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ABSTRACT

The utilisation of renewable energy resources for electricity and thermal generation is
extremely important in Ireland due to the lack of indigenous fossil fuel resources and
the high dependence on imported fossil fuels. The release of environmentally-damaging
greenhouse gases in the combustion of fossil fuels in electricity and thermal generation
is also a major issue. In Ireland, the domestic dwelling is recognised as one of the
biggest energy consumers. The use of renewable energy technologies to provide
electricity, heating and hotwater can effectively offset the usage of fossil fuels.

The aim of this research study was to develop a novel technique for the optimised
integration of grid-connected renewable energy systems to satisfy the entire energy
demand in a domestic dwelling. The development of the technique was carried out in a
series of logical stages. In the first stage, a sub-technique for the optimised integration
of grid-connected micro-renewable electricity generation systems was developed. In this
sub-technique a detailed and accurate economic analysis of the investigated systems is
performed. Net present value is the metric employed in the economic analysis and the
system which achieves the highest net present value is deemed the optimal system.
High-resolution measured electrical load data and a user-specified renewable energy
requirement are employed in this sub-technique. The renewable energy requirement is
the percentage of the household electricity demand that must be satisfied by the on-site
grid-connected micro-renewable electricity generation system. In the second stage, a
sub-technique for the optimised integration of grid-connected micro-renewable thermal
generation systems was developed. In this sub-technique, following the completion of
the life cycle cost (economic) analysis of the investigated systems, the system which
achieves the lowest life cycle cost is deemed the optimal system. High-resolution
measured thermal load data is utilised in this sub-technique. Finally, in the third stage,
the overall integration technique was then developed by amalgamating these two sub-

techniques. Life cycle cost analysis is again used to determine the optimal system.

In order to demonstrate their application, the two sub-techniques and overall technique
were deployed with Irish conditions. The investigated systems were formed from
commercially-available products; the products selected for this study were six micro
wind turbines, three solar PV modules, three air source heat pumps and three solar

thermal collectors. When the sub-technique for the optimised integration of grid-



connected micro renewable electricity generation systems was deployed under current
Irish conditions, the optimal system, which meets the 50% renewable energy
requirement, was a single micro wind turbine having a capacity of 2.4 kW. However,
this optimal system is not economically viable as its net present value is negative. When
the sub-technique for the optimised integration of grid-connected micro renewable
thermal generation systems was deployed, the optimal system was a single air source
heat pump having a thermal capacity of 14 kW. This optimal system is economically
viable in comparison with an oil boiler system or an electrical heating system; however
it is not economically viable compared with a gas boiler system. Finally, when the
overall integration technique was deployed, the optimal system was a combination of an
air source heat pump having a thermal capacity of 14 kW and grid supplied electricity;
however this system is not economically viable in comparison with an economically-
best-performing conventional combination of grid supplied electricity and a gas boiler
system. The influence of several parameters on the economic performance of the
investigated systems was also studied with the developed sub-techniques and overall
technique.

Due to the wide range of micro-renewable energy generation systems available on the
market and the broad range of existing capacities, the developed integration technique is
extremely useful for performing an accurate economic analysis and determining a

system that is most suitable for a domestic dwelling.
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NOMENCLATURE

Greek symbols

a(t)

Vs
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Temperature coefficient of power, Effect of unpredictable perturbations

in the radiation attenuators
A first-order regression model

Solar absorptance of the PV array, Slope of the surface, Gaussian

random variables
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Gamma function

Diurnal pattern strength, Solar declination angle

Standard deviation of the daily temperature about the monthly-average

daily ambient temperature

Standard deviation of the daily-maximum temperature about the
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Standard deviation of the monthly-average temperature about the yearly-

average values

Number of hours goes into the time period

Time step

PV module efficiency under standard test conditions
Angle of incidence

Solar zenith angle

A function of daily clearness index kgq

Ground reflectance

Noise variance

Vi
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Standard deviation of uncorrelated random component

Solar transmittance of any cover over the PV array

Incidence angle modifier

Incidence angle modifier for beam radiation

Incidence angle modifier for sky diffuse radiation

Incidence angle modifier for ground-reflected diffuse radiation

Product of the cover transmittance and the absorber absorptance at the

normal incidence

Hour of peak windspeed, Latitude, Coefficient
First-order autoregressive parameter

Gaussian random variable

Value of y on day n

Angular displacement of the sun
Sunset hour angle

Hour angle at the beginning of the hour

Hour angle at the end of the hour

Non-Greek Symbols

C ave

erf

f(t)

Autoregressive parameter

Weibull scale parameter

Average value of c over the time step
Error function

Modulating factor, Annual inflation rate

Random number drawn from a normal distribution having a mean of zero

and a standard deviation of one

Unknown monthly transformation function
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f(v) Probability density function of a Weibull distribution
glx] Gaussian probability density function of

i Real interest rate

k Weibull k factor

Kq Daily clearness index

Kai Lower bound of the range for kq

Kau Upper bound of the range for kg

K Hourly clearness index

Knbm Beam trend component

Khm Mean hourly clearness index

Km Monthly clearness index

Km,ave Monthly average clearness index

m Mass flow rate of fluid through the solar collector
Mg Mass flow rate of fluid under standard test conditions
n Mean day of the month, Number of hour in a year

r Autocorrelation factor

It Ratio of hourly global solar radiation on a horizontal surface to daily

global solar radiation on a horizontal surface

r Coefficient of determination

t Time

u Cumulative probability of

u Mean of a random variable (u) within the range of between 0 and 1

c, Standard deviation of a random variable (u) within the range of between
Oand 1

% Cumulative probability of kg

Vi Wind speed at time step i
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v Average wind speed value

zZ Yearly-average wind speed value

Zi Hour i value

Zi+1 Value for the subsequent hour i+1

Z; Hour t value

Zt1 Value for the previous hour t-1

A Total aperture area of a solar collector array, Peak-to-peak amplitude of
the monthly-average diurnal variation of the ambient temperature

A Anisotropy index

B Amplitude for the particular portion of the day

C Entire capital cost, Capacitance of the solar thermal collector

Co Specific heat of fluid

Co et Specific heat of fluid under standard test conditions

CG Capital grant

F Solar collector fin efficiency factor

F[Kq, Ed] Cumulative distribution function of kq

Flo:kqg] Cumulative probability of a

R, Cumulative distribution function of kj

Fov Derating factor

Fr Heat removal factor

Fr*(ta)n Intercept efficiency

Fr*UL First order efficiency (heat loss) coefficient

Fr*Uur Second order efficiency (heat loss) coefficient

F(v) Cumulative distribution function of a Weibull distribution

Gsc Solar constant

Gt Solar radiation incident on the PV modules in the current hour
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GinocT Solar radiation at which the NOCT is defined

Gistc Incident radiation at standard test conditions

H Hub height of the wind turbine

Have Monthly-average daily solar radiation on a horizontal surface

Ho.ave Monthly-average daily extraterrestrial solar radiation

Ho Monthly-average daily extraterrestrial solar radiation on a horizontal

surface, Anemometer height

I Total solar radiation on a horizontal surface

Iy Beam solar radiation on a horizontal surface

lot Beam solar radiation on a tilted surface collector

lg Diffuse solar radiation on a horizontal surface

It Diffuse solar radiation on a tilted surface

lgr Ground reflected radiation on a tilted surface

lo Extraterrestrial solar radiation

It Total solar radiation on a tilted surface

IAM Ratio of the absorbed radiation at the current incidence angle to the

absorbed radiation at the normal incidence

N Number of days in the month, Number of power (energy) output for a
year
P Revenue generated

Plkq, K] Generalised probability density function of kg

R Replacement cost, Number of hours in the appropriate time period

Ry Ratio of beam solar radiation on a tilted surface to beam solar radiation

on a horizontal surface
S Savings made

SAL Salvage value
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Tm,max

Tave

TanocT
Te
TenocT
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Tin

To

TR

U

Ui

UL

Project lifespan, Temperature of the fluid in the collector at any point,

Fluid temperature

Ambient air temperature

Monthly-average daily ambient temperature
Monthly-average daily-maximum ambient temperature

Average temperature of a solar thermal collector, Median ambient

temperature for the particular portion of the day
Ambient temperature at which the NOCT is defined
PV cell temperature in the current hour

Nominal operating cell temperature

PV cell temperature under standard test conditions
Inlet temperature of a solar thermal collector

Outlet temperature of a solar thermal collector

Time of replacement occurring

Overall mean wind speed

Mean wind speed in hour i

Overall thermal loss coefficient of the solar collector per unit area
Wind speed at the height H

Wind speed at the height Ho

Mean of the hourly measured power (energy) outputs for a year

Hourly measured power (energy) output
Mean of the hourly predicted power (energy) outputs for a year
Hourly predicted power (energy) output

Peak power output

Surface roughness coefficient length
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Chapter 1

CHAPTER 1
INTRODUCTION

1.1. Background

The depletion of finite fossil fuel resources and the pollution of the environment are
major problems worldwide. The first problem has even bigger impacts on Ireland as it
has a very high dependency on imported fossil fuels. The use of fossil fuels accounted
for 93.6% of all energy used in 2011. Ireland is heavily dependent on imported fossil
fuels, oil and natural gas in particular. Imported oil and natural gas accounted for 79%
of primary energy supply, and Ireland’s overall import dependency was 88% in 2011
[1]. This extremely high imported-fuel dependency leaves Ireland very vulnerable to
supply security and price volatility in addition to the environmental concerns raised

through their consumption.

The increasing concentration level of greenhouse gases (GHGSs) is believed to be a
major cause of global warming. Carbon dioxide (CO,) is a key component in GHGs,
and burning fossil fuels to generate energy is one of the main sources of CO, emissions
in Ireland. Ireland had committed in the Kyoto Protocol which was an international
legally binding agreement to reduce GHG emissions. The target for Ireland was to limit
GHG emissions to 13% above 1990 levels for the period of 2008 to 2012. According to
the Environmental Protection Agency’s (EPA) published projections for GHG
emissions, Ireland had met its commitment under the Kyoto Protocol from 2009
onwards. However, the further reduction of CO, emission is required and targeted for

delivering a 20% reduction relative to 2005 level by 2020 [2].

1



Chapter 1

In contrast to Ireland’s lack of fossil fuels, it has significant of renewable energy
resources. Ireland has one of the best wind resources in Europe given its exposed
location, and its solar resources are similar to what Germany has, where solar
technology has been widely used. The biomass growth potential is also extremely high
compared with other European countries because of the special climate here.
Geothermal energy is also quite competitive in comparison with other European
countries. The potential of renewable resources in Ireland has not gone unnoticed. There
has been a significant increase in renewable energy generation in Ireland, mainly in
large scale wind generation however. Renewable energy generation has more than
tripled between 2003 and 2011, from 224 thousand toe (ktoe) to 782 ktoe in absolute
terms. The Irish government has set its specific targets for energy supply from
renewable resources and GHG emissions savings in the government white paper
(published in 2007) “Delivering a Sustainable Energy Future for Ireland” [3]. The
white paper projects energy consumption growth at a rate of 0.8% per annum from 2008
to 2020, although this is subject to change due to the economic recession. The
increasing energy demand has to be met through consuming less fossil fuels, mitigating
GHG emissions and through utilising renewable energy more extensively. The proposed
European Union (EU) target of total final consumption (TFC) from renewable energy
for Ireland in 2020 is 16%; however Ireland is currently aiming for 13%. The Irish
government has also set individual targets which renewable energy is targeted to
contribute to 33% of electricity consumption, 12% of thermal energy and 10% of non-
aviation transport energy. The 2020 target in gross electricity consumption to come

from renewable energy was extended to 40% in 2008.

Small-scale or micro-scale renewable energy generation have not yet made a major

impact in Ireland. The Irish government has been trying to develop this potential
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market. The direct renewable energy use decreased by 5.6% to 46 ktoe in the residential
sector in 2011, even with the help of the Sustainable Energy Authority of Ireland
(SEAI)’s Greener Homes Scheme implementation. The share of renewable energy use

in households was only 1.6% up to that year.

The implementation of revised building regulations also helped to effectively reduce
energy consumption in many new and existing houses. However, most domestic
dwellings are still totally dependent on external energy supply. The vast renewable
energy resources here are applicable and suitable for domestic dwellings. Local
generation avoids a significant energy transmission loss in grid supply. In terms of
electricity generation, only 35% of the energy input to power stations is delivered as
electricity to the householder [4]. Local generation can improve the security of energy
supply, minimise the impact of supply disruption and offset the impact of supply energy
price fluctuation. For remote areas which have no electricity grid or natural gas
connection, the micro-renewable energy generation system acts as a decentralised
supply capable of providing partially or entirely the energy required. Once the cost of
the installed renewable energy technology has been paid back, the householder can
benefit from several years of free energy supply until the end of lifespan of the
technology. This economic benefit for householders could be increased if the Irish
government’s carbon tax is added on. The use of micro renewable energy generation
system to generate electricity, heating and hotwater in the domestic applications is an

important part of renewable energy generation in Ireland.
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1.2. Research Aim

The aim of this research is to develop a novel but generally-applicable technique for the
optimised integration of grid-connected micro-renewable energy generation systems to

provide the entire electricity, heating and hotwater demand for a domestic dwelling.

The technique employs economic analysis and can be used for specific case-by-case
application depending on the weather conditions at the location of the domestic
dwelling and the energy usage of the dwelling. The technique can be applied in the
design of a new dwelling, but can also be used to improve the energy supply for an

existing dwelling.

The proposed integration technique could be adopted by national energy authorities and
energy research institutes, e.g. Sustainable Energy Authority of Ireland (SEAI), to
identify optimal system combinations for domestic dwellings under various different
scenarios, accounting for local weather conditions, household energy demands and the

availability of various different renewable energy technologies.

The optimal system, obtained by applying the proposed integration technique, provides
valuable information for the individual householder as it suggests the optimal micro-

renewable energy generation system solution on a case-by-case basis.

1.3. Research Objectives

The specific objectives of this research are:

1) To develop a sub-technique for the optimised integration of grid-connected

micro-renewable electricity generation systems.
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2) To develop a sub-technique for the optimised integration of grid-connected

micro-renewable thermal generation systems.

3) To develop an overall technique, through the combination of the two sub-
techniques, for the optimised integration of grid-connected micro-renewable

electricity and thermal generation systems.

4) To deploy the sub-techniques and overall technique to identify the optimal

systems for an Irish domestic dwelling.

1.4. Structure of the Thesis

The thesis is divided into seven chapters and four additional appendices. In Chapter 2,
the current energy situation in Ireland and the design of an energy efficient dwelling are
described. In Chapter 3, the existing literature is reviewed and similar studies are
demonstrated and explained. In Chapter 4, the details of the proposed integration sub-
technique for grid-connected micro-renewable electricity generation systems are
presented, and the results under current Irish conditions and with realistic parameter
variations are demonstrated. In Chapter 5, the details of the proposed integration sub-
technique for grid-connected micro-renewable thermal generation systems are
presented, and the outcomes under current Irish conditions and with realistic parameter
variations are given. In Chapter 6, the details of the proposed overall integration
technique for grid-connected micro-renewable energy generation systems are presented,
the results under current Irish conditions and with realistic parameter variations are
shown. In Chapter 7, the conclusions are drawn from the results presented, the
limitations of the proposed integration technique are then discussed and future work is

recommended. In Appendix A, a detailed description of generating statistically-
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reasonable hourly wind speed data from measured monthly wind speed data is given. In
Appendix B, a detailed description of generating hourly solar radiation values for a
tilted solar PV module from provided monthly solar radiation values is shown. In
Appendix C, a detailed description of generating hourly solar radiation values for a
tilted solar thermal collector from supplied monthly solar radiation values is presented.
In Appendix D, a detailed description of generating hourly ambient air temperature
values from provided monthly ambient air temperature values is given. Finally, in
Appendix E, a detailed description of the MATLAB model developed and the sample

codes is presented.

1.5.  Novelty and Contribution

The work presented in this thesis contributes to the body of knowledge in the optimised
integration of grid-connected micro-renewable energy generation area, and the novelty

of this work arises from the facts as follows:

e The two sub-techniques and the overall integration technique are generally-
applicable and robust to use for any location of interest.

e The integration technique is specifically designed to take into account the actual
(measured) domestic hourly electrical load and domestic hourly heating load.
This is different from other studies where artificial electrical and thermal load is
used for integration.

e A renewable energy requirement concept is developed and implemented in this
study in order to assure the percentage of the household electricity demand that
must be satisfied by the on-site grid-connected micro-renewable electricity
generation systems, and to eliminate systems that cannot meet this user-specified

requirement.
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e This is a very detailed and accurate economic analysis carried out for four of the
most commonly utilised micro-renewable energy generation systems in Ireland

to-date.

Due to the wide range of micro-renewable energy generation systems available on the
market and the broad range of existing capacity, the developed integration technique is
extremely useful for performing an accurate economic analysis and determining a

system that is most suitable for a domestic dwelling.

1.6. Publications

The work presented in this thesis has led to the publication of three directly related and
one relevant peer-reviewed journal papers in three international journals. Journal paper

titled as follows:

e Domestic application of micro wind turbines in Ireland: Investigation of their
economic viability was published in Renewable Energy in 2011.

e Domestic application of solar PV systems in lIreland: The reality of their
economic viability was published in Energy in 2012.

e Domestic integration of micro-renewable electricity generation in Ireland — the
current status and economic reality was published in Renewable Energy in
2014,

e Rainwater harvesting and greywater treatment systems for domestic application

in Ireland was published in Desalination in 2010.
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CHAPTER 2

ENERGY IN IRELAND AND THE
DESIGN OF AN ENERGY EFFICIENT
DOMESTIC DWELLING

2.1. Ireland’s Current Energy Consumption

Ireland’s energy consumption has increased significantly since the early 1990s. The
total primary energy requirement was 14 million toe (Mtoe) in 2011. Ireland’s TFC
reached 11.154 Mtoe in 2011, a decrease of 6.7% compared in 2010, but still 54%
above the 1990 level of 7.249 Mtoe. Oil (6,820 ktoe), natural gas (4,138 ktoe), coal
(1,264 ktoe), peat (761 ktoe) and renewable energy (831 ktoe) were the dominant fuels
and accounted for 49.2%, 29.8%, 9.1%, 5.5% and 6.0% of entire energy supply in
Ireland in 2011 respectively. The share of total primary energy requirement by fuel type
is shown in Figure 2.1. The energy was used for three modes of applications which were
electricity generation, heat generation and transportation. The heat generation (4,550
ktoe) was slightly higher than electricity generation (4,506 ktoe) and transportation
(4,448 ktoe). The share of primary energy used by each mode was 33%, 34% and 33%

respectively.
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Figure 2.1. The share of total primary energy requirement by fuel in Ireland in
2011.

Ireland is one of the most imported fuels dependant countries in the EU. The overall
energy import dependence decreased 2% points from a peak of 90% in 2006 to 88% in
2011 due to the greater utilisation of renewable energy, especially for wind energy

deployment.

2.2. Ireland’s Current Greenhouse Gas Emission Issues

Ireland is committed to the Kyoto Protocol (signed in 2007) which is an international
legally-binding agreement to reduce GHG emissions. The target set for Ireland was to
limit the annual GHG emissions to 13% above 1990 levels by the period 2008 to 2012.
This target was achieved in 2009. The annual GHG emissions peaked at 27% above
1990 levels in 2001. The sources include energy, industrial processes, solvent and other
product use, agriculture and waste. However, GHG emissions have fallen to 57.34
million tonnes (Mt) in 2011 which was below the Kyoto limit of 62.84 Mt CO,
equivalent set for Ireland. The energy-related emissions were the most significant

source of GHG emissions. The share of GHG emissions from energy-related activities
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rose from 56% in 1990 to 64% in 2011. The GHG emissions by source in Ireland in

2011 are shown in Figure 2.2.
2%
31% ® Energy-related
B Industry process

Solvent and other
product use

0
0% ® Agriculture

m Waste

3%

Figure 2.2. Greenhouse gas emissions by source in Ireland in 2011.

The energy-related emissions are also mainly obtained from three modes: electricity
generation, transport and thermal generation. Electricity was the dominant mode in
terms of emissions from 2000 to 2006. However transport surpassed electricity to
become the largest mode from 2006 to 2010 at when thermal generation surpassed
transport and became the largest mode in terms of GHG emissions. However transport
overtook thermal generation in 2011 to become the largest emitter of GHGs in Ireland.
The CO, emissions from transport were 13.1 Mt and at a rate of 117% higher than those
in 1990. Even though emissions from both thermal and electricity generation had been
decreasing since 2006, they still resulted in 12 Mt and 12.8 Mt CO, emissions in 2011

respectively.

10



Chapter 2

2.3. Ireland’s Residential Sector Energy Status

The average Irish house consumed 19,875 kilowatt hour (kwh) of energy in total based
on climate corrected data in 2011. This was comprised of 14,858 kWh (about 79%) in
the form of direct fossil fuels and the reminder (5,016 kWh) as electricity. The final
energy use grew by 26% to 2,836 ktoe in the residential sector in 2011. This was taken
without corrections for climate effects. Oil (1,035 ktoe) was the dominant fuel in the
residential sector which had a share of 36% in 2011. Electricity (712 ktoe) and natural
gas (569 ktoe) were the second and third most dominant energy form in this sector
respectively. Houses built during the 1990s predominantly had oil or natural gas fired
central heating; in some cases electric storage heating was in use. The household
electricity usage had also risen from 356 ktoe in 1990 to 712 ktoe in 2011. This increase
was likely to be the result of increased utilisation of electrical appliances such as
washing machines, driers, dishwashers, computers and etc. The use of renewable energy
in the residential sector reached 46 ktoe in 2011, but was still only 1.6% of the overall
final energy use by fuel in households. The share of TFC by fuel in the residential sector

in 2011 is shown in Figure 2.3.

11
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Figure 2.3. The share of total final consumption by fuel in the residential sector in
Ireland in 2011.

In 2011, the total spend by the residential sector in Ireland on energy was approximately
€3 billion. This high expenditure on energy may be attributed to the significant increase
in the energy price in this sector. Based on the average household fuel mix in 2011, the
energy price increased by 37% between 2006 and 2011. However, the average lIrish
household spend on energy fell by 2.3% in the same period and reduced to
approximately €1,727 per annum. The reasons for this reduction were likely to include
the economic recession forcing households to reduce their energy spend, energy
efficiency improvements resulting in lower energy demand, and a greater effort made
by householders to reduce their energy demand due to environmental concerns. The
imported electricity price and natural gas price (including VAT at the rate of 13.5%)
were €0.1928/kWh and €0.05894/kWh in January 2013 respectively. The electricity
price (including all taxes) for residential householders in Ireland was 5.1% above the
average of the EU-27 countries at the end of December 2011 and Ireland was ranked the

eighth most expensive country. However, the natural gas price (including all taxes) for

12
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domestic householders in Ireland were 3.9% below the average of EU-27 countries, and

ranked the 11" most expensive country.

2.4. Ireland’s Residential Greenhouse Gas Emissions Issues

The residential sector was the largest CO, emitting sector in 1990. Energy use in the
residential sector accounted for more than 35% of overall energy-related CO, emissions.
The residential sector started experiencing reductions in energy-related emissions in
2005. However, the residential sector was still the second largest energy-related CO,
emitting sector following the transport sector in 2011. The residential sector energy-
related CO, emissions were 10,479 thousand tonnes (kt) CO, and accounted for 27% of
total energy-related CO; emissions in Ireland in 2007. The share of energy-related CO;

emissions by sector in Ireland in 2007 is shown in Figure 2.4.

924 kt
5,234 kt (2.4%) 8,258 kt

(13.8%) (21.7)

B Industry

® Transport
Residential

B Commercial/Public

= Agriculture

10,479 kt
(27 5%) 13,105 kt
: (34.4%)

Figure 2.4. The share of energy-related CO, emissions by sector in Ireland in 2011.

The average domestic house was responsible for approximately 6.4 tonnes of energy
related CO, emissions in 2011. This consisted of 3.9 tonnes CO, from direct fuel usage

and the remainder indirectly from electricity utilisation. However, it should be noted

13
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that the overall CO, emissions had reduced by 41% since 1990 and 24% since 2005

from per average domestic dwelling in Ireland.

2.5. Ireland’s Domestic Dwelling Energy Consumption

The electricity consumption of an individual household accounts for approximately a
quarter of overall energy use. Electricity is mainly used to run electrical appliances
which can be separated into two categories: traditional appliances such as lighting,
refrigerator with freezer, vacuum cleaner, washing machine, dishwasher, microwave,
home computer, television etc and newer appliances such as electric blender, coffee
machine, game console etc. Electricity may also provide other services to household
such as hotwater generation and cooking. Electricity can be also utilised in electrical
storage heaters and electrical instant heater to provide space heating, however this is

mainly for apartments.

Domestic electricity demand has been increasing in recent years. One of the main
reasons for this is the increasing electricity demand for various electrical appliances.
The increase in electricity demand from digital appliances is the most significant due to
largely increase in the number of digital appliances, e.g. multiple televisions, laptops,
game consoles and etc. The increase can be also caused in some domestic dwellings due
to the householders with higher incomes and those living in newer and larger homes
who tend to have more electrical appliances and with larger capacities. However, some
efficiency gains have been achieved through technical improvements and the labeling of
appliances by energy usage, for example the introduction of mandatory labeling of
traditional appliances such as refrigerators and freezers, influences the decision made

for purchasing and helps reduce in energy demand.
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The thermal generation in a domestic dwelling consumes roughly 75% of the total
energy and therefore the method of space heating and hotwater generation is a
significant factor in energy usage. Central heating systems are mostly utilised for
providing space heating in Ireland. The proportion of domestic dwellings having central
heating systems has increased from 52% in 1987 to 97% in 2010. Central heating
systems are more efficient than individual room heating appliances and/or open fires,
and therefore, less energy is required to provide the space heating for achieving the
same level of comfort for householders. Gas or oil fired central heating systems are the
most commonly installed. Automated control systems such as timers and thermostats
are also regularly included into central heating systems for the improvement of
convenience. However, energy usage can be increased through requirement of greater
convenience and comfort levels in the form of higher temperatures and a move towards
whole-house heating. Normally, the space heating raises the indoor temperature from

approximately 8-10°C to 18-21°C in winter time [5].

A sharp increase in energy savings per dwelling was observed between 2005 and 2011.
A number of standout reasons for this recent energy efficiency improvements were

noted such as:

e the increased number of new houses built to achieve a higher energy efficiency
standard and satisfy heating control requirements as specified in the building
regulations.

o the existing housing stock were helped to make energy efficiency improvements
by a number of national residential energy efficiency upgrade schemes offered,
such as Greener Homes Scheme (ceased in 2011), Better Energy Homes scheme

and Warmer Homes Scheme.
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e the decrease in energy use per household included the increasing public
awareness of the impacts of energy inefficiency on the environment and
sustainability.

¢ the significantly increased energy price.

The method of hotwater generation is dependent on the central heating system type in
each domestic dwelling, and the regularity of the use of the central heating system.
Hotwater is generated regularly during the winter as the central heating system is
regularly in use. In summer time, hotwater is usually generated from an electrical

immersion since the central heating is rarely turned on.

2.6. Ireland’s Renewable Energy Status

Renewable energy utilisation reached 747 ktoe in Ireland in 2011. Of this, most was
contributed from wind energy (44%). The contribution of overall energy demand from
renewable energy was 2.3% in 1990 rising to 6.5% in 2011. Renewable electricity
contributed 3.7% to the overall energy demand. This was largely due to the continually
increased contribution from wind energy. According to SEAI, the displacement of fossil
fuel for electricity generation by renewable energy resulted in an avoidance of an
estimated €300 million in natural gas imports. The installed generating capacity of wind
power for electricity generation had reached 1,631 Mega Watts (MW) in 2011 and wind
energy accounted for over 13% of all electricity generation in 2011. Heat generation
from renewable energy accounted for 4.8% of all thermal energy demand in 2011.
There was a growth in the contribution from renewable energy to thermal energy from
2.6% in 1990 in Ireland. This was mostly due to the increased use of biomass as an
energy fuel mainly in the industrial sector. There was also an increase in biomass

utilisation in the residential sector; the residential biomass energy use increased by 9.5%

16



Chapter 2

between 1990 and 2011. However, it should be noted that there was also an increase in

use of geothermal energy, air source energy, and solar thermal energy.

Ireland is targeted to meet 16% of its overall energy demand from the contribution of
renewable energy by 2020 under EU Directive 2009/28/EC. In order to achieve this
overall target, electricity generated from renewable energy will have to achieve 40% of
gross electricity consumption; the use of biofuel or electricity generated from renewable
energy will have to make up to 10% of road and rail transport energy usage, and 12%

thermal (heating and cooling) demands must be generated from renewable energy.

Renewable energy utilisation can largely avoid CO, emissions and it was estimated that
CO, emissions savings from renewable energy utilisation increased by 337% over the
period from 1990 to 2011. The total CO, saving reached 3,640 kt in 2011. Of this 2,144
kt CO, was avoided by using wind energy, 633 kt CO, by using biomass and 346 kt

CO; by using hydro energy.

2.7. Renewable Energy Situation for Domestic Application in Ireland

2.7.1. The Current Micro Wind Turbine and Solar PV System Market

Micro-renewable electricity generation has not been very popular in Ireland to-date.
However, a micro wind turbine is by far the most popular type of system for micro-
renewable electricity generation in Ireland. After a micro wind turbine, a solar PV
system is the next most popular option. As shown in Figure 2.5, micro wind turbines
and solar PV systems having total installed capacities of 2,227 kilowatts (kW) and 181
kilowatts peak (kW) respectively have been registered with Electric Ireland and
connected to the Electricity Supply Board (ESB, the state owned utility) distribution

system (electricity distribution system is referred to as “the grid” throughout this study)
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in the period from January 2007 to November 2011. These accounted for 91% and 7.4%
of the total installed capacity (kW) of grid-connected micro-renewable electricity
generation systems in this period respectively [6]. However, the total capacity of
installed micro wind turbines and solar PV systems is likely to be higher in this period,
as a small number of micro wind turbines and solar PV systems are either connected

with batteries or are waiting to connect to the grid.

0.2% 1.4%
Combined heat Hydro turbines
and power
systems

7.4%
Solar PV
systems

91.0%
Wind turbines

Figure 2.5. Breakdown of capacity (kW) of grid-connected micro-renewable
electricity generation systems installed from January 2007 to November 2011 in
Ireland. The total installed micro-renewable electricity-generation system capacity
in this period was 2,448 kW.

Large capacity (>3 kW) micro wind turbines are the preferred option by householders in
Ireland to-date. Of the 2,227 kW (428 turbines) of micro wind turbines installed,

approximately 84% have a capacity greater than 3 kW, as shown in Figure 2.6.
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Figure 2.6. Breakdown of capacity of grid-connected micro wind turbines installed
from January 2007 to November 2011 in Ireland. The total installed micro-wind-
turbine capacity in this period was 2,227 kKW.

In contrast to micro wind turbines, small capacity (<3 kW) solar PV systems are
preferred by householders to-date. Of the 181 kW, (78 systems) of solar PV systems
installed, approximately 81% have a capacity less than or equal to 3 kW, as shown in

Figure 2.7.

1282% 10.26%

B <] kWp
1 kWp< B<2 kWp
2 kWp< B <3 kWp
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4 kWp<

23.08%
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Figure 2.7. Breakdown of capacity of grid-connected solar PV systems installed
from January 2007 to November 2011 in Ireland. The total installed solar-PV-
system capacity in this period was 181 kW,
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2.7.2. The Current Legislation and Regulations for Installing a Micro Wind

Turbine and a Solar PV System in Ireland

Installing a micro wind turbine or a solar PV system in Ireland is usually subject to
planning permission. However, the installation of these systems may be exempt from
planning permission if installed under certain conditions. These exemption conditions
are clearly stated in the Irish government report Planning and Development Regulations
2007 produced by the Department of Environment, Heritage and Local Government in

January 2007 [7-9]. The conditions for installing a micro wind turbine are:

e The turbine shall not be erected on, or attached to, the house or any building or
other structure within its curtilage.

e The total height of the turbine shall not exceed 13 metres.

e The rotor diameter shall not exceed six metres.

e The minimum clearance between the lower tip of the rotor and ground level
shall not be less than three metres.

e The supporting tower shall be a distance of not less than the total structure
height (including the blade of the turbine at the highest point of its arc) plus one
metre from any party boundary.

¢ Noise levels must not exceed 43 db(A) during normal operation, or in excess of
5 db(A) above the background noise, whichever is greater, as measured from
the nearest neighbouring inhabited dwelling.

¢ No more than one turbine shall be erected within the curtilage of a house.

e No such structure shall be constructed, erected or placed forward of the front

wall of a house.
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e All turbine components shall have a matt non-reflective finish and the blade
shall be made of material that does not deflect telecommunication signals.
¢ No sign, advertisement or object not required for the functioning or safety of the

turbine shall be attached to, or exhibited on, the wind turbine.
The conditions for installing a solar PV system are:

e The total aperture area of any such panel, taken together with any other such
module previously placed on, or within, the said curtilage, shall not exceed 12
m? or 50% of the total roof area, whichever is the lesser.

e The distance between the plane of the wall or a pitched roof and the module
shall not exceed 15 cm.

e The distance between the plane of a flat roof and the module shall not exceed 50
cm.

e The solar module shall be a minimum of 50 cm from any edge of the wall or
roof on which it is mounted.

e The height of a free-standing solar array shall not exceed 2 m, at its highest
point, above ground level.

e A free-standing solar array shall not be placed on, or forward of, the front wall
of a house.

e The erection of any free-standing solar array shall not reduce the area of private
open space, reserved exclusively for the use of the occupants of the house, to the

rear or to the side of the house to less than 25 m?.

If the installation of a domestic micro wind turbine or a solar PV system does not satisfy
these conditions, such as the turbine does not meet the height requirement or the total

surface area of the solar PV panel is greater than the area stated, it must undergo the
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planning process, and permission may still be given, However, a roof-top-mounted
wind turbine does not qualify for exemption from planning permission; it must be

considered on a case by case basis.

In order to protect the grid, the maximum export capacity from a grid-connected micro-
renewable electricity generation system is subjected to a limit: 6 kW when the
connection is single phase and 11 kW when the connection is three phase. However, a
micro-renewable electricity generation system with a total capacity exceeding the above
limits can still be connected to the grid once the maximum export capacity is limited to
6 KW single phase and 11 kW three phase. A micro-renewable electricity generation
system having a total capacity of 50 kW or less is eligible for connection to the grid

[10].

2.7.3.The Current Financial Support for Exporting Electricity Generated
from a Grid-Connected Micro-Renewable Electricity Generation

System

In general, €0.09 is paid by Electric Ireland to the householder for every kWh of
electricity exported to the grid from a micro-renewable electricity generation system.
This price is a standard payment tariff and there is no restriction on the amount of
electricity exported. Previously there was an additional incentive payment of
€0.10/kWh for the first 3000 kWh of exported electricity in a year. This payment
applied for a maximum of five years and was supplied by Electric Ireland in order to
encourage householders to utilise a micro-renewable electricity generation system [10].

This incentive payment was ceased on February 28", 2012.
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2.7.4 The Current Air Source Heat Pump and Solar Thermal System
Market

A large number of micro-renewable thermal generation systems were installed in
Ireland during the period when the Greener Homes Scheme grant was offered by SEAI.
The solar thermal system is undoubtedly the most popular type of system for micro-
renewable thermal generation in Ireland. Heat pumps and biomass-type systems are also
popular options for households. As shown in Figure 2.8, solar thermal systems, heat
pump systems and biomass systems having total installed numbers of 22,903, 6,029 and
6,113 respectively have obtained grants from the Greener Homes scheme for systems
installation, and registered and stored in the Greener Homes scheme database in the
period from March 2006 to May 2011. These accounted for 65%, 17.12% and 17.35%
of the total number of installed micro-renewable thermal generation systems in this
period respectively. However, the total number of installed solar thermal systems, heat
pump systems and biomass systems is expected to be slightly higher than the number
shown in this period, as a small number of solar thermal systems, heat pump systems
and biomass systems did not apply for a grant, and therefore were not registered with
SEAI. The number of solar thermal systems installed is continuously increasing with the
help of Better Energy Homes scheme which is also provided by SEAI. The number of
installed solar thermal system is 9,506 since the start of this scheme in March 2009 until
December 2013. However, this scheme does not offer grants for other types of micro-
renewable thermal generation systems. The number of these systems installed is
expected to be small due to the lack of grant support and the adverse impact of the

economic recession.
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Figure 2.8. Breakdown of the number of micro-renewable thermal generation
systems installed from March 2006 to May 2011 in Ireland. The total number of
installed micro-renewable thermal-generation systems in this period was 35,224.

ASHPs are not the first choice for a domestic heat pump system installation to-date. The
number of installed horizontal ground source heat pumps (GSHPs) was greater than the
number of installed ASHPs during the period in which the Greener Homer Scheme was
offered; however the number of installed ASHPs was not far from the number of

installed vertical GSHPs, as shown in Figure 2.9.
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Figure 2.9. Breakdown of the number of heat pump type installed from March
2006 to May 2011 in Ireland. The total number of installed heat pumps in this
period was 6,029.

During the period of Greener Homes Scheme application, the number of solar thermal
system was recorded in two phases. In the first phase from March 2006 to July 2007,
the number of installed solar thermal systems was recorded based on the application of
the hotwater generated from the solar thermal system, as shown in Figure 2.10. This
shows that the solar thermal system was mainly used for domestic hotwater application

only; few systems were installed with the purpose of providing hotwater and heating.
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Figure 2.10. Breakdown of the number of solar thermal system installed by
thermal application from March 2006 to July 2007 in Ireland. The total number of
installed solar thermal system in this period was 5,585.

In the second phase from August 2007 to May 2011, the number of installed solar
thermal systems was recorded based on the solar collector type. It can be noted that the
number of solar flatplate collectors used was slightly greater than the number of solar

evacuated tube collectors used for domestic application in Ireland, as shown in Figure

2.11.
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Figure 2.11. Breakdown of the number of solar thermal systems installed based on
the type of solar thermal collector used from August 2007 to May 2011 in Ireland.
The total number of installed solar thermal systems in this period was 17,318.

2.7.5. The Current Legislation for Installing an Air Source Heat Pump and

a Solar Thermal System in Ireland

The installation of an ASHP or a solar thermal system in Ireland can be also exempt
from planning permission if installed under certain conditions. These conditions for

installing an ASHP are:

e The total area of an ASHP, taken together with any other pump previously
erected, shall not exceed 2.5 m?.

e The ASHP shall be a minimum of 50 cm from any edge of the wall or roof on
which it is mounted.

e No such structure shall be erected on, or forward of, the front wall or roof of the
house.

¢ Noise levels must not exceed 43 db(A) during normal operation, or in excess of
5 db(A) above the background noise, whichever is greater, as measured from the

nearest neighbouring inhabited dwelling.
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The exemption conditions for the installation of a solar thermal system are the same as

for a solar PV system and stated above.
2.8. Energy Efficient Domestic Dwelling

Prior to the installation of any micro-renewable energy generation system, the domestic
dwelling should improve its energy efficiency so that lower capacity electricity and
space heating generation systems are required while maintain the same convenience and
comfort for householders. Energy-saving electrical appliances and lighting devices
should be used to lessen the electricity consumption in a domestic dwelling.
Improvements in thermal insulation are the most important step towards reducing
heating demand in a domestic dwelling. Wind is an excellent energy resource, but it
also has a large influence on a dwelling’s heat loss since heat can be quickly taken away
from dwelling’s surface by wind. Ireland is one of the windiest parts of Europe,
resulting in a greater heating loss due to wind compared with other countries. The
insulation thickness needed depends on the geometry of the house and the amount of the
internal heating loads required. Thicker insulation implanted can result in less heating
loss from the dwelling to the surroundings. The insulation materials chosen are also an
important factor. Materials with a high thermal resistance can enhance the insulation
performance. For a new dwelling, the insulation should be planned well before building.
It is very costly to improve at a later stage compared to other components of the house.
For an existing dwelling, insulation can be added to the walls or roof if none has been
fitted, or, if insulation is already installed, it can be improved to help the dwelling
become more energy efficient. The financial support for upgrading the domestic
dwelling insulation is offered by SEAI through the Better Energy Homes scheme and

Warmer Homes scheme. Well insulated doors and double or treble glazed windows can
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also effectively lower the heating requirement in the dwelling. Therefore, a good
insulation provides the advantage of having a need of a low temperature heating system.
As a result, a reduction in supplying heat of 1°C in internal air temperature may save up
to 10% of energy consumption. The dampness can make people very uncomfortable,
but this problem is occurred mainly in under-heated dwellings in winter and is rarely
observed in well insulated dwellings. It is vital the occupants experience good thermal

comfort in the dwelling.

Air leakage is also a major source of heating loss in the house. The abundant wind in
Ireland has large impacts on houses having poor airtightness. The energy efficient
dwelling envelope should be extremely air tight to avoid infiltration of cold air. This
uncontrolled infiltration of air through cracks and gaps in the fabric of houses leads to
an increase in energy demand for space heating and the cold draught also causes
occupants’ discomfort. Airtightness should be considered carefully at the design stage
of a new dwelling construction or an existing dwelling renovation. The barriers
employed to prevent air leakage should be identified and any gaps between the barriers
should be sealed. This is of crucial importance to ensure that air leakage is avoided. It is
equally important to carry them out in the construction phase. Even though good
airtightness significantly reduces air leakage, the house should not be too airtight. The
best airtightness level of an energy efficient house should be approximately 0.6 air
changes per hour (ACH) by a pressurisation of 50 Pa, resulting in approximately 0.05
ACH infiltration rate under normal conditions [11]. Good ventilation ensures occupants

live in a comfortable and healthy environment.
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2.8.1. Passive Solar Features Applied in an Energy Efficient Dwelling

Solar energy is used indirectly to produce electricity and hotwater through solar PV
systems and solar thermal systems respectively. These systems are defined as active
energy generation systems. However, a passive solar system provides natural heating
and cooling by using solar energy directly for the dwelling. Passive solar design
involves the dwelling’s location and orientation, windows’ surface areas as well as the
correct utilisation of energy efficient windows, shading and thermal mass. A passive
solar system provides the interior thermal comfort for the occupants whilst reducing the
requirement of active heating and cooling. It is one of the most cost-effective ways in
improving the energy performance of a dwelling. Passive solar design also provides a

better use of natural daylight for lighting purposes.

2.8.1.1. Passive Solar Heating for Domestic Dwellings

Passive solar heating as shown in Figure 2.12 presents the most cost-effective way of
supplying heating to a dwelling. The two elements that are essential in all passive solar

heating design are the:

e Selection of high-performance windows and the orientation of the windows area
to face towards south.

e Use of high thermal mass materials to construct walls and floors. The heat is
absorbed and stored in the walls and floors, and released by radiation,

convection and conduction when the surrounding has cooled down.

According to research, a dwelling designed using passive solar principles can require
less than half the heating energy of the same dwelling using conventional windows with

random window orientation [12]. The standard space heating requirement is 15 kWh/m?
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annually in a well designed and constructed dwelling employing passive solar
techniques in the Irish climate. The space heating demand can be reduced by up to 80%

in comparison with a conventional dwelling in Ireland [13].
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Figure 2.12. Passive solar heating for a domestic dwelling.

Passive solar heating systems can be separated into four types of system: direct gain,

indirect gain, sunspace and rock bed.

e Direct gain - this is the simplest approach and it is the most common used in passive
solar heating architecture. Sunlight is admitted to the interior space through south
facing windows and skylights, and then stored as thermal energy. The roof, walls
and floor are used for solar collection and heat storage by intercepting radiation
directly and/or by absorbing reflected or reradiated energy. Once the temperature is
high in the interior space, the thermal storage mass materials will conduct the heat to
their cores. The stored heat is gradually released when the outside temperature drops
and the interior space cools in order to reach equilibrium at night. Thermal mass
plays the most important role in a direct solar gain house. A wide range of heavy

materials like concrete, rocks, bricks all have high thermal mass. Water contained
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within plastic or metal containers sometimes can take the place of heavy materials.
Thermal mass not only causes delays in its response to heat sources such as solar
gains (known as the thermal lag effect [14]) but also reduces the peaks of the
temperature swings in the interior space. The effectiveness of thermal storage mass
depends on its thickness, surface area and thermal properties. High density masonry
performs well at a thickness of 10 cm to 20 cm, regardless of the location,
configuration and mass surface area. The mass surface area should be relatively dark
in colour and located in the dwelling zones which experience direct solar gain. The
materials should possess high volumetric heat capacity and high thermal
conductivity.
Indirect gain - this design approach uses a mass wall placed between the interior
space and the sun. There is no direct heating. A dark coloured thermal mass wall is
usually placed just behind a south facing glazing. The heat is stored or conducted
through the mass wall to the inside space. The sunlight enters through the glazing
and is absorbed in the mass wall. The glazing functions to reduce the heat loss to the
outside. This stored heat is emitted into the interior space when the temperature
drops. There are three common types of thermal mass wall:

e The masonry mass wall - this is the simplest mass wall. The wall absorbs
sunlight radiation, stores the heat and reradiates it to the interior space when it
cools down.

e The Trombe-Michel wall - the Trombe-Michel mass wall cannot absorb solar
energy as quickly as it enters the narrow space between the window area and the
mass wall. Temperatures in this space can easily become very high. The
Trombe-Michel mass wall has controllable vents at high and low levels to allow

convective heat transfer. The heated air rises up due to less density. It flows into
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the interior space from high level vent. Cool air is drawn into the heating space
from the low level vent to replace outflow heated air. The air is continuously
circulated as long as the air entering at the low level is cooler than the air at the
high level. The vents can be also closed to keep cold air out, then the interior
space is heated by the thermal mass wall.

e The water wall - this water wall can be used to replace the masonry wall as
water has a greater unit heat capacity than masonry materials for a given
volume. There are no vents at the high and low level of the water wall. Tall
fibreglass tubes are often used in this application. The principle of operation is
the same as the masonry wall. The water is heated, the convection process
quickly distributes the heat throughout the mass, and the wall radiates heat to the
interior space.

Sunspace - a sunspace also known as solar greenhouse has become one of the most

attractive passive solar features. A south facing sunspace is constructed in front of a

thermal mass wall exposed to the direct sunlight. The wall is usually at the rear of

the sunspace and at the front of the primary structure. The sunspace performs its
passive solar heating function by transmitting solar radiation through its glazing and
absorbing solar heat on its interior surfaces. Some of the heat is quickly transferred

by natural convection to the sunspace air as the heat is directly used to maintain a

suitable temperature in the sunspace. Some sunspaces are operated as a hybrid

system. A fan is used to transfer heated air from sunspaces to other house spaces. A

regulator is often used to control the sunspace and interior room temperature. It

allows the heated air to flow into the interior rooms at appropriate temperatures
from the sunspace. This is the primary purpose for many sunspace applications. The

heat can also be absorbed and stored in the thermal mass walls. This is the same
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principle as indirect gain. The heat stored in the thermal mass walls will be released
when the interior space or sunspace temperatures drop. The Trombe-Michel wall
and water wall are popular replacements to conventional masonry walls in this
application.

Rock bed - this is used as an effective and favourite hybrid application in a passive
solar house. The rock bed is commonly located beneath the source of hot air. It
absorbs the excess heat in the air in order to reduce the space temperature and
improve thermal comfort. It is also possible to store heat in the rock bed for later
use. Hot air flows through the rock bed by natural convection. A convenient
approach is often used to place the rock bed underneath the floor in the house. The
rock bed should spread across 75% to 100% of the floor area if the house is located
in a cold climate, and 50% to 75% in the moderate climates [15]. The distribution of
heat from the rock bed to the space is entirely passive. The floor temperature only
needs to be a few degrees above the room temperature. The thermal comfort can be
improved greatly by keeping the floor temperatures 3-6°C above what they normally
would be. A sunspace can work well with rock bed. The heated air from the direct
gain is used to charge the rock bed. The heat is used by means of radiation and
convection to the space from the heated rock bed surface. The rock bed also

effectively reduces the large temperature swings in the house.

2.8.1.2. Passive Solar Cooling for Domestic Dwellings

Natural cooling can be as important as heating in a dwelling. Without a proper natural

cooling system, a significant amount of energy may be required from air conditioning

units to handle the peak heat gains and keep the rooms comfortable in the summer.

However, active cooling is rarely required under the Irish climate since the internal
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temperature of the dwelling seldom becomes too high to be of discomfort for
householders. Very few dwellings have an air conditioning unit installed. Nevertheless,
natural cooling using passive solar technique is still important for Irish applications

especially for occasions when ambient temperature rises to an uncomfortable level.

The use of effective insulation and overhangs can reduce the heat gain. Movable, tightly
sealed insulation always work well in the summer as the roof and glazing can be
covered in order to reduce solar radiation entering the house during the day, thereby
ensuring that less heat is received in the interior space. The moveable insulation is either
manually operated or mechanically operated. An automatic timer, a thermostat or a light
sensitive device is used to drive the motor in the mechanical system to open or close the
insulation. South facing windows receive the best solar radiation in winter; however
they also could be the potential source of overheating during summer months. The
possibility of overheating can be significantly reduced by applying an overhang on the
roof or on the glazing. The permanent overhang takes advantage of the fact that the sun
is higher in the summer and lower in the winter. The length of an effective overhang
should be roughly equal to half the height of the window opening [15]. The overhang
usefulness can be increased if they are manually adjustable. The adjustable overhang
can be rolled forwards or backwards to prevent or admit the sunlight entering into the
house in different seasons. The thermal mass such as masonry walls, floor and water
walls can act as heat sponges. They absorb heat and slow down internal temperature rise
in hot days. The thermal mass can be cooled by night-time natural convective cooling

and/or by using mechanical cooling during off-peak hours.

Heat can be removed by convective cooling methods in a dwelling. A fan assisted
convective system is the most commonly used. The interior temperature is lowered by

exhausting the warmer air through purposely installed high level openings and a fan is
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used to draw in cooler, replacement air from low level openings. The interior space
temperature can be also lowered by introducing air through a tube buried a couple of
meters beneath the dwelling. A fan draws the outside air into the dwelling through the
tube. This air cools down as it passes through the tube. The heat of entered air can be
also reduced by a previously cooled rock bed. The rock bed is usually cooled from

natural convective cooling at night or mechanical cooling at the off-peak time.

2.8.1.3. Passive Solar Lighting for Domestic Dwellings

The effective use of passive solar techniques for lighting can sufficiently reduce the
time of having the electrical lighting turned on, thus decreasing the electricity
consumption considerably. Sunlight provides natural lighting for daytime interior
lighting. The general rule for a daylight room is that the glazing area is at least 5% of
the room floor area. Good natural lighting in a dwelling can be accomplished by having
high visible-light-transmittance (VT) glazing on the east, west and north facade, and
large windows facing south. Low-emissivity coatings also help minimise glare while

offering improved climatic heat gain or loss.

36



Chapter 3

CHAPTER 3
LITERATURE REVIEW

3.1. Overview

In this chapter, the most recent literature on the integration of micro-renewable
electricity and thermal generation systems is reviewed. The integration technique for
each study is explicitly explained. The novelty of these integration techniques is
presented. Common concepts employed in these integration techniques are identified.
The most commonly employed/reputable software packages are described and a
justification is presented for the selection of Hybrid Optimisation of Multiple Energy
Resources (HOMER) and Transient System Simulation Tool (TRNSYS) as the most
appropriate software packages for this research. The most recognised and employed
optimisation approaches for integrating micro-renewable energy generation systems are
also reviewed and a justification is given for the selection of the iterative approach as

the most appropriate method for this research.

3.2. Literature review

McGowan et al. (2008) presented a study to investigate the feasibility of a renewable
energy housing development in the United States using wind power and solar thermal
systems to achieve a net-zero-energy consumption [16]. In this study, the problem, a
lack of community-scale projects employing on-site renewable technologies (wind
power and solar power technologies) and energy efficiency measures to successfully

achieve the goal of net-zero-energy, had been identified. A tool was therefore developed
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to analyse and compare various system designs for a net-zero-energy house. The energy
performance and economics of the designs were compared for various sizes of housing
development which itself depends on the number of houses available for the area
considered. Seven wind turbine models having a capacity range from 10 kW to 1500
kW and various types of heating systems were selected for analysis. Hotwater was to be
generated from a solar thermal system and an auxiliary electrical immersion; if possible,
space heating was intended to be provided by a solar thermal system, with assistance
from a single capacity ASHP or GSHP having a fixed coefficient of performance
(COP), or from an electric resistance heater. Five U.S. cities, one in each of the five
climate zones based on their wind power potential, were selected for this study. The
optimal system integration for each city was determined based on economic benefit,
taking into consideration the wind and solar energy availability, energy prices and state
incentives. The primary conclusion drawn from this study was that there were cases for
renewable, net-zero-energy housing development. However these cases were more
expensive than the deployment of the natural gas heating systems. The key variables
that affected the economics of net-zero-energy housing were the on-site load, in
particular the heating load, and the price of energy. On final analysis, when net-
metering programs were applied, the large-scale wind turbines presented greater
economic advantage than small-scale and medium-scale wind turbines for community-
scale projects. Figure 3.1 shows the prediction method used to obtain the total electrical

load from a net-zero-energy house.
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Figure 3.1. A prediction method used to obtain a total electrical load from a net-
zero-energy house.

Wang et al. (2009) presented a study to investigate the feasibility of a net-zero-energy
house design in the United Kingdom (UK), and also provide a specific method to
achieve a net-zero-energy house design in the UK [17]. In this study, two simulation
software packages (EnergyPlus and TRNSYS) were employed. EnergyPlus simulations
were employed to perform a building envelope design of an energy efficient house,
while considering building materials, window sizes and orientations. TRNSYS was
employed to investigate the feasibility of a net-zero-energy house design objective
through the integration of a renewable electricity generation system, a solar hotwater
generation system and an energy efficient heating distribution system under Cardiff
weather conditions. Prior to the deployment of renewable energy technologies, the
prospective house design must have achieved the passive house standard. Following
parametric studies, it was found by this study that the house should be south facing,
have window to wall ratios of 0.4 at the south facade, 0.1 or less at other oriented
facades, and have the U value of the external wall to be 0.1 W/m’K. Furthermore, the U
values of the glazing and the roof should be 1.367 W/m?K and 0.2 W/m?K respectively,
and the air change rate should be 5 ACH. The solar thermal system was designed to

provide domestic hotwater. Five varying solar collector areas and four varying mass

39



Chapter 3

flow rates of fluid running in the solar circuit were investigated. Two factors were
considered for selecting the optimal system: solar collector efficiency and solar
fractional energy savings. A 5 m? solar collector area with a mass flow rate of 20 kg/h
was selected. Underfloor heating had been demonstrated as the best space heating
option due to its large heating area and lower temperature requirement. The ASHP and
GSHP were considered for use with the underfloor heating; the energy consumed by the
ASHP was 953.2 kWh with the assumption of a COP of 3.0 when providing water at
40°C. The energy consumption would be further reduced if a GSHP was employed, as
in general GSHP has a higher COP. Micro wind turbines and solar PV systems were
studied to provide electricity for the net-zero-energy house. Two 2.5 kW wind turbines
with the hub height of 15 m were selected for this study. A solar PV system with a total
rated power of 1.32 kW, was also employed. The total annual power output obtained
from these two renewable electricity generation systems was 7,306 kWh which was
sufficient to achieve the zero-net-energy house as the total electricity consumption of
the house was 4,672 kWh. However it is noted that wind turbines generate a
considerable amount of electricity during all four seasons, solar PV system can only
produce comparable amount of electricity during the summer. Figure 3.2 shows a
scheme diagram of a grid-connected renewable electricity generation system employed

to achieve the net-zero-energy house.
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Figure 3.2. A scheme diagram of a grid-connected renewable electricity generation
system.

Bojic et al. (2011) presented a study to report the investigation of a residential building
energised by the electricity supplied from a solar PV system and the electricity grid in
Serbia. In this study, the electricity generated from a solar PV system is either
consumed by the building or fed to the electricity grid; the grid is used as a form of
electricity storage. Electricity was utilised to run a GSHP for heating supply, to produce
hotwater, and to operate lighting and electrical appliances. Three artificial residential
buildings were investigated, each was designed to minimise the energy required for
space heating during winter, and also to employ efficient lighting and electrical
appliances. The first building was a net-negative-energy building where the solar PV
system only produced sufficient electricity for the heating system. The second building
was a net-zero-energy building where the solar PV system produced enough electricity
to meet the entire electrical load. The third building was a net-positive-energy building
where the south-facing roof of the building was entirely covered by solar PV panels.
The solar PV system produced more electricity than the building required. The
investigations were performed using EnergyPlus software package. The energy
consumed from the building, energy generated from a solar PV system and energy

purchased from the electricity grid were obtained. The study showed that it is critically

41



Chapter 3

important to have a solar PV system connected with the electricity grid. The daily
energy distribution clearly showed that the electricity grid was required to overcome
periods of low energy production from the solar PV system. The findings also indicated
that the quantity of electricity generated by a solar PV system during winter was almost
one half the quantity produced during summer, on a monthly basis. The payback period
method was used to make an economic comparison amongst the three buildings. The
shorter payback was achieved by offering a higher feed-in tariff, charging a smaller unit
price and installing a large size solar PV array. For better economy, it was also
recommended that a net-zero-energy building should go forward to become a net-
positive-energy building. Figure 3.3 shows a scheme consisting of the house, its heating

system and the PV system employed in this investigation.
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Figure 3.3. The house, its heating system, and a solar PV system under the
investigation.
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Marszal et al. (2011) presented a study in which the life cycle cost (LCC) analysis
method was used to investigate the cost-optimal relationship between the
implementation of energy efficient measures and the employment of renewable energy
technologies [18]. In this study, the extent of energy efficient measures that should be
taken before renewable energy technologies are applied for a net-zero-energy building
design was considered. The economic analysis, applied into a multi-storey net-zero-
energy building, was performed in order to identify the cost-effective relationship
between energy efficiency measures and the implementation of renewable energy
technologies. The energy demands were considered using the energy performance
requirement as set by the Danish building regulations for 2010, 2015 and 2020. Three
alternative energy supply systems were considered: a solar PV system with a solar
PV/thermal (PV/T) system combined with an ambient air/solar source heat pump; a
solar PV system with a ground source heat pump; and a solar PV system with district
heating. Each of the alternative energy supply systems was employed to provide
electricity, heating and hotwater for the three defined levels of energy demand in the
building. The LCC (over the lifespan of a building) was evaluated considering the cost
of investment, operation, maintenance, replacement and demolition. The results
indicated that, with the intention of building a cost-effective net-zero-energy building,
firstly the energy usage should be minimised, and thereafter the renewable energy
generation systems should be employed to offset the remaining energy consumption. In
this study, a combination of a solar PV system and a GSHP was found to be the cost-
optimal system for the net-zero-energy building in a dense city area. If the cost was less
important, the combination of a solar PV system, a solar PV/T system and an air/solar
source heat pump was the most energy efficient solution, and this system also best suits

cases where a limited area is available for renewable energy systems installation. It was
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also found that the combination of a solar PV system with district heating was the most
expensive and the least attractive option due to its high operation and maintenance cost.
Several sensitivity analyses were also conducted to determine the influence of the price
of solar PV and solar PV/T collectors, household electricity usage, primary energy
factors for heating-electricity, real interest rate and lifespan of a building. Figure 3.4
shows the result of the differences in the LCC between reference case PV-PV/T-HP and

other alternatives.
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Figure 3.4. The differences in the present-value LCC between reference case — PV-
PV/T-HPs and other alternatives. Positive values represent savings and negative
values represent additional cost.

Graga et al. (2011) presented a study to explore the feasibility of solar net-zero-energy
building systems for a typical single family home in the mild European climate zone
[19]. The utilisation of solar energy, in the form of electricity and thermal generation,
were the main focus of renewable energy systems proposed in this study. The impact of
building envelope design, occupant behaviour and domestic appliance efficiency on the
final energy demand for two representative house geometries was analysed. The energy

demand profile of domestic heating and cooling, domestic hotwater and electricity were
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predicted. Based on this prediction, combinations of renewable energy technologies
were sized in order to meet all annual energy needs using a dynamic thermal simulation
tool. The renewable energy technologies considered were a solar thermal system, a solar
PV system and a heat pump. The solar thermal system was sized to meet the majority of
the heating and hotwater demand. The heat pump, operated using electricity, was
employed to provide the deficit heating that the solar thermal system could not supply.
The design process began with sizing a solar thermal panel area and a storage tank
volume, then sizing the capacity of a heat pump required for satisfying the deficit
heating demand. The solar PV systems were then sized to supply the entire electricity
requirement for the house, including that for the heat pump, on an annual basis. The
optimal configuration was then identified by performing an economic and
environmental analysis. From the results of economic analysis, all net-zero-energy
building solutions were shown to have similar solar thermal systems, i.e. an area of 4 m?
solar thermal collectors and a volume of 300 L thermal storage. However, the area of
solar PV panels required to meet the demand of a net-zero-energy building can vary by
a factor of three and a half, depending on the energy efficiency of the building and the
electrical appliances used. From the results of this study shown, the initial costs of
systems that were capable of achieving the net-zero-energy building target were
significantly greater than the other systems that were unable to meet this target. The
introduction of a micro-generation government incentive scheme made net-zero-energy
buildings economically attractive, as the evidence showed that the payback period of
renewable energy technologies was reduced as a result. Figure 3.5 shows a schematic of

building energy systems employed in this study.
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Figure 3.5. A schematic of building energy systems employed in the literature
study.

Milan et al. (2012) presented a study to develop a simplified linear, ready-to-use design
model for optimising a 100% renewable energy supply system for low energy buildings
in terms of the overall costs [20]. In this study, the continuously increase in the use of
on-site renewable energy resources in residential household had been noticed, and that
many houses would be expected to depend solely on renewable sources of energy for
electricity and thermal generation in the medium term future. Therefore computer
models that can be used to assess and design energy supply systems for buildings were
required. However, the current existing models mainly focussed on a national or a local
scale. A technical engineering approach, based on real system efficiencies and the
second law of thermodynamics, was applied to develop an optimisation model for sizing
supply systems in terms of overall costs. In this optimisation approach, linear
programming was adapted and three design variables (technologies) had been
considered. These were a solar PV system, a GSHP and a solar thermal system. The
mathematical representations of the modelling and optimisation were presented in the
simplified form. Two constraints were applied into this study, they were the total
electricity supplied from the grid had to be equal to or less than the electricity exported

back to the grid, and the total surface area of solar PV panels and solar thermal
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collectors had to be equal to or less than the available south facing roof space. A heat
storage system had also been considered as part of the overall energy supply system.
The backup system was strategically designed by adding a safety margin onto the
supply system dimensions. This model was applied to a case study in Denmark. The
results indicated that, under the chosen conditions, the optimal configuration was a solar
PV system combined with a GSHP. This optimal system was around 180% more
expensive than a conventional system consisting of grid supplied electricity and a gas
boiler. The very high initial costs of renewable energy systems had been identified as
one of the major barriers for these technologies to be broadly used. Figure 3.6 shows a

principle diagram of the investigated energy supply systems.
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Figure 3.6. Principle diagram of the investigated energy supply systems.

Marszal et al. (2012) presented a study to investigate the LCC of different renewable
energy supply options, and to identify the cost-optimal combination between energy
efficiency and renewable energy generation [21]. In this study, the utilisation of
renewable energy technologies to satisfy the energy demand of a net-zero-energy
building was categorised as on-site options and off-site options. During the study

period, the on-site option had been recognised as more popular than the off-site option.
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However, with the number of wind turbine co-operatives, and the limited on-site
renewable energy supply options available, the off-site renewable energy supply options
could become a better solution for achieving the net-zero-energy goal. The analysis
considered a total of seven technology types of which three are on-site options and four
are off-site options. The three on-site options are: a solar PV system, a GSHP system
and three micro combined heat and power (CHP) systems driven by three different fuel
types. The four off-site options are: standalone wind turbine, shares in a wind turbine
farm, the purchase of green energy from a 100% renewable utility grid, and a district
heating grid. These renewable energy technologies were integrated into 10 systems in
order to provide electricity, heat and hotwater for the net-zero-energy buildings. Firstly,
the energy usage was calculated for a multi-storey residential building located in
Denmark, which was used as the reference point for a net-zero-energy building.
Secondly, the renewable energy system components were sized to generate enough
electricity and thermal energy to offset demand and thus to meet the net-zero-energy
objective on an annual basis. Finally, the LCC of all combinations were calculated
based on the buildings’ performance models. The energy efficiency should be
prioritised for designing a cost-optimal net-zero-energy building if on-site renewable
energy options were considered, however, it was more cost effective to invest in
renewable energy technologies than in energy efficiency if off-site renewable energy
options were considered. In addition, the off-site renewable energy options generally
had lower LCC than the on-site options. The cost-optimal system selected from the on-
site supply options was the solar PV-micro CHP (biomass) system. Two systems were
selected from the off-site options since both had the same lowest cost. The two options
were the share of a wind turbine farm and a GSHP, and the electricity grid and a GSHP.

These two systems were also the most cost-effective amongst all of the 10 renewable
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energy supply options considered. Several parameter studies were conducted to
investigate their impacts on the determination of the cost-optimal combination, such as
energy cost, PV price and real interest rate. Figure 3.7 shows the results of a total annual
cost of net-zero-energy buildings for three levels of energy performance requirements

and the renewable energy supply systems employed.
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Figure 3.7. Total annual cost of net-zero-energy buildings for three levels of energy
performance requirements and the renewable energy supply systems.

Kapsalaki et al. (2012) proposed a methodology and an associated calculation platform
which was then used to identify the most economically efficient design solution for a
residential net-zero-energy building, taking into account the influence of the local
climate, the indigenous energy resources and the local economic conditions [22]. In this
study, the economically efficient design, besides being technically effective, was
recognised to be critically important. There was a need to continuously develop
methodologies for identifying the best combinations of design variables. These
methodologies ensure the pre-specified energy and environmental targets are met, while
also accomplishing either a lowest LCC, a lowest initial cost, or a good compromise

between the initial cost and the LCC. The analysis model was used to decide the most
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adequate design solution that lead to a null annual energy balance. The energy demand
of the dwelling was determined as a function of thermal insulation level, air leakage
level, ventilation type, window and shading types, glazed area, orientation of the
dwelling, lighting and electrical appliance usage, domestic hotwater usage and the
number of occupants. The energy supply options included the heating and cooling
generation systems, domestic hotwater generation systems, and electricity generation
systems. These energy generation systems could be either conventional or renewable.
Local climate data was pre-built in the design model for a number of locations. The
economic evaluation was performed based on the selected energy demand and energy
supply options, and the LCC of the design solution was then obtained. The developed
methodology and model were deployed for a similar detached house, however three
climates were considered: a cold winter, a mild winter, and a very mild winter but hot
summer. From the results indicated, there was no trade-off between the LCC and the
initial cost. A house which had a better economic performance over its life cycle
generally had a higher initial cost. It was noted that if a greater investment was made on
enhancing the energy efficiency of the dwelling, this would result in a smaller capacity
heating and cooling generation system as well as a smaller capacity electricity
generation system being required. Furthermore, the results also showed that the LCC of
an economically efficient net-zero-energy building was up to one third less than the
LCC of an economically inefficient net-zero-energy building. In addition, the results
showed that the optimal economically efficient design of a net-zero-energy building in a
mild winter climate can be significantly cheaper than in a climate with a cold winter.
Figure 3.8 shows the interface of the developed software used to determine the most

adequate design solution that achieves a null annual energy balance for a building.
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Figure 3.8. Interface of the developed software used to determine the most

adequate design solution that achieves a null annual energy balance for a building.

Walsh et al. (2012) presented a study in which they proposed a model that was capable
of determining the most appropriate hybrid system for electricity and heating generation
using indigenous, renewable energy resources in Ireland [23]. In this study, the over
reliance on imported fossil fuels as the primary energy source for electricity and heating
generation was identified as a major issue for Ireland. As a result, the nations’ energy
supply is at risk and the use of fossil fuels leads to climate damage due to the emissions
of anthropogenic GHGs. A feasibility analysis to investigate the combination of
available energy generation options was conducted using the HOMER software
package. Ireland was divided into eight localised regions in order to assess the most
suitable hybrid energy system for each region depending on the availability of
renewable energy resources. For electricity and heating generation, the renewable
energy options considered were wind, solar PV, biomass and hydroelectricity. The non-
renewable energy options considered were diesel, electricity grid and natural gas. The

total net present cost, cost of energy and the CO, emissions were the three parameters
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used to determine the most suitable renewable and non-renewable hybrid system. The
results indicated that wind energy had the greatest potential for renewable energy
generation in Ireland since wind energy had been, based on economic investigation,
selected as a component in the majority optimal hybrid systems. The utilisation of wind
energy can also make a significant impact on the reduction of CO, emissions. More than
half of the electricity generation systems analysed demanded the incorporation of wind
energy to offset the CO, emitted from the non-renewable elem