitative data from life cycle database of materials or energy
consumption. The BIM platform enjoys advantages over conventional design
methods. It can calculate the carbon emission of material and energy

consumption for specific houses.

| | | |
! Construction I Operation 'Demolition!

IMatenalemgI—] Material Processing II I onstruct J {Operation I—| Removed

Froed Feasibllty L1 pesign|—{ Bidding L
Proposal Study :
|

Figure 5.39 The Lifecycle of building

As for ‘current house’ case, well insulated building envelope and several low-
carbon devices are applied, and carbon emission for construction accounts for
20% of the total carbon emission. On the contrary, the carbon emission of
construction in ‘reference house’ just account for about 7% of total carbon
emission. Comparing with ‘reference house’ case, the value of ‘currenthouse’
case in the initial stage of constructionisnotmuch higherthan thatof ‘reference
house’ case, but the carbon emission of operation is significantly reduced. The
fenestration system requires to be replaced after 30 years later. The
replacement of building components in ‘current house’ would result in more
carbon emission than in ‘reference house’. In the final stage, the metal frame

of ‘currenthouse’ isworth to be recycled during demolition.
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Figure 5.40 Carbon emission per square metre under various parameters
The ‘After retrofit’ case applied 3kW photovoltaic panels. Because photovoltaic
panels have very high carbon emission value, the carbon emission in the initial
construction stage is over two times than that of ‘reference house’ case as
shown in Figure 5.40. The calculation assumes thatthe life of the photovoltaic
panel is 20 years. And PV panelsrequire to replaced two times during whole
60 years operation phase. Therefore, the carbon emission value of ‘After
retrofit’ in the stage of construction and replacementis relatively high.However,
the recycling of PV panelin the final stage can compensate part of the carbon
emission. The ‘After retrofit’ case enjoys more potential on reduction of carbon

emission through solar power generation.

It is worth mentioning that there were several limits on current simulation.
Firstly, the simulation just covers some of the building components, excluding
the decoration, water consumption and otheritems. In additions, the database
is totally different in various regions. Furthermore, the simulation cannot

considerthe environmental impacts from the factory manufacture. Allthe above
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factors would have a great impact on the actual carbon emissions of the Eco-
house. Thus, the above assessment can only provide empirical evidence on

the carbon emissions of various cases.

5.6. The construction experience of Eco-housein Wuhan

Before the start of this project, the project partner plannedto construct the Eco-
house in half ayear and satisfy all requirements. From mid-2017 to now, more
than 2 years later, the house is still under construction. It is worth addressing

the issues causing the progress delay and unexpected performance.

The main issue was that the house project was never pursued to detail design.
Before the project started, the Building Information Model (BIM) platform had
been selected to let every stakeholder participate in every stage of the project.
However, the BIM platform is not widely used in China, especially for budget
building. The platformis too novelto consolidate the process of integration. The
designer, construction companies and other partners have limited experience
of the BIM platform. Thus, at the beginning of the project, learning and using
the BIM platform took too much attention and time. Because of the limited
knowledge of the BIM platform, the design process would not refine all the

details of Eco-house. BIM platform is always the main barrier to communication.

The Eco-house is regarded as an example of a rural house in China. The
construction company did not have too much experience on low-carbon
prefabricated house. The benefits of prefabrication are mitigated. Many

decisions were made on site by the site manager rather than communicating
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with the UK part. This action not only increased capital costs, but also led to

several flaws between components and technologies.

The poor-quality assembling is another issue that led to another problem, air
infiltration. Air leakage accounts for 20% of heatloss. However, the air leakage
identification needs extra time and labour cost. In addition, the retrofits on the
air leakage are complicated for the construction company without more
professional staff. The investor of Eco-house would not be eager to pay extra
money for such a small and invisible flaw, as the air leakage is not directly
visible to users. Thus, there would be not enough attention paid to project

details.

In summary, the time spenton the detailed design and contacting can promise
the basic performance of Eco-house. The construction company and project
partners accumulated a lot of experience on sustainable buildings. From this
house, there remain substantial concept and knowledge differences between
different stakeholders. Fortunately, all the stakeholders are willing to learn new
things from this project. As for future development, the construction industry

should concentrate on the link between designers and construction teams.

5.7.Limitations

The main limitation of the research on Eco-house is its short duration. The
current long-term monitoring just covers the period from April to September
without wintertime. Further monitoring work should be done to test the
performance of the Eco-house during winter. More thermocouples should be

introduced into the interior space. Introducing other sensors such as an

154



anemometer and pyranometer would help to increase the accuracy of

monitoring in the Eco-house.

The time taken for experimental testing and the number of trips to Wuhan were
both limited. From 2017-2019, | wentto Wuhan 5times for testing during British
holidays. The duration of testing in Wuhan is less than 40 days. There were
limited opportunitiesto perform tests and investigations. Because of insufficient
communication, the process of construction was delayed. And in the context of
COVID-19, the construction plan has been delayed and postponed. Thus, the
construction of the Eco-house has not been finished before the date of thesis
submission. The actual energy-saving performance of Eco-house hasnotbeen
tested. In addition, the Eco-house s still under construction. The total cost of

the Eco-house has notbeen summarized.

5.8.Conclusion

The Eco-housewasdesignedas an example buildingforthe Chineserural area
in Wuhan. Several innovative technologies are applied to achieve a reduction
in energy consumption. The house utilizes several passive and active design

features for a better interior comfort environment.

Most on-site data were collected in April 2018. The analysis covers the thermal
parameter tests on most of the building components. The results reveal that
most building components can satisfy the initial aims and have relatively good
insulation performances. And some of the building components require further

retrofit in the future. From long-term testing, the interior temperature above
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30°C occurs for less than 20% of the time during the summer. In addition, due

to the retrofit operation in the future, the air infiltration would reduce greatly.

According to the simulation results, the ‘current house’ can achieve about 19
kWh/m? and 14kWh/m? for heating and cooling loads, respectively. Compared
with the ‘reference house’, the performance of the currenthouse ismuch better.

The retrofit plan is essential to reduce the energy consumption of the Eco-

house in Wuhan.
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6. Conclusionsand future work

6.1.Conclusions

This research is to investigate the potential energy-saving capability of low-
carbon technologies and Eco-house. In the first half of the thesis, the contents
are about the statements of prefabricated components separately. The
prototype includes the novel window heat recovery ventilator system, and
photovoltaic vacuum glazing. Through the investigations, the thermal
performance of the prototypes has been presented. In the other half of the
thesis, the contents are about the design and construction process of the Eco-
house in Wuhan. Reasonable design and construction process of the Eco-
house are presented. The last section isto analyse the thermal performance of

the Eco-house to identify the energy saving potential of prefabricated house.

Unlike conventional heatrecovery ventilator systems, the novel WHRYV system
enjoys advantages as following: easy manufacturing, convenient maintenance,
and no cross contamination. Through experimental investigation, when the air
velocities ranged from 1.24 to 2.45 m/s, the effectiveness of unitranged from
43% to 59%. Furthermore, this unitis a compact and light device which can

achieve low level in noise and could be prefabricated into a window frame.

Introducing the energy efficient window is crucial to reducing energy
consumption and carbon emissions. The proposed PV VG-4L does not only
have much better thermal insulation performance than conventional glazing but

also has the ability to generate DC power. The U-value of the proposed glazing
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system is about0.58 W/(m?K). At average solar irradiance of 500 W/m?, the PV

VG-4L can generate electricity at a level of 12 W/m?2.

Sustainable buildings are capable of meeting even the most stringentdemands
for aesthetics and architecture. Eco-house considers the sustainable design to
construct and operate a building with as much as natural resources. The
detailed consideration and preparation are necessary before on-site
construction. The passive strategies should be considered in order to use
minimum numbers of active devices. Furthermore, the monitoring devices
installed in Eco-houses would be another future-oriented opportunity for the
Chinese building industry. On-site analysis data was tested in April 2018. The
analysis covers the thermal parameter tests on most of the building
components. The results reveal that most building components of Eco-house
can satisfy the initialaims and have good performance. But some of the building
components require further retrofit in the future. According to the simulation
results, the ‘current house’ can achieve about 19 kWh/m? and 14 kWh/m? for
heating and cooling loads, respectively. After the retrofit, the Eco-house can
satisfy the requirements of Passivhaus Standards. The retrofit plan is essential

to reduce the energy consumption of the Eco-house in the future.

The analysis of the data obtained from overall tests for the Eco-house has
become evidence thatenvironmental factors and quality of construction have a
great impact on energy-saving performances. The components of the Eco-
house in Wuhan have better thermal performances than conventional houses
in suburban areas. From long-term testing, interior temperatures above 30 °C

occurs less than 20% of the time during summer. The thermographic images
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verified some of the assumptions from the earlier tests. The lack of accuracy
and workmanship is demonstrated by the obvious thermal bridge. The

responses from this project show the pressure for greater expertise in the

manufacture and construction of sustainable buildings.

6.2.Future work

The thesis has discussed several prefabricated low-carbon prototypes. Due to
time constraints, there are a number of outlooks for future work to resolve the

limitations of this study, including:

® The current long-term monitoring just covers the period from April to
September withoutwintertime. Further monitoring work should be done
to test the performance of the Eco-house during winter. More
thermocouples should be introduced into the interior space.

® The Eco-house in Wuhan has not been occupied. It is quite difficultto
evaluate the impacts from occupants. In the future, the research should
introduce various tenants from different backgrounds. Through
comparison, the resultwould be usefulin assessing the impacts of living
habits on building energy consumption.

® A smart home refers to a house equipped with smart technology
designed to provide users with tailor-made services. Smart technologies
make it possible to monitor, control and support residents, thereby
improving the quality of life and promoting independent living. The
building intelligent control systems can help occupants to control and

manage the buildings to provide satisfying environments and energy-
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saving patterns. Because the building intelligent control systems are
interactive and autonomous, they are considered to be a key element to
improve the coordination of zero emission building-ZEB operations and
ultimately affect the overall building performance and integration. In the
future, there would be several attempts in Eco-house to integrate the
building intelligent control system to control the components of a house.
The sources of data are just from the Eco-housein Wuhan. Extensive

investigations are required on more sustainable buildings in China,

including flats, plazas and so on.
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APPENDIX

Appendix 1

Thermocouple 0°C 100 °C
1 0.1 100.0
2 0.1 99.8
3 0.0 100.2
4 0.2 100.4
5 0.1 100.2
6 0.1 99.9
7 0.0 99.6
8 0.2 100.3
9 0.1 100.1
10 -0.1 100.3
11 0.0 99.8
12 0.1 100.1
13 0.2 100.1
14 0.0 100.1
15 -0.1 100.3
16 0.2 99.6
17 0.1 99.9
18 0.2 100.1
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Appendix 2

Component Equipment Used Accuracy
Datalogger DataTaker DT 85 with K-type +1.5°C
thermocouples
Thermostat Timeguard ETO5 Plug-In Electronic Temperature Range Control 0°C to
Thermostat 35°C
Electric Pinyi Electrical consumption and bill -3.5% to +2.5%

consumption metre

metre

Fan heater

2kW fan Heater

Weather Station

Oregon Scientific -Pro Weather

Station WMR200

<15 mm/hr:+/-1 mm 15

mm to 9999 mm: +/-7%

Pyranometer

Sensor

Kipp & Zonen SMP3 Pyranometer

177

Zero offset A: < 15 W/m?2

Zero offsetB: < 5 W/m?2
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Appendix 4

The calendar setting for weekdays (1-occupied; O-unoccupied)
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The calendar setting for weekends (1-occupied; 0-unoccupied)
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