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Abstract
Climate change and its potentially harmful effects is a topic that is currently much talked
about by politicians, industry leaders, environmentalists and the general public.
Reduction in carbon dioxide emissions is one proposed solution that can slow or stop the
effects of climate change. The UK produces carbon dioxide emissions totalling
approximately 600 Megatonnes each year. Approximately 30% of this total is attributed
to domestic energy provision.
Methods for reducing domestic energy carbon dioxide emissions include: increasing
energy efficiency within homes, improving energy efficiency and reducing emissions in
the national electrical grid network (including reducing emissions from power stations)
and increasing use of renewable energy sources, both on large and small scales. MicroCHP (combined heat and power) is proposed as one solution that could help domestic
consumers to increase their fuel efficiency and therefore decrease carbon dioxide
emissions.
Further to this, renewable hydrogen is proposed as a clean, carbon free fuel, which can be
used to provide energy to domestic consumers via fuel cells, which can be configured to
micro-CHP outputs.
This thesis provides the results from a modelling tool that has been developed in order to
quantify the potential emissions savings from deployment of micro-CHP devices in
domestic households in the UK. The results in the differences in carbon emissions, when
traditional domestic energy systems have been substituted with micro-CHP devices, have
been variable, with some micro-CHP units producing more emissions than the current UK
system. However, deployment of a prototype solid oxide fuel cell micro-CHP unit, using
renewable hydrogen fuel, results in a significant reduction in carbon emissions. This is
mainly because the only emission from the unit is water.
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Glossary of Terms
CHP

combined heat and power

CCGT

Combined cycle gas turbine

CO2

carbon dioxide

DTI

Department of Trade and Industry

DUKES

Department of UK Energy Statistics

EF

Emissions factor

EPA

US Environmental Protection Agency

IEA

International Energy Agency

IEAGHG

International Energy Agency Greenhouse Gas

IETO

International Emissions Trading Organisation

kg

kilogram

kV

kilovolt

kW

kilowatt

kWh

kilowatt-hour

MW

megawatt

NAEI

National Atmospheric Emissions Inventory

NEF

National Energy Foundation (UK)

PEC

Pure Energy Centre

PEM

Proton Exchange Membrane

RLA

Residential Lights and Appliances

SEPA

Scottish Environmental Protection Agency

SESAM

Sustainable Energy Skills and Management

SOFC

solid oxide fuel cell

UKAQA

UK Air Quality Archive
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1. Introduction
1.1

Background

Energy supply in the UK has long been established as a centralised system from which
energy is transported outwards to reach consumers, right up to the peripheral edge of
the country. However, this presents a number of disadvantages, namely low efficiency
(heat is wasted), losses (from energy transmission and distribution) and energy insecurity
for consumers (no control over energy production and supply).

Furthermore, the environmental impact of centralised power production and the use of
fossil fuels in general can no longer be ignored [UK Government HM Treasury 2007b]. The
majority of centralised power production facilities burn fossil fuels which produce large
amounts of environmentally harmful emissions. In particular carbon dioxide, this is known
to contribute to the global issue of climate change.

Due to the issues outlined above, there has been increased research and development in
alternative energy solutions. This has been both in terms of fuels used and also in energy
supply and delivery systems in general.

1.2

Distributed Energy Generation

Distributed generation of energy is proposed as a solution that will combat the problems
faced by the centralised energy production model [Casten & Collins 2002]. Local
production of energy for local consumption will reduce losses from transmission and
distribution systems. This is particularly important considering the fact that transmission
and distribution losses in the electricity network (the National Grid) amount to
approximately 8% of total UK electricity generation [DUKES 2007]. It can also increase
energy security for local consumers as they no longer have to rely on imported energy.

By utilising combined heat and power (CHP) systems in a distributed energy generation
model, energy efficiency can be increased [Hawkes & Leach 2008]. This is due to the fact
that CHP systems are more efficient than traditional power stations, as the heat that is
produced (during the generation of electricity) is also used. This results in a higher
quantity of energy being extracted from the energy content of the fuel that is used.
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Domestic energy demand totalled 29% of the UK’s overall electricity production in 2006
[DUKES 2007]. This demand comes from the domestic sector’s requirement for both
electricity and heat, which could be provided by micro-CHP systems instead.

1.3

Emissions

Fossil fuels provide 74% of existing centralised electricity generation in the UK [DUKES
2007], resulting in significant emissions of carbon dioxide into the atmosphere. There are
also a number of other environmentally sensitive emissions produced, namely oxides of
nitrogen and sulphur compounds. Other types of centralised energy generation also
produce environmentally harmful by-products, such as nuclear waste from nuclear power
stations.
The UK government is committed to reducing emissions as part of the commitment to the
Kyoto protocol and strategies to combat climate change. The strategy comprises
increased use of renewable energy, increased energy efficiency and a reduction in the use
of fossil fuels.

1.4

Renewable Hydrogen

Hydrogen is proposed as the fuel of the future by many governments, scientists and
companies [Hoffman 2002]. However, it is important to note that hydrogen produced
from fossil fuels does not solve any of the problems associated with fossil fuel industries.
These problems are wide ranging, from climate change and global warming, to the
political, social and humanitarian consequences of extracting coal, oil and gas.
However, if hydrogen is produced from water, through the process of electrolysis
powered by renewable energy sources, there are no carbon emissions. This method of
hydrogen production does not have the problems associated with the fossil fuel
industries. It is a clean, reliable method for storing energy in the form of hydrogen. It also
provides a solution to the problem of supply intermittency associated with many
renewable energy sources.

The agreements made at the Kyoto Protocol Convention, and subsequent pledges by the
UK government aim to provide 20% of all UK energy production from renewable sources
by 2020.
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This target has been increased by the Scottish Government to 50% from renewable
energy sources by 2020 in Scotland. This corresponds with targets to reduce carbon
emissions from all sectors of the UK, including energy provision.
The Hydrogen Energy Group (HEG) believes that by 2020:
•

Of the 40% of energy created by renewable resources at least half will have
downstream hydrogen production, storage and fuel cell facilities.

•

20% of Scotland’s total electrical power generation will be decentralised with a
significant fuel cell component.

•

20% of Scotland’s homes will have fuel-cell-based micro-combined heat and
power systems, increasing at a rate of 10MWe per year.

[Scottish Executive 2006].

1.5

Prototype System Solution

This research aims to quantify the potential resultant reduction in environmentally
sensitive emissions achieved through the installation of a new prototype micro-CHP
system (fuelled by renewable hydrogen) in domestic properties throughout the UK. This
prototype system can replace traditional domestic energy power sources, either partially
or completely. The research will focus primarily on quantification of carbon dioxide
emissions.

1.6

Thesis structure

This thesis is structured to first inform the reader of the traditional domestic application
power sources. This will aid understanding of the current centralised energy production
system in place in the UK, and also the options that domestic consumers currently choose
from for the provision of heat and electricity in their homes. This is covered in Chapter 2.
Next, the concept of combined heat and power is discussed, followed by a brief review of
current commercially available micro-CHP units in the UK. This is followed by a
description of the prototype micro-CHP system, incorporating a solid oxide fuel cell that is
fuelled by renewable hydrogen. This comprises Chapter 3.
Methods for quantifying environmental impacts, focussing particularly on gaseous
emissions, are reviewed in chapter 4. The chosen method for this research is then
described and explained in chapter 5. Chapter 6 presents the results of the research.
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Conclusions and Further Work are then provided in chapters 7 and 8 respectively. Finally,
References and Appendices are provided at the end, in chapters 9 and 10. A diagram of
the thesis structure is provided in Figure 1-1.

Introduction

Traditional Domestic Application Power Sources

Prototype micro-CHP System

Methods for Quantifying Environmental Impacts

Method – Modelling and simulation of energy systems

Results

Conclusions

Further Work

References

Appendices

Figure 1-1: Overview of Thesis Structure
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2. Traditional Domestic Power Sources
2.1

Introduction

This chapter reports on the traditional power sources that are available to domestic
consumers in the UK. This primarily consists of grid electricity and various heating systems
(with their various fuel energy sources). These are looked at in depth, including a review
of the advantages and disadvantages of each system.

2.2

Electricity

Most modern homes have a number of appliances installed which have a requirement for
electrical power. These include refrigerators and freezers, lighting, television and audio
equipment, home computers and kitchen appliances (toasters etc) among others. This
electricity is predominantly supplied by the National Grid, although there are also
alternatives such as an onsite genset (see p16 for definition) and renewable energy
system. These are discussed in the following sections.

2.2.1 Grid electricity
The National Grid is the national UK electricity supply infrastructure, consisting of many
large electricity production stations, from which electrical energy is distributed around
the country via cables and transmissions towers.
There are a range of different methods used to produce electricity. These are classified by
the Department of Trade and Industry (DTI) as follows:
•

Conventional steam stations generate electricity by burning fossil fuels to convert
water into steam, which then powers steam turbines

•

Nuclear stations are also steam stations but the heat needed to produce the
steam comes from nuclear fission

•

Gas turbines use pressurised combustion gases from fuel burned in one or more
combustion chambers to turn a series of bladed fan wheels and rotate the shaft
on which they are mounted, which then drives the generator (the fuel burnt is
usually natural gas or gas oil)
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•

Combined cycle gas turbine (CCGT) stations combine (in the same plant) gas
turbines and steam turbines, which are connected to one or more electrical
generators. This combination enables electricity to be produced at higher
efficiencies. The gas turbine (usually fuelled by natural gas or oil) produces
mechanical power (to drive the generator) and some waste heat. This waste heat
is then fed to a boiler, where steam is raised at pressure to drive a conventional
steam turbine that is also connected to an electrical generator.

•

Natural flow hydro-electric stations use natural water flows to turn turbines which
are connected to electrical generators

•

Pumped storage hydro-electric stations use electricity to pump water into a high
level reservoir during off-peak times. This water is then released to generate
electricity at peak times. Where the reservoir is open, the stations also generate
some natural flow electricity. As electricity is used in the pumping process, many
pumped storage stations are net consumers of electricity. In these cases, the
financial output of the station must be taken into account – the fact that the
electricity is used during off-peak (cheap) times and sold during peak (expensive
rate) times means that they are often still profitable. These stations are also used
to absorb load during times of low demand.

•

Other stations include renewable sources such as wind turbines and power
stations burning fuels such as landfill gas, sewage sludge, biomass and waste.

The Department of Trade and Industry (DTI) publishes a Digest of UK Energy Statistics
(DUKES) annually and the latest available data is for the year 2006 (published in 2007).
This provides information on the total electricity production and consumption in the UK
from 2001 to 2006.
It also includes detailed information on the number of operating power stations and the
electricity consumption apportioned to different consumer groups: primarily industrial
and domestic sectors.
Figure 2-1 shows the total electricity demand in the UK from 2001 to 2006.
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Figure 2-1: UK total electricity demand 2001 – 2006 [DUKES 2007]

This graph shows that the UK total electricity demand is rising. Figure 2-2 shows the
different sectors that comprise the overall UK electricity demand.

Figure 2-2: Electricity demand by sector, 2006 [DUKES 2007]

The chart shows that the domestic sector accounts for 29% of the total electrical demand.
It is also important to note that transmission and distribution losses amount to 8% of the
total demand.
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Figure 2-3 shows the different types of power stations that are operating in the UK and
their installed capacity (in megawatts), over the period 2001 to 2006. It shows that there
has been a decrease in conventional steam stations, hydro and nuclear, with an increase
in CCGT, gas turbines and renewables.

UK Plant Capacity

other renewables
hydro electric - pumped
storage
hydro electric - natural flow

100000
80000
60000

gas turbines and oil engines

MW
40000

nuclear

20000
0

ccgt
2001 2002 2003 2004 2005 2006
year

conventional steam

Figure 2-3: UK plant capacity [DUKES 2007]

2.2.2 Genset
A genset or generator set, also sometimes referred to as a back-up generator, is, as the
name suggests, installed in domestic properties often as a back-up power supply when
there is a failure in the grid electricity supply. One such device is the Honda EU30IS, a
2.8kW (maximum 3kW) petrol generator, priced at approximately £2000 [Tidyco 2007].
This unit can run for approximately 25 hours at full power output before requiring
refuelling.
For certain properties however, connection to the national grid supply is not possible
(due to a remote location for example) so the generator set provides the primary
electricity supply. The price of a larger unit of this type, used for primary power supply, is
approximately £5,000 and upwards (depending on requirements) [Powerland, diesel
generators, 2007]. The typical fuels used in generator sets are petrol or diesel.
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2.2.3 Renewable energy
Domestic consumers also have a number of renewable energy devices available to them.
These are broadly known as renewable energy micro-generators. These include:
•

Wind turbines

•

Hydro turbines

•

Solar panels (photovoltaic - PV)

These systems can be installed on or near the domestic property and are usually small in
size, designed to provide the basic energy needs of the household. Power outputs range
from 0.5kW to several kilowatts, depending on the number of units purchased (many
devices are modular and can be grouped together into one system in order to provide
higher power outputs). Prices for such systems range from approximately £7000 for a
small wind turbine system [Semplice Energy 2007] to approximately £9000 for a solar PV
system [Segen 2007].

2.2.4 Advantages, Disadvantages and Comparisons of domestic electricity
sources
Grid electricity is a cheap and reliable source of energy for domestic consumers. Gensets
are a good back-up power supply but expensive to run in the longer term (due to price of
fuel). However, both of these technologies contribute to climate change through their
emissions (primarily carbon dioxide). Therefore, use of renewable energy sources is more
environmentally friendly. The disadvantage with renewables is that the energy supply is
intermittent (apart from some large hydro power systems). Domestic energy consumers
would therefore require adequate energy storage to account for this. This could mean an
initial expense (high capital costs) at installation which would be paid back to the
consumer in the longer term. This could be anything from five to twenty years, depending
on the system purchased and the energy cost savings that the system provided.
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2.3

Heating

Due to the cool winter climate in the UK, domestic energy consumers have a requirement
for seasonal heating in their homes. There is also a year-round requirement for a hot
water supply.
This can be provided in a number of ways:
•

Electrical heating

•

Oil fuelled heating

•

Natural gas fuelled heating

•

Coal, wood and peat fires

•

Renewable energy heating systems
o Solar water heating
o Photovoltaic heating
o Wind to heat
o Ground/Air Source Heat Pumps

These will be discussed in the following sections.

2.3.1 Electrical
There are three main types of electrical powered heating: direct, storage and indirect
electrical heating.
The term “direct electrical powered heating” describes electrical heaters that are
switched on and off to provide instant heat. Electrical storage heaters heat up and cool
down more gradually through the use of thermal bricks inside the heater which store the
energy. Indirect electrical heating consists of electrical boilers which heat water/liquid
that is then circulated in radiators. Many domestic properties may have a combination of
these types of heating. This is so that sudden changes in temperature and thus heating
demand can be managed more effectively. For example, storage heating provides the
base load heating demand and direct heaters can be used to top-up heating requirements
if there is a sudden cold snap in the weather. Electricity suppliers usually charge a lower
rate for heating (especially storage heating) compared to direct heating systems.
Prices for complete heating systems (combinations of storage and direct heating), not
including installation, start at approximately £1000, depending on the size of the
domestic property [Dealec 2007].
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2.3.2 Oil
Oil fuelled heating produces heat energy through use of a boiler which burns the oil to
release thermal energy.
This thermal energy is then transferred to a fluid which is distributed around the home via
pipes and radiators. It can also be used to heat up water for the domestic hot water
supply.
Prices for a complete oil fuelled heating system (including boiler and radiators but not
installation) costs approximately £1500 and upwards (depending on requirements) [Heat
and Plumb 2007b].

2.3.3 Natural Gas
Natural gas fuelled heating produces heat energy through use of a boiler which burns the
gas (similar to oil heating). This heat is then transferred to a fluid which is circulated
around the home via pipes and radiators. It can also be used to heat up water for the
domestic hot water supply. Prices for such systems are comparable to oil burner systems
and start at £1500 [Tradeplumbing 2007].

2.3.4 Coal, Wood and Peat
Coal, wood and peat can be burned in a fireplace or stove (with an external chimney for
the release of smoke) in order to provide heating. There is usually a requirement to have
a fireplace and chimney in each room that requires heating. New developments in this
category of heating include wood chip burners, which have an increased efficiency (due
to the more concentrated form of the fuel and advances in the burner technology). Prices
range from £600 to £2000 for stoves/burners [Harridge Stoves 2007].

2.3.5 Renewable energy heating systems
Renewable energy heating systems in the UK utilise solar or wind energy.
Solar water heating systems can be fitted to the roof of a domestic property, thereby
capturing solar energy which then heats up the water contained within the system. This
can then be used for domestic hot water supply and space heating systems. An
approximate price for such a system is £3500 [Solartwin 2007].
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Passive solar heating is achieved through intelligent building design, utilising glass panels
and windows to capture solar thermal energy and distribute it around the home.
Wind to heat systems convert wind energy to electricity which is then supplied to electric
storage heaters. These systems are priced starting at approximately £20,000 [Anderson
2007].

Ground/Air Source Heat Pumps can also be classed as renewable if they are powered by
renewable electricity.

2.3.6 Advantages, disadvantages and comparisons of heating systems
All of the heating systems described above are very dependable, as long as there is a
reliable fuel supply. However, renewable energy heating systems are the only ones that
do not emit environmentally harmful emissions during operation. The other heating
systems all burn fossil fuels (including electric heating as the electricity comes from the
national grid) which produces carbon dioxide.

The main disadvantage of renewable energy heating systems is that in most cases, the
energy supply is intermittent (for example, solar energy is not available during night-time,
thermal storage is also required).

In terms of efficiency, oil and natural gas fuelled heating is more efficient than electric
heating, as grid electricity in general is quite inefficient (from fuel input to consumer
output). This is due to the fact that a large proportion of the thermal energy that is
released from fossil fuels in centralised power stations is wasted, during the conversion
process to electricity. Plus the transmission and distribution network adds further energy
losses of 8% on average before the electricity reaches the consumer.

In oil/natural gas domestic heating systems, the thermal energy is produced at the point
of consumption, with no energy conversion or transmission losses. However, this requires
a reliable fuel source, with deliveries of oil required throughout the year in the case of oil
heating. Natural gas heating is usually only installed in domestic properties where there is
a piped supply of natural gas available.
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Coal, wood and peat fires emit large amounts of carbon dioxide and smoke and therefore
require chimneys. Chimneys themselves are a source of draughts within a domestic
property and are therefore less common in modern properties nowadays.

2.4

Conclusions

Traditional power supplies comprise a number of different technologies which provide
domestic energy consumers with electricity and heat. These include: grid electricity,
gensets, renewable energy systems and fossil fuelled heating. All of these systems
produce environmentally sensitive emissions with the exception of renewable energy
systems. The disadvantages of renewable energy systems are the intermittent energy
supplies associated with each technology and the initial expense of installation. Grid
electricity is the most widely used supplier of domestic energy, however, it is inefficient
and contributes to a large proportion of the UK’s greenhouse gas emissions.
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3. Micro-CHP Systems
3.1

Introduction

This chapter introduces the concept of micro combined heat and power (micro-CHP)
systems. A review of the UK’s commercially available micro-CHP units is provided. This is
followed by a description of a prototype solid oxide fuel cell (SOFC) micro-CHP unit and its
development. An overview of the system components is provided, followed by a
description of each of the components within the prototype micro-CHP system. Finally,
the term “renewable hydrogen” is also explained, particularly in the context of the fuel
provision for the prototype unit.

3.2

Overview of Micro-CHP Systems

A micro-CHP system is defined as a system that produces heat and power, in which the
output electrical power does not exceed 5kW. Micro-CHP systems are installed in areas
where the demand for power and heat is relatively low. Domestic properties and small
commercial properties are the most common areas for deploying such systems. As with
any energy system, they require a fuel input and produce an energy output. In the case of
micro-CHP, there are two forms of energy produced at the output, electrical and thermal.
There are also by-products from the system, in the form of exhausts. Figure 3-1 shows a
micro-CHP block diagram.

exhaust
heat
Fuel in

Micro-CHP unit

power (< 5kW electrical)

Figure 3-1: Block diagram of micro-CHP unit
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3.3

Commercially available micro-CHP units

3.3.1 Introduction
This section reviews all the commercial micro-CHP systems that are currently available on
the UK market. The different CHP technologies that are utilised will be discussed, listing
advantages and disadvantages of each. Comparisons are then drawn between each of the
units.

3.3.2 Micro-CHP Systems and Technologies
There are a number of different technologies that are implemented in micro-CHP
systems. The main technology types are:
•

Internal combustion engine (ICE) combined with a boiler

•

Boiler combined with a Stirling engine

•

Fuel cell combined with a boiler

Note that each technology combination includes a boiler to utilise the heat output. This
can be used for hot water provision and/or space heating systems.
Each of the technologies can operate with a range of different fuels. The most common
are fossil fuels (natural gas, petrol and diesel).
There are four companies who offer different micro-CHP systems that are currently
commercially available in the UK. These are:
•

WhisperTech, offering the WhisperGen product

•

SenerTec DACHS, offering three different units depending on fuel type: fuel oil,
LPG and natural gas

•

ecopower, offering the micro-CHP unit of the same name

•

EC Power: offering the CHP XRGI 13G NGAS Energy Solution and the CHP XRGI 17D
Oil Energy Solution

Each of the available micro-CHP systems has been reviewed individually and details of
these reviews are included in Appendix 1 of this thesis.
Comparisons between the units are included in section 3.3.3.
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3.3.3 Comparisons of micro-CHP units
Table 3-1 compares four different micro-CHP systems that are currently available on the
UK market. Each unit in listed in Table 3-1 comes from a different company but all use
natural gas as their fuel.

WhisperGen

SenerTec DACHS

ecopower

EC Power

Unit Price

£3,000

£12,800

£10,000

£25,000

Technology

Boiler and
Stirling Engine

ICE and
boiler

ICE and boiler

Fuel type

Natural gas

Reciprocating
engine and
boiler
Natural gas

Natural gas

Natural gas

Size (mm)

500 x 600 x 850

720 x 1070 x
1000

1370 x 740
x 1080

1250 x 1110 x
750

Weight (kg)

138

520

395

625

Noise

47dBA (1m)

52 – 56 dBA(1m)

56dBA (2m)

45 – 50 dBA (1m)

Electrical
output (kW)
Thermal output
(kW)
Total output
(kW)
price per kW

1

5.5

1.3 - 4.7

4 – 13

7.5 – 13

12.5

4.0 - 12.5

17 – 29

14

18

17.2

42

£214

£711

£581

£595

Fuel
consumption
(maximum)
Total efficiency

1.5m3 per hour
(16.2kWh
equivalent)
~ 85%

22.8kWh
equivalent

19.1kWh
equivalent

79% - 92%

90% - 92%

2.2 - 4.2 m3 per
hour (24 – 45kWh
equivalent)
~ 95%

Table 3-1: comparison of different micro-CHP systems

From Table 3-1, it can be seen that the WhisperGen unit is the smallest in size, lightest in
weight and least expensive. It also has the lowest overall output (both electrical and
thermal) – this would not meet all of the domestic energy requirements in a household.
In terms of price per kilowatt of installed power, the WhisperGen is also the cheapest.
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The most expensive unit (from EC Power) has the highest overall output of 42kW. It is the
heaviest unit but comparable in dimensions to the ecopower unit. The EC Power unit has
the highest overall efficiency of 95% but that is only marginally more than that of the
ecopower one. The higher efficiency means that the overall fuel costs for running the unit
will be lower, over the complete lifetime of the system. The noise levels for all the units
are quite similar and within acceptable limits for domestic applications.

3.3.4 Conclusions on commercially available micro-CHP units
This section (3.3) has reviewed the micro-CHP units that are currently commercially
available in the UK, subject to the data available on each system. The conclusions are that
commercially available micro-CHP units are more expensive in terms of capital outlay
when compared to traditional domestic power and heat production units. However, their
higher efficiencies and ability to generate electricity and heat from a single unit mean that
they have long term benefits for consumers. The most suitable product on the market at
the moment is the WhisperGen unit. This is because it is the cheapest option and smallest
in size. Therefore it can be installed in any domestic application.

3.4

Prototype Micro-CHP system development

3.4.1 Introduction
In this section, an overview of a typical micro-CHP system is explored in more detail. This
is followed by details of the design of the prototype micro-CHP solid oxide fuel cell (SOFC)
unit. Figure 3-2 shows a block diagram for a micro-CHP system.
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User Control
system

Fuel input

Fuel storage
and delivery
system

Electrical and
thermal power
production unit

Electrical
output
interface

Thermal
output
interface

Electrical
load

Thermal load

Exhaust
management
system

Figure 3-2: block diagram of micro-CHP system

Each of the blocks on the above diagram will be discussed in more detail in the following
sections of this chapter (3.4.1.1 to 3.4.1.7).

3.4.1.1 Fuel input
Things to consider when selecting a fuel type for a micro-CHP system are:
•

Type of power production unit used

•

Fuel purity requirements

•

Safety of fuel for domestic use

•

Fuel availability (locally, plentiful supply)

•

Fuel cost (including delivery to site)

•

Exhausts generated

•

Environmental impact (from fuel extraction through to end use)

•

Ease of storage/transportation

From the list, the first consideration must be for the type of power production unit being
used and its requirements regarding fuel; particularly the type of fuel and if there are any
purity requirements for the use of this fuel. Safety is always a top priority and the
remaining factors are then considered equally.
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3.4.1.2 Fuel storage and delivery system
All domestic micro-CHP systems will require a fuel storage and delivery system. This will
largely be determined by the fuel type used and the location of the system. Safety must
be a key consideration when designing and installing any system. There will also be
certain user requirements, such as:
•

Fuel storage level indication

•

Fuel supply regulation (to micro-CHP unit)

•

Ease of re-fuelling

3.4.1.3 Power production unit
The type of power production unit used will depend largely on factors such as suitability
for purpose, cost, fuel availability, size and output characteristics. Power production
technology options include internal combustion engines, Stirling engines and fuel cells.

3.4.1.4 Electrical output interface
The electrical output from the power production unit may require certain power
conditioning in order to provide an equivalent ac mains 240V supply. This could be
achieved through the use of an inverter. It will also require regulation of the load that is
connected to the electrical supply. Depending on the electrical output available (in terms
of kilowatts), the domestic user will not necessarily be able to connect all household
appliances to the system. There may also be a requirement for management of the
number of applications that are using the produced electrical power at any given time.

3.4.1.5 Thermal output interface
The thermal output interface for the system will require a degree of user control, in order
to maintain a suitable temperature in the domestic application. It may also be prudent to
ensure that fittings are standardised so that connection to existing hot water and space
heating technology already installed in a domestic property is possible.
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3.4.1.6 Exhaust management system
The exhaust from the power production unit will vary depending on the fuel type. At the
very minimum the exhaust will be water (either as a liquid or a vapour). In this case, the
water could be used within the domestic setting (added to the water supply) or if
required it could be disposed of via the existing drainage system for the property. In the
case that the fuel used produces other emissions (natural gas fuel will produce CO2 for
example), these must be safely vented and disposed of according to environmental laws
and standards.

3.4.1.7 User control system
All domestic appliances require a user control system. The level of control can vary
between a simple on/off switch, to a system that provides monitoring and control over
the operation of the unit. A micro-CHP unit could be more useful to a consumer if there is
a certain amount of control available in terms of its outputs – both electrical and thermal.

3.4.2 Prototype Solid Oxide Fuel Cell Micro-CHP unit
The prototype device from which the environmental emissions will be quantified in this
research will be described and explained in this section.
The power production unit for the prototype device is a solid oxide fuel cell (SOFC). It
provides 1kW of thermal power and 1.5kW of electrical power. It includes a heat
exchanger (thermal interface) and an electrical interface so that the outputs are taken
directly from the unit.
The thermal output is connected to a standard boiler, which supplies domestic hot water
or a space heating system (comprising one or more radiators). The space heating system
requires a small pump to circulate the liquid within the radiators.
The electrical interface provides an ac output of 240V. This electricity is provided to the
energy system in the house where the unit is installed.
The fuel for the unit is Renewable Hydrogen Fuel. Renewable Hydrogen is produced
through the process of electrolysis (splitting water into hydrogen and oxygen by passing
an electric current through it), which is powered by renewable energy sources. This form
of hydrogen production produces no emissions.
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Hydrogen fuel can be stored in a number of ways, with the two most common being
pressurised gas cylinders or metal hydride technology. For this prototype unit, the fuel
storage system comprises pressurised gas cylinders with a standard, regulated gas
delivery system that is connected to the input of the unit.

3.4.3 Other Fuel Cell micro-CHP devices
There are a number of other fuel cell micro-CHP devices that have been developed but
these are not yet commercially available. Two such systems are reviewed in this section.

3.4.3.1 Home Energy Centre
The company Baxi Heating UK has a product called the Home Energy Centre [Baxi Heating
UK 2005]. It is a natural gas fuelled proton exchange membrane (PEM) fuel cell micro-CHP
unit with an integrated boiler. The electrical output is rated at 1.5kW and the thermal
output is rated at 3kW. It is not yet commercially available in the UK. It is shown in Figure
3-3.

Figure 3-3: Home Energy Centre [IET 2005]

3.4.3.2 SOFC Residential Power Plant
The company “Acumentrics” also has a similar product, called the “AHEAD: Residential Fuel
Cell Heat & Power System” producing 1kW power at nominal operating conditions and

2.5kW peak [Acumentrics 2008]. The difference between this product and the Home
Energy Centre is that it utilises a solid oxide fuel cell, combined with a heating system.
The unit is shown in Figure 3-4.
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Figure 3-4: AHEAD: Residential Fuel Cell Heat & Power System [Acumentrics 2008]

3.5

SOFC Literature Review

In their paper titled “Solid oxide fuel cells (SOFCs): a review of an environmentally clean
and efficient source of energy” [Boudghene Stambouli, A., & Traversa, E., 2002]
Boudghene Stambouli and Traversa discuss the potential benefits of using this technology
for commercial electricity generation along with restrictions and limitations associated
with solid oxide fuel cells.

They list the following benefits of SOFCs as reasons for their suitability for distributed
generation and use in commercial and residential applications:
•

they have the highest electrical efficiency among fuel cell types

•

they have fuel flexibility

•

they have no moving parts so no vibration and are therefore suitably quiet for
indoor installation

•

their high operating temperature provides a high-quality heat output for use in cogeneration applications

•

they don’t have any issues concerning electrolyte management (in comparison
with other fuel cell types with corrosive liquid electrolyte for example)

•

they have extremely low emissions and due to their high operating temperatures,
any carbon monoxide produced in their operation is converted to carbon dioxide
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Further to this, Boudghene and Traversa state that solid oxide fuel cells have a good
potential for market competitiveness due to their potentially long life expectancies (forty
to eighty thousand hours) and the fact that they do not contain noble metals (which are
expensive) as compared to other fuel cell types.

They highlight that the key characteristic of solid oxide fuels cells is the high operating
temperature which enables internal fuel reformation, rapid electrocatalysis without the
need for precious metals and high efficiencies when heat is also recovered.

The low emissions from SOFCs and the high operating efficiencies are of particular
relevance to the work carried out in this research, in terms of quantifying emissions from
different types of energy generation technologies.

In their paper they also provide a good overview of the history of fuel cells and of solid
oxide fuel cells in particular, along with a technical description and explanation of the
operation of fuel cells and of solid oxide fuel cells in particular. They list the requirements
of SOFC components as being: stability, conductivity, chemical compatibility, similar
thermal expansion properties, high density electrolyte (to prevent mixing of gases), high
strength and toughness and good porosity in both the anode and cathode to enable gas
transport to the reaction sites. Further to this, for mass manufacturing suitability,
components must be able to tolerate certain fabrication conditions and be low in cost.

The main fuel cell components are highlighted and discussed in terms of materials:
electrolyte – typically yttria-stabilised zirconia, anode – composite powders of electrolyte
and nickel oxide (which is reduced to nickel metal before initial operation), cathode –
materials such as perovskite-type lanthanum strontium manganite. There are a number
of materials that can be used and research is ongoing in this field. These are similar to the
materials used in the prototype device that was studied in this research.

Research into cell geometries and stack configuration is then discussed and reviewed in
Boudghene Stambouli and Traversa’s paper: concerning tubular configuration cells, radial
planar cells, planar flat-plate cells and thin-film configuration cells. The most common is
stated as being the planar, as is used in the prototype device studied in this research. The
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key similarity in each of these cell types is that in order to produce significant amounts of
power, they are all assembled into stacks of multiple cells.

Further to this, Boudghene Stambouli and Traversa discuss potential benefits of using
SOFC on a mass scale in a distributed generation configuration. They state that
deployment of SOFCs could increase energy security through reduction in oil
consumption and reduce energy bills due to their low operation and maintenance costs
and high fuel efficiency.

They highlight a key challenge in SOFC development as being a significant reduction in
operating temperatures, to allow extended cell lifetimes, whilst not compromising on
performance. The reduced operating temperatures, they say, could also lead to
significant reductions in cost to build, allowing the use of less expensive materials for
interconnections and structural components. This would also improve on the start-up
time for SOFC’s – a lower operating temperature would be achievable in a quicker startup time.

3.6

Conclusions

Micro-CHP systems are defined as combined heat and power systems that provide up to
five kilowatts of electrical power. They are most commonly installed in domestic
properties.

All micro-CHP systems consist of a power production unit, a fuel input (with an adequate
storage and delivery system), electrical and thermal output interfaces, management of
exhaust and a control system.
There are a number of “technology combinations” that can be used to implement a
micro-CHP system. These include internal combustion engines combined with boilers,
boilers combined with Stirling engines, and Fuel Cells with integrated boilers/heating
systems.

The prototype unit that is the subject of this research consists of a solid oxide fuel cell
(SOFC) and a boiler. Solid oxide fuel cells operate at high temperatures and this provides
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several benefits including increased efficiency (when heat recovery is employed), fuel
reformation capabilities, very low emissions with carbon monoxide always converted to
carbon dioxide and they do not require precious metals to be used as catalysts. This final
point gives SOFCs a particular competitive edge in the market, due to the lower costs
associated with mass manufacture and deployment. They are more suitable for stationary
applications due to their relatively slow start-up and shut-down characteristics.
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4. Quantifying environmentally sensitive emissions
4.1

Introduction

The following chapter will provide an introduction to environmental impact analysis. It
will describe methods for quantifying environmental impacts and ways to analyse data for
environmental analysis. It will focus particularly on the measurement and calculation of
environmentally sensitive gaseous emissions from devices. This includes both quantifying
emissions from micro-CHP devices and also calculating emissions from traditional power
supply systems (such as grid electricity for example). The quantification method selected
for this research will then be discussed and the reasons for its selection will be provided.

4.2

Introduction to Environmental Impacts

The term “Environmental Impact” is used to describe any effects an entity has on the
environment in which it is placed. It is defined as “a change in the make-up, working, or
appearance of the environment. These changes may be planned or accidental.” [A
Dictionary of Geography 2004]
The ‘environment’ referred to must be pre-defined when discussing environmental
impacts. The convention is to consider the global environment, unless otherwise
specified.
Examples of environmental impacts are:
•

De-forestation – caused by changes in climate

•

Introduction of new plant species – due to accidental transfer via transport

•

Introduction of disease – due to seasonal migration of species

•

Population increase in a near-extinct species – due to human intervention

•

Lower air quality (locally) – due to increased vehicle traffic

Environmental impacts can be positive or negative or both. For example, installing a new
renewable energy system would have a positive environmental impact as it would replace
other energy systems that produce harmful emissions.
However, building the system may require a plot of land to be cleared of trees, therefore
also having a negative environmental impact.
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The overall environmental impact must then be determined by means of quantifying the
positive and negative impacts. An example of this is shown in Figure 4-1.

Negative impact

Positive impact

Number of trees cleared = 5000

Renewable energy system capacity = 30MW

Reduction in Carbon dioxide absorption = 21.78kg
x 5000 = 108,900 kg per year

Carbon dioxide emission reductions due to
replacement of fossil fuel burning energy generators =
67,802 kg per year

[Colorado Tree Coalition, 2006]

[British Wind Energy Association, 2006]

Overall impact:
The overall environmental impact in terms of carbon dioxide emissions will be
negative. This is due to the fact that the cleared trees absorb more carbon dioxide
than that which is offset by the renewable energy system.

Figure 4-1: example of overall environmental impact calculation

The important aspect of environmental impact analysis is being able to quantify it. There
may be a number of different impacts that arise from one action. These must first be
looked at separately, and then combined as a whole, in order to determine the overall
environmental impact.
It is also important to note that there may be “global” environmental impacts as well as
local ones. The above example of a new renewable energy system also illustrates this
point. The local impact is to the site where the system is built (visual, noise levels etc).
The global impact is the net increase in harmful emissions going into earth’s atmosphere.

4.3

Methods for Quantifying Environmental Impacts

4.3.1 “Before and After” analysis
In order to quantify an environmental impact, a “before and after” analysis is required.
This means that an analysis of the environment before any changes have been made is
required. Then, after the changes have occurred, another picture of the environment is
required. The two can then be compared and the environmental impact quantified.
The “after” picture could also be a “projected after” picture, rather than an actual one.
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This would be the preferred method when carrying out an “Environmental Impact
Assessment” as part of a planning process for any project, system or task. The projected
environmental impact could determine whether actions or projects are undertaken or
not.

4.3.2 Areas of Impact
When looking at any environment, whether natural or man-made, there are a number of
different areas that can be impacted by actions or modifications to that environment.
These are:
•

Visual impact

•

Air Quality impact

•

Noise impact

•

Land/soil impact

•

Energy impact

•

Impact on native species (birds, animals, insects, sea life, plants)

This research primarily focuses on quantifying environmentally sensitive emissions. It is
important to therefore note how these emissions could impact the environment. Of the
six impacts listed above air quality is the primary area of impact in terms of gaseous
emissions. The land/soil, native species, noise, visual and energy impacts due to gaseous
emissions will not be as significant and will therefore not be considered in great detail for
the purposes of this research. More information on environmental impact analysis in
these categories is provided in Appendix 2 of this thesis.

4.3.3 Environmental impact assessments at different project stages
There are a number of different stages in a project that may have different environmental
impacts and therefore must be investigated individually. These are:
•

Manufacturing/building a system

•

Installation of a system

•

Running/operating a system

•

Maintenance

•

Decommissioning a system
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For the purposes of this research, the operation/running and resultant output emissions
of systems will be the main area in which impacts are assessed. More information about
assessing impacts in each of the other stages is provided in Appendix 2.

4.3.4 Making projections in environmental impact assessments
It is important to note that there may be scenarios in which the environmental impact
cannot be determined accurately. In these cases, it is helpful to provide a number of
estimates for the impact, ranging from worst-case to best-case scenarios. By doing so,
project planners have more information and can therefore make informed decisions
concerning the viability of projects.
When carrying out an environmental impact assessment, all available resources should be
used in order to gain the most accurate analysis possible. Without certain data, the
impacts may not be fully quantifiable and if this is the case, the assessment should state
that fact.

4.3.5 Methods for measuring environmental impacts on air quality
A method that is used to determine the impact on air quality is to take physical
measurements of the composition of the air, before and after any changes have taken
place.
Depending on the level of detail required this could include measuring levels of pollutants
present in the air, along with particulate matter (sand for example).
Common pollutants that can be measured and tested for are:
•

Sulphur Dioxide

•

Carbon Monoxide

•

Ozone

•

Benzene

•

Toxic Organic Micro pollutants

•

Acid Rain

•

Nitrogen Dioxide

•

Hydrocarbons

•

1,3-Butadiene

•

Lead
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All of these pollutants have a detrimental effect on human health if they are present in
high concentrations.
An example of an air quality measurement is provided in Table 4-1.

Pollutant

Date

Time

Measurement

Unit

CO

07/12/2006

14:00

500

µgm-3

PM10

07/12/2006

14:00

20

µgm-3

NO

07/12/2006

14:00

18

µgm-3

NO2

07/12/2006

14:00

42

µgm-3

NOXasNO2

07/12/2006

14:00

69

µgm-3

O3

07/12/2006

14:00

28

µgm-3

SO2

07/12/2006

14:00

5

µgm-3

Table 4-1: Air Quality measurements for the city of Aberdeen [Air Quality Archive, 2006a]

These measurements are in the unit of micrograms per cubic metre. Air quality
measurements in the UK are indexed and banded into separate categories, as shown in
Table 4-2.
Banding

Index

Health Descriptor

Low

1

Effects are unlikely to be noticed even by individuals who know

2

they are sensitive to air pollutants.

3
Moderate

4

Mild effects, unlikely to require action, may be noticed

5

amongst sensitive individuals.

6
High

7

Significant effects may be noticed by sensitive individuals and

8

action to avoid or reduce these effects may be needed (e.g.

9

reducing exposure by spending less time in polluted areas
outdoors). Asthmatics will find that their “reliever” inhaler is
likely to reverse the effects on the lung.

Very High

10

The effects on sensitive individuals described for “High” levels
of pollution may worsen.

Table 4-2: Air Quality Index and Banding description [Air Quality Archive, 2006b]
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The air quality measurement results shown in Table 4-1 are classified as level 2, which is
in the “low” banding of the air quality index. As stated in Table 4-2, effects of air pollution
at this level are unlikely to be noticed by individuals.
The acceptable ranges for concentrations of pollutants, according to the air quality
indexing and banding scheme, vary widely depending on the particular pollutant. This is
also illustrated in the example provided in Table 4-1.
The concentration of carbon monoxide is much higher than all of the other pollutants
listed, yet this concentration is within the “low” level defined for carbon monoxide.
A projected impact on air quality can be calculated by analysing the planned changes to
the environment, giving consideration to any possible emissions being discharged into the
air.

An example is the planned construction of a new road. An average of the emissions that
are measured from car exhausts could be multiplied by the projected number of cars that
would use the road (traffic level) to provide an air quality analysis. This is illustrated in
Figure 4-2.

Length of new road = 20 miles

Emissions from average car (per mile):

Projected amount of traffic (daily) = 200 vehicles

Carbon Monoxide = 20.9 grams
Oxides of Nitrogen = 1.39 grams

Calculation:
Carbon Monoxide: (20 miles) x (20.9 grams) x (200 vehicles) = 83.6 kg
Oxides of Nitrogen: (20 miles) x (1.39 grams) x (200 vehicles) = 5.56 kg
Carbon Dioxide: (20 miles) x (415 grams) x (200 vehicles) = 1660 kg
These are the projected increases in daily emissions.
Using these figures, further calculations can be made as to whether these increases will be
acceptable in terms of the air quality in this location.

Figure 4-2: Projection for air quality impact in building a new road [Environmental Protection
Agency 2006]
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4.4

Measurement of gaseous emissions

This aim of this section is to provide an overview of the theoretical and practical methods
for measuring and calculating emissions from devices that use fuel to produce power.
This will include methods for estimating emissions when practical measurements are not
possible or feasible. It will also include information on practical devices and technology
commonly used to carry out physical measurements of emissions.

4.4.1 Emissions produced from power generation
Man-made devices that produce power use a fuel input and produce a power output plus
emissions.
No man-made system that converts matter (fuel) to energy (electrical, thermal etc) is
100% efficient. There are always certain by-products that are also produced, termed
“emissions”.
When burning fossil fuels for example, the output exhaust will contain various oxides of
carbon and also some unburned fuel. This basic concept is illustrated in a block diagram in
Figure 4-3. The smoke and excess heat shown in the diagram are the emissions from the
system.

Fuel in

Furnace

Heat
Emissions (smoke and excess heat)

Figure 4-3: Block diagram of a fuel to energy system showing inputs and outputs

The word “emission” is currently often associated with environmentally harmful products
that are produced in industry and through the use of fossil fuels. However, it is important
to note that any and all by-products from a device or system are emissions, whether or
not they are deemed to be environmentally harmful. Water is an emission from many
devices; excess heat is also an emission from many systems and devices. Anything that is
not used in the main desired output from a device can be termed an emission.

4.4.2 Calculation of gaseous emissions
There are two ways to calculate gaseous emissions from a device or system:
•

physical measurement using a measuring device

•

theoretical estimation using modelling and simulation

The following section will look at each of these methods separately.
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4.4.2.1 Practical Measurement of Emissions
There are many devices currently available that are capable of measuring different types
of emissions from different systems and devices. The most well known device of this type
is the one that is that used in a car MOT test.
This device is used to measure the emissions from the exhaust of vehicles, in order to
determine if they conform to UK requirements or not. Examples of such devices are
shown in Figure 4-4. These systems can be purchased outright or rented. They measure
emissions such as oxides of carbon and hydrocarbons (unburned fuel), amongst others.

(a)

(b)

(c)

Figure 4-4: Examples of emissions testing equipment [(a) and (b) Boston Garage Equipment 2007;
(c) Bosch 2007]

When selecting emissions testing equipment, it is important to ascertain which particular
emissions require measurement and then select a device accordingly. Other factors that
require investigation before purchasing or renting equipment are: accuracy of the
measuring device and suitability for the purpose. For example, a small monitor like the
one shown in Figure 4-4 is suitable for measuring vehicle emissions but would not
necessarily be suitable for measuring emissions from large industrial combustion engines.
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4.4.2.2 Theoretical Measurement of Emissions
There are a number of situations where estimation and theoretical calculation of
emissions may be required or is the better option compared to physical measurement of
emissions.
This could be due to factors such as cost, difficulty of measurement technique, large scale
of system and required accuracy of emissions data, amongst others. This section will look
at ways in which emissions can be theoretically calculated and estimated.
Simulation is defined as “The technique of imitating the behaviour of some situation or
process (whether economic, military, mechanical, etc.) by means of a suitably analogous
situation or apparatus, esp. for the purpose of study or personnel training” [Oxford
English Dictionary 1989].
There are two main types of simulation method: physical and theoretical. These will be
discussed separately in the following section.

4.4.2.3 Physical Simulation
Physical simulation is the name given to a simulation process in which physical objects are
substituted for the real thing [Institute for Simulation and Training 2007]. This is often
carried out on a smaller scale than the actual system that is to be simulated. This could be
due to the cost or size implications of an object or system. An example of this would be to
simulate wave movements in a small water tank using an oscillator. This could be for the
purpose of optimising the design of a new pier in a harbour for instance.
There is a particular type of physical simulation known as “interactive simulation”. This is
when the simulation includes human operators, such as in a flight simulator or in virtual
reality scenarios. This is sometimes called “human in the loop” simulation.

4.4.2.4 Theoretical Simulation
Theoretical simulation is commonly achieved using computers that carry out modelling of
systems. A model of a system or device should imitate the internal processes of the
system or device, rather than simply the results or outputs of that which is being
modelled [Dictionary.com 2007].
A computer simulation has at least one or several variables that are changed, which
determine the results of each simulation run.
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This provides data on different scenarios for the system or device that is being modelled.
This enables predictions and estimations of outputs and behaviour to be made.
Computer simulations all attempt to generate a sample of representative scenarios. This
is very useful when it is not possible to calculate results for all scenarios and variable
combinations.
Mathematical modelling is the traditional form of modelling for systems. In this method,
there are an initial set of parameters and conditions. Formulas which manipulate these
conditions and parameters are then constructed, to simulate the system or process and
generate results.
An iterative process usually follows this, in which the mathematical formulas within the
model or the initial parameters and conditions (or both) are modified in order to produce
results that are more similar to the device or process that is being modelled. This iterative
modification process is continued until a desired accuracy in results is achieved from the
model.

4.4.2.5 Modelling and Simulation example
In this example, a simple model of a fuel cell will be specified and the results from a
simulation will be shown.
Fuel Cell Model:
Inputs: Fuel (Hydrogen and Oxygen)
Outputs: Heat, Electricity and Exhaust
Assumption 1: Oxygen supply comes from the ambient air surrounding the fuel cell.
Assumption 2: All energy at the outputs of the fuel cell is captured and used.
Fuel cell characteristics:
Hydrogen flow rate is 5.6 litres per minute
Heat output is 568 Watts and Electrical output is 419 Watts
Total energy output = 568 + 419 = 987 Watts, which is 0.987 kilowatt hours in one hour
Calculations:
For one hour, Hydrogen used is 5.6 litres x 60 minutes = 336 litres = 0.336 cubic metres
1 cubic metre of hydrogen = 3.0 kilowatt hours
Energy content of 0.336 cubic metres of Hydrogen is: 0.336 x 3.0 = 1.008 kWh
Efficiency of fuel cell is equal to energy in divided by energy out (x 100 to get percentage)
0.987 / 1.008 = 97.9%
Result is that the fuel cell is 97.9% efficient.
(Data from source: Pure Energy Centre, 2006)
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This is a simple example, using a simple model of a fuel cell. The next steps would be to
improve the model to take into account any losses that occur at the outputs (such as
conversion losses if an inverter is used for example). The simulation would then be
repeated with the generation of a new model, generating a new result at the output. This
process continues until the results reach an acceptable level of similarity to the real world
measurements or other estimations.

4.4.2.6 Emissions data resources
There are number of resources which have useful data concerning emissions. Some of the
main ones are listed below:
•

National Atmospheric Emissions Inventory (UK)
http://www.naei.org.uk/

•

UK Air Quality Archive
http://www.airquality.co.uk/archive/index.php

•

Scottish Environment Protection Agency
http://www.sepa.org.uk/air/index.htm

•

UK Government Statistics
http://www.statistics.gov.uk/cci/nugget.asp?id=901

4.5

Conclusions

Environmental impact analysis is the study of changes in the environment. The
“environment” is a pre-defined area in terms of the analysis. This could range from a
small isolated location to a global scenario. The changes to the environment can be due
to one single action or the installation of a number systems and their continued
operation. Environmental impacts can be both positive and negative.
Environmental impacts can be measured in the following areas: visual, air quality, noise,
land/soil, energy and impact on native species. There are numerous methods for
measuring and quantifying environmental impacts. All methods involve first taking an
initial measurement or picture of the environment. This is then used to compare with
further measurements or pictures of the environment, with both actual and projected
changes.
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When carrying out a system installation, there are a number of stages that each have
their own differing environmental impacts. An environmental impact analysis is not
complete unless it includes assessment of all the stages of the project development. It
must also include an analysis of any environmental impacts that may arise from
unplanned activities, such as accidents.
There are two methods used to calculate emissions: practical measurement and
theoretical simulation.
Practical measurement of emissions is undertaken with the use of measuring devices,
technology and systems that are suitable for the types of emissions that must be
quantified. Theoretical calculations of emissions can be carried out through use of
computer modelling and simulation of systems. This requires a certain degree of
knowledge about the system that is to be modelled, as well as a clear statement of any
assumptions or initial conditions that are set in the model.
Simulations aim to generate a sample of representative scenarios, with changes being
made to variables within the system to emulate this. There are a considerable amount of
resources that have data on emissions that can be used when constructing models and
carrying out simulations.
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5. Method
5.1

Introduction

The purpose of this chapter is to discuss methods for modelling and quantifying the
environmentally sensitive emissions from a number of different energy systems. The first
section presents a literature review of the different models used in other similar research
and studies and their conclusions. This is followed by a description of the method that is
used in this research to quantify the environmentally sensitive emissions from a number
of different energy systems. The modelling requirements are presented and discussed
and the data and sources of information used in the model are provided and reviewed.
The commercially available CHP devices selected for comparison in this study are also
listed and reviewed, with the relevant parameters required for the modelling provided for
each.

5.2

Literature Review

5.2.1 Introduction
The purpose of this chapter is to review and summarise the findings of peer-reviewed
scientific literature that is relevant to this research. The major contributors in the field are
identified and presented, along with a description of the methodologies that have been
used and the main conclusions of contributor’s studies and research. Gaps that have been
identified in the current understanding of the topics are also discussed. Further to this, an
example of validated field data is provided and summarised.

5.2.2 Peacock and Newborough
Peacock and Newborough are two leading authors in the field of research of micro-CHP
for the domestic sector.
Two of their papers are reviewed here, the first being their paper titled “Impact of microCHP systems on domestic sector CO2 emissions” [Peacock, A. D., & Newborough, M.,
2005] in which they presented the findings from their research on the potential CO2
emissions savings that are achievable through utilisation of Stirling Engine or Fuel Cell
micro-CHP systems in the domestic sector.
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5.2.2.1 Paper 1: Impact of micro-CHP systems on domestic sector CO2
emissions
This study utilised energy consumption/demand data for a single “typical” household that
had been gathered over the course of an entire year, on a 1-min time base.

They defined two synthetic, generic micro-CHP devices for the purposes of modelling in
the study – one Stirling engine unit and one fuel cell unit. In each case, the unit was part
of an overall system which also comprised an auxiliary boiler, a thermal store and a
connection to the electrical network. The auxiliary boiler was used at times when the
micro-CHP unit heat output did not meet the heat demand. The thermal store was used
at times when the micro-CHP heat output was surplus to heat demand. The electrical
network connection was used to import electricity when the micro-CHP unit electrical
output was less than the demand and to export electricity to the network at times when
the output from the unit exceeded the requirements.
They assumed that the micro-CHP systems operated at rated power only and had perfect
start-up characteristics. They were also both assumed to have 90% efficiency of heat
recovery.
The Stirling engine micro-CHP unit electrical output was stated as 1kW and the thermal
output 5.1kW. The fuel cell micro-CHP unit electrical output was also 1kW but the
thermal output was only 0.9kW.

The control logic that was applied to the system models was then varied; four time-led
control options were investigated. These were:
1. Unrestricted thermal surplus – Stirling Engine
2. Restricted thermal surplus – Stirling Engine
3. Restricted thermal surplus and part-load capability – Stirling Engine
4. Unrestricted thermal surplus – Fuel Cell

For the purposes of comparison of the results, they defined a non-CHP reference situation
as using network electricity and a condensing gas boiler for all heating demand. The
efficiency of the gas boiler used in the non-CHP reference situation was 90% and it was
also assumed that the existing gas boiler followed the heat demand of the dwelling. In
terms of economic benefits, they defined set prices for gas and electricity consumption
and a revenue price for electricity export. They used carbon emissions data for natural
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gas and network electricity from The Carbon Trust (dated 12th September 2004) and
stated the assumption that carbon emissions from network electricity did not vary over
time/seasonally.
The unit prices for gas and electricity were stated and a unit cost for export of electricity
was set at 0.02 £/kWh. However a discussion was provided regarding the costs of export
of electricity, as this was a point of uncertainty. It was noted that it had been set higher in
Germany (approximately 0.034 £/kWh) and an earlier study had shown that it would have
a profound impact on the energy cost savings attributable to micro-CHP (up to 144%
increase).
They developed an Excel spreadsheet model, using the principal characteristics of the
micro-CHP systems and the control logics they had defined to operate in conjunction with
the 1-min time base energy usage data to produce the results. The outputs comprised the
energy flows resulting from the micro-CHP operation and the energy costs and carbon
savings (based on the assumptions they had stated).

The results of the research were presented under four separate headings:
•

Supply/demand matching – daily and annual analysis

•

Impact of control logic and prime mover on supply/demand matching

•

Economic performance

•

Carbon performance of micro-CHP systems

Supply/demand matching – daily and annual analysis
When operating with the unrestricted thermal surplus mode, they found that due to the
fluctuating nature of the power demand throughout the day, the micro-CHP’s electrical
contribution to the overall power demand varies significantly throughout the day. They
provide an example where the micro-CHP produced less than half the daily power
demand (the remainder coming from network electricity) whilst still overproducing as
much as 20% electricity (which was exported) during the same period. The export profile
was characteristically intermittent.
There was also a notable annual variation in the micro-CHP’s ability to match thermal and
power demands of the dwelling. Typically, in winter (the heating season) the micro-CHP
meets approximately 51% of the heating demands, compared with summer (mid May to
mid September) when 100% of the heating demand is met and there is surplus heat
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production. They state this suggests that much reduced run-times will be required during
spring/summer/autumn.
It was found that although electrical demand does not have a seasonal variation, the
electricity provided by the micro-CHP unit is determined by the thermal demand and
therefore has a seasonal trend. Furthermore, it was noted that electrical demand can vary
widely from one day to the next (example given of 21% electricity provided by micro-CHP
one day, followed by 63% delivered the next day).

Impact of control logic and prime mover on supply/demand matching
When applying the control logic of “restricted thermal surplus” the thermal
supply/demand matching capabilities of the Stirling engine were found to meet 1% less of
the thermal demand than in the unrestricted thermal surplus mode (69% as opposed to
70% in the unrestricted thermal surplus mode). When part load control logic was applied,
this percentage was reduced further to 66% but thermal surplus was almost zero.
However, part load operation resulted in increased switching events, particularly outside
the heating season.
Due to the fact that the fuel cell micro-CHP system had a lower thermal output, it could
not meet the same proportion of the thermal demand as the Stirling engine unit.
However, it produced much less thermal surplus and had increased run-times due to this.

In terms of supply/demand matching for electricity, restricting the thermal surplus or
operating in part load also restricts the amount of electricity the micro-CHP unit exports.
In the case of the Stirling engine, restricting the thermal surplus resulted in a reduction in
the percentage of electricity demand met by the unit, which was not the case for the fuel
cell micro-CHP (which had lower thermal output and therefore longer run times under
this control logic).

Economic performance
The results presented in the paper for the economic performance of the micro-CHP
system were based on calculations of the energy and resultant cost savings when
compared with the defined non-CHP base case (an annual spend of approximately £680).
The 1kW fuel cell provides the most savings annually. For the Stirling engine, the control
logic has an impact on the economic performance in the months of April to November.
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The restricted thermal surplus and the part load control logics are almost identical in
terms of economic benefits, but there is a large short-fall when the Stirling engine
operates with the unrestricted thermal surplus mode in these months. Further to this, the
results show that there is a slight seasonal variation when comparing the part load
capability mode with the restricted thermal surplus mode (2% higher performance in
summer but 6% lower in winter). Therefore, overall, even though the micro-CHP unit
matches the heat demand it is not the most economic solution. These results again
highlight that it is difficult to design a micro-CHP system that can match both the power
and heat demands of a single household, due to the fact that these demands vary so
widely throughout the year.

The fuel cell system performs the best in terms of economic performance. This is because
it does not produce thermal surplus but it only meets 18% of the annual thermal demand.
This suggested to the authors that if the prime mover size was increased from 1kW to
3kW for example, calculations show that the annual savings would be increased further.
An important point to note is that when applying this increase in the output of the fuel
cell, the significance of the export tariff also increases and the proportion of savings due
to exported electricity also increases.

The authors also suggest that increasing the prime mover size may mean that the
efficiency at part load would become more similar to that at full load. This has
implications for the development of micro-CHP systems that maximise utilisation of
generated electricity and minimise exports to the grid, which may be less favourable in
certain areas due to electricity grid infrastructure limitations.

A further point to note in terms of the economic performance of micro-CHP is that the
unit-price differential between electricity and gas and the unit-price paid for exported
electricity have a significant impact on the results. When increasing both of these there is
an overall increase in economic performance but there is a particularly substantial
increase in the case of increasing the unit-price for exported electricity. The authors note
the difficulty in predicting future energy prices but give examples where historical data is
used to indicated a pattern for increases and have calculated results based on this data.
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Carbon performance of micro-CHP systems
The results of the carbon performance of the micro-CHP systems show seasonal variation
in CO2 emissions, which are relative to the heat demand variations of the dwelling outside
of the heating season peak. The basic Stirling engine operating in the unrestricted thermal
surplus mode produces more CO2 emissions than the non-CHP base case between April
and November. This shows that restricting the thermal surplus is important if one of the
primary aims of the system is to reduce emissions and the results for this control
philosophy show daily savings of approximately >2.5kg CO2 in winter and <1kg CO2 in
summer. The 1kW fuel cell results show less variation between winter and summer (>3kg
CO2 daily in winter and >2kg CO2 daily in summer). However, the results show that
increasing the prime mover size of the CHP leads to seasonal variation in emissions
savings similar to that seen in the Stirling engine system. For the 3kW fuel cell system, the
CO2 savings are significantly larger at >9.5kg daily in winter and >3kg daily in summer.
Overall, micro-CHP systems provide significant CO2 savings for the dwelling when
compared to the non-CHP base case of a condensing boiler and grid electricity, provided
that thermal surplus is restricted. The results also show that increasing the electrical
output of the units would have a further positive impact on emissions reductions,
provided that the assumption that the electricity exported is utilised in a nearby
application holds true. The authors also state that these emissions savings are significant
when referring to the UK targets proposed by the Royal Commission of Environmental
Pollution (RCEP).
Peacock and Newborough also looked at the impact that minimum run-times of the
Stirling engine would have on emissions savings, since the predicted savings in these
results are based on a minimum run-time of 30 minutes (to reduce the number of
switching events). The results of removing minimum run-time completely only slightly
increased the CO2 savings (by 5%) and the economic improvement was only 3%.
Therefore it was concluded that the benefits of the 30-min minimum run time (decreased
number of switching events) outweighed the emissions and economic improvements in
the longer term.

Conclusions
In this paper, Peacock and Newborough identified the requirement for further research of
the operational strategies that can maximise the long-term benefits of micro-CHP, looking
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specifically in terms of reducing CO2 emissions (both for the consumer and on a national
level) and reducing energy costs for the consumer. They also highlighted the need for
further study of the potential benefits and problems micro-CHP employed in the domestic
sector may bring to the electricity industry in terms of demand management in the
electrical network. Further to these conclusions, they also stated the requirement for
further research and development of micro-CHP system designs and operating regimes,
as their results showed that the control logic, electrical efficiency and capacity of the
prime mover have a significant influence on the carbon and energy savings achievable.
This is also the case in terms of the energy demands of the typical dwelling – more
research is required in order to find the optimum designs for high deployment strategies.

5.2.2.2 Paper 2: Effect of heat-saving measures on the CO2 savings
attributable to micro-combined heat and power (µCHP) systems in
UK dwellings
This second Peacock and Newborough paper [Peacock, A. D., & Newborough, M., 2007]
reports on the investigation as part of the Carbon Vision TARBASE research project to
identify technological intervention strategies aimed at reducing the CO2 emissions
attributable to both existing domestic and non-domestic buildings in the UK by 50% in the
year 2030. The research looks at the interdependence of strategies applied to the building
fabric, HVAC (heating, ventilation and air conditioning) and equipment used for on-site
generation for power and heat. Included within this third point is the deployment of
micro-CHP systems using fuel cells or heat engine technologies. The authors state that the
market opportunity for micro-CHP unit deployment is large, as they will replace existing
UK boilers which are estimated to comprise approximately 17 million units in the UK, with
annual sales in excess of 1 million units.

Micro-CHP Opportunities – Introduction
The authors state that there are significant carbon savings achievable with micro-CHP in
dwellings and refer to several recent studies on this subject. The results from these
studies range from 9-20% carbon savings, with variation due to a number of factors such
as the selection of the prime mover technology in the micro-CHP unit, the control method
employed, the assumptions made concerning the displaced network electricity and the
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modelling approach that has been used in the research. There is further variation of
annual carbon savings due to the individual heat and power requirements of the dwelling
and how these demands change over time.
Peacock and Newborough also highlight an important point about the future energy
demands of dwellings and how this may affect micro-CHP performance and potential
carbon savings. Thermal demand may be reduced in future due to increased energy
efficiency measures in homes or due to Climate Change. This would mean that a microCHP system would have a lower total annual run time and the system may operate with
increased intermittency which would increase the associated thermodynamic losses.
Therefore, they identify that the combine impact of these factors and micro-CHP needs to
be better understood in order to fully realise the potential carbon savings benefits of
micro-CHP.
The authors state that there is considerable institutional and governmental support for
micro-CHP due to its numerous potential benefits, the primary ones being the reduction
of carbon emissions and the reduction of operating costs. Secondary benefits include fuel
diversification, deferred investment in electrical distribution networks, protection against
power outages and reduction of fuel poverty, however these benefits will only be realised
if micro-CHP is developed as a mass market. Therefore, concentration must be focussed
on developing the technology and economic frameworks in order to achieve the primary
benefits of reductions in carbon emissions and operating costs.

An important point highlighted by the authors is that of the conventional accounting
method for carbon emissions of micro-CHP systems. The method states the assumption
that all the electricity generated by the unit will either be used instantaneously at the
point of generation or exported and used elsewhere, displacing the equivalent amount of
electricity that would otherwise be generated centrally. Therefore, the carbon emissions
savings credit is provided for the total electricity generation from the micro-CHP unit and
doesn’t distinguish between electricity used at the point of generation or electricity that
is exported from the micro-CHP unit.
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The authors state that this assumption within the accounting method has three
associated implications:
1. The carbon emissions from the micro-CHP unit will only be affected by the control
regime in as much as that affects the capacity factor of the unit and the number of
switching events.
2. If heat-saving measures are incorporated in a dwelling, these will serve to reduce
overall run-time of the micro-CHP unit and thus increase the intermittency and
the number of switching events and again the carbon emissions due to that.
3. Electricity-saving measures implemented in homes will have no effect on the
calculated carbon emissions savings for micro-CHP units when using this
accounting method.

The authors state that for these reasons, mass penetration of micro-CHP will contribute
to the reduction of carbon emissions but will add complication to the calculation of these
reductions when combined with other techniques for saving heat and electricity.

The research conducted by the authors and reported in this paper had two main
objectives:
1. To derive a relationship between the carbon emissions savings, the annual
thermal demand of a dwelling and the operating characteristics of a micro-CHP
unit
2. To investigate the effect of heat-saving measures for a range of dwellings and
micro-CHP systems, using the relationship reported in the first objective.

Micro-CHP modelling
The authors selected a micro-CHP system configuration consisting of an engine based
prime mover with a heat recovery system (81% efficiency) and a 150 litre capacity
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thermal store, along with an auxiliary boiler (seasonal efficiency assumed to be 88%) and
adopted a heat-led control strategy. The adoption of the heat-led control strategy (which
assumes that the micro-CHP can be switched on and off several times per day) excluded
fuel cell micro-CHP systems from the study as they are more suited to continuous 24 hour
operation. The micro-CHP prime mover was assumed to be able to provide outputs of
100%, 70% and 40% and a minimum run-time condition was applied in order to minimise
the number of switching events per day.
This was compared against a conventional supply system defined as having UK network
electricity and a gas boiler (seasonal efficiency assumed to be 88%).
They used values of 0.43kgCO2/kWh for network electricity and 0.19kgCO2/kWh for
natural gas for carbon emission calculations.

The energy demand dataset that was utilised comprised a full calendar year’s worth of
recorded heat and power demands for nine different dwellings. The data was recorded at
one minute intervals over the course of the complete year. The thermal demands of these
nine dwellings ranged from 9.3 to 27.2MWh per year, with annual power demands of 3.5
to 7.5MWh. The heat to power ratio for the year varied between 1.5 to 5.7 in the
dwellings.

The authors used a 5-level, 2-factor full factorial design in their research, in order to
investigate the effect of the electrical power output and efficiency on the annual carbon
emissions of the micro-CHP. They used the following ranges:
•

Electrical efficiency: 10%, 15%, 20%, 25%, 30%

•

Electrical output (kW): 1, 1.5, 2, 2.5, 3

This produced results with 25 modelling runs per dwelling. The model results showed that
carbon savings increase as electrical efficiency increases. This is due to the fact that the
thermal output is high when electrical efficiency is lower, for a given electrical output,
and the control methodology limits the production of any surplus heat. Therefore this
results in lower annual run-times and thus lower carbon emission savings.
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On increasing the electrical output of the system, the expected result would be an
increase in carbon emission savings, due to the fact that the carbon intensity of electricity
produced by the micro-CHP is lower than standard network electricity. However the
results show the opposite is true for the case when the electrical efficiency is only 10%.
The authors state that there are three effects on micro-CHP performance caused by low
electrical efficiency and these are:
1. Low electrical efficiency usually results in increased instances where production of
thermal surplus would occur. However this is limited by the control philosophy of
the unit and therefore instead the number of switching events is increased. This
results in greater thermodynamic losses (at start-up and shut-down) which
increases the carbon intensity of the electricity produced by the micro-CHP unit.
2. The overall run-time of the micro-CHP unit is reduced due to the increased
thermal output and shut-downs due to thermal surplus production.
3. The likelihood of operation of the micro-CHP at maximum rated output is
decreased, due to the control philosophy modulating the output to increase the
run-time and minimise thermal surplus production and the number of switching
events.
Therefore, increasing the electrical output but keeping the electrical efficiency at a low
value results in decreased carbon emissions savings from the micro-CHP, due to the
increased number of switching events and resultant reduction in annual run time and
capacity factor. The number of switching events is governed by the thermal output which
is a function of the electrical output and electrical efficiency. The authors state that the
results of this effect would be greater in the dwellings with lower thermal demand.
The results show that for higher electrical efficiency, increasing the electrical output
results in increased carbon emissions savings. This is because the thermal output remains
relatively low.
Although the authors have acknowledged that the carbon accounting method for the
micro-CHP unit makes no distinction between the electricity used in the dwelling and the
electricity that is exported, they have investigated the proportion of carbon emissions
attributable to the exported electricity for the different operating regimes. The results
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show that for increased electrical output from the micro-CHP unit, the amount of
electricity that is exported also increases. Therefore, the carbon emissions attributed to
the micro-CHP unit in this case depends more on the assumption that the exported
electricity will be used elsewhere and displace the same amount of network electricity as
in the case when all electricity is used locally in the dwelling.
The authors state that a full investigation of the economic effects of the above findings
are outwith the scope of this particular research paper however they do offer some
points of note for discussion:
•

The ratio between generated electricity and exported electricity is likely to have
an effect on the financial benefits for a dwelling.

•

The UK is yet to develop fiscal measures for distributed generation but it is
assumed that rewards for exporting electricity will be much lower than those
awarded for decreasing the use of imported electricity. This means that
households must concentrate on minimising electricity export rather than
minimising electricity use within the dwelling.

Reducing space heating requirements
The authors derived an equation from the results of their 25 modelling runs (from the
nine dwellings dataset), which calculates the predicted annual carbon emissions savings
for micro-CHP systems installed in different building types. The authors then defined six
different building types and derived their thermal and electrical demands based on
information from other published work. They then considered a range of heat-saving
measures that could be applied to the buildings, including loft insulation, glazing,
infiltration reduction, external insulation and mechanical ventilation with heat recovery
and calculated the resultant reductions in thermal energy demands for each building
type. For all six building types, the total thermal demand reduction (cumulative effect of
applying all heat-saving measures) was in the range of 45-60%. There were considerable
differences in the demand reduction for different building types and different heat-saving
technologies.
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Effects of heat saving measures on predicted carbon savings from micro-CHP unit
The authors then investigated the effect that the reduction in thermal demand had on the
predicted carbon emissions savings for a defined micro-CHP unit (1kW electrical output
with 15% electrical efficiency) and a conventional boiler (88% efficient).
Overall, the predicted reduction in emissions solely attributable to the micro-CHP unit
decreases as heat-saving interventions are applied to the dwelling.
The authors then went on to investigate how the electrical output and electrical efficiency
of the micro-CHP unit affects the predicted emissions savings when the heat-saving
strategies are applied to the dwellings. They found that in the cases where the electrical
efficiency was lowest (10%), the carbon emissions savings were marginal or negative in
the dwellings where heat-saving measures had been applied. The savings increase as the
efficiency increases, but at a diminishing rate dependent on a given electrical output. The
largest savings were achieved with a micro-CHP unit of 35% electrical efficiency and an
electrical output of 3kW.

Conclusions
The authors conclude in their paper that the varying heat and power requirements of
dwellings significantly impact the predicted micro-CHP carbon dioxide savings. These heat
and power demands are effected by a range of factors including behavioural, dwelling
construction, unit costs of gas and electricity and any funding available for installation of
energy saving technologies.
The authors also highlight that amount of carbon savings a micro-CHP unit can achieve
depends on the operating hours and the amount of electricity they displace from the
network. As the operating hours are based on the avoidance of production of thermal
surplus, any heat saving measures undertaken will decrease the potential amount of
savings due to the micro-CHP. This decrease can be less if the prime mover is of a high
efficiency.
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5.2.3 Performance of Whispergen micro CHP in UK homes
E.ON UK PLC reported on the performance of the Whispergen micro CHP unit in the
Carbon Trust Field trials [E.ON UK PLC, 2006]. The field trials were initiated in 2003 to
provide informative data on the applications and benefits of micro-CHP technologies. It is
important to note that it was not intended to be used as an accreditation process as this
was being carried out by the Energy Savings Trust during the same period.

Introduction

In the Carbon Trust funded field trials, the WhisperGen 1kWe micro CHP unit (from E.ON
UK through their retail brand Powergen) was amongst those being monitored. In the trial,
the units were selected from those installed in a range of customers’ homes beginning in
May 2004. They included units which were installed in new build homes to provide space
and water heating, as well as those which had been installed to replace a traditional gas
boiler. The Gas and Electricity Tariff used in the trials was the standard Powergen “dual
fuel” tariff of that period. However an additional element was included to cover credits
due for any electricity that was exported from the units.
EA Technology carried out the detailed monitoring of the electrical and thermal outputs
of the units. They also recorded the energy consumption and the temperatures both
inside and outside the homes. This was audited by Gastec.
The homes that were selected for the study were chosen to be a representative crosssection of UK homes in order to show and confirm which types of installation would reap
the greatest benefits from CHP. They were not selected to be homes which would have
the optimum savings and neither were they selected as part of E.ON’s target market –
several of the homes were too small to be considered part of the target market. The
report states that E.ON’s target market is the family homes market, in which they have
identified the greatest potential for savings and the most cost-effective installations.
However, it also notes that non-target homes were also shown to reap considerable
benefits from micro-CHP and householders motivation to employ carbon saving
technologies such as micro-CHP may go beyond simple short term payback.
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Results

The report states that the monitoring of the Whispergen installations by EATL was
thoroughly audited by Gastec and found to be good quality. This is further confirmed by
the “increasingly consistent data emerging over the extended monitoring period”.
The field trials, the report states, have confirmed the results and conclusions from the
earlier beta tests that E.ON UK PLC carried out. The results show that the highest savings
(energy, financial and CO2) achievable from micro-CHP occur in the winter months. It also
shows that homes with very low thermal requirements provide the least attractive
economic performance. It also provides useful data concerning different house sizes and
the range of savings achievable throughout.

Interpretation of the results

The authors of the E.ON UK PLC report used a baseline case for comparison with the
results from the Whispergen micro-CHP field trials. This is stated to be a home with a Brated (86% efficiency) gas central heating boiler providing space and water heating and
electricity from the public electricity supply network. Further to this, the baseline home’s
performance is compared with the field trial results under the same field conditions.

E.ON UK PLC carried out additional test work to analyse laboratory versus field conditions
and to look at part load operation in more detail for both the Whispergen unit and the
baseline home (gas boiler and network electricity). They concluded from this work that
both gas boilers and the micro-CHP units experience reduced efficiency when operating
at part load and also that field performance results provide an overall analysis that is
lower than the SEDBUK standard test procedure. The SEDBUK standard test procedure is
used to compare all boilers under the same conditions but does not represent the field
performance characteristics of any boiler and is therefore not suitable for use in
comparison with any other technology operating under field conditions. Additionally, the
SEDBUK standard considers only the gas consumed by the boiler to produce the resultant
heat, no consideration is given to the fact that a proportion of a micro-CHP unit’s gas
consumption goes towards electricity production.
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Carbon Results
The carbon results of the field trials are compared with the calculated carbon results for
the baseline case. The report states that a value of 0.19kg/kWh is used for the carbon
content of natural gas. A value of 0.43kg/kWh of carbon is used for network electricity. It
then goes on to highlight the issue of the carbon contribution of various micro-CHP
technologies which is under debate within the industry. They have used the benchmark
figure from SAP2005 of 0.568kg/kWh which takes into account the fact that the
generation is taking place at the point of demand. This means that transmission line
losses from centralised electricity production and distribution are avoided and the carbon
benefits of this are realised.

Summary of micro CHP performance benefits
The report states that a typical family home can achieve up to 20% carbon savings and a
3-year economic payback. The E.ON UK PLC target market is for homes in which the
annual thermal demand is greater than 20,000kWh and their calculated carbon savings
are in the range of 1.1 to 1.5 tonnes of carbon dioxide per year.
Further to the baseline case used in the study (B-rated boiler and network electricity), the
report also provides the results when compared to alternative baseline cases. These
include the scenario where a 90% efficiency boiler operating at lab conditions (perfect
case) and the micro-CHP average carbon savings were still 2.2% per year.

5.2.4 Conclusions from Literature Survey
The papers reviewed in the literature survey have provided a good overview of studies
and research similar to that being undertaken in this work. They have highlighted the
issues concerning energy demand variations amongst different dwelling types and
locations, along with the assumptions that must be made with regards to micro-CHP
displacing other energy provision and fiscal measures and incentives that may be
developed in the industry in future.
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5.3

Introduction to selected model for this research

Here follows an introduction and description of the method selected in this research
which quantifies emissions from a number of different energy systems, namely;
traditional power systems, domestic micro-CHP systems and the SOFC prototype microCHP unit.
The different energy systems from which emissions are quantified constitute any energy
system currently in use by domestic consumers. This includes:
•

grid electricity, including
o nuclear
o coal and coal gasification
o natural gas
o oil
o wind - onshore and offshore
o hydro – with or without pumped storage
o biomass – from low to high density
o solar
o marine

•

oil fuelled heating

•

natural gas fuelled heating

•

coal, wood and peat fires

•

small scale generators

•

small renewable energy systems
o wind
o solar hot water
o solar photovoltaic (PV)
o marine
o hydro
o biomass

•

and any combination of the above technologies

This is shown in the diagram in Figure 5-1.
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Grid Electricity
Nuclear

Coal, Oil, Gas

Oil heating

Biomass

Gas heating

Hydro

Marine

Coal, wood and peat fires

Wind

Solar

Generators

Renewable energy systems

Wind

Solar hot water

Solar PV

Marine

Hydro

Biomass

Figure 5-1: Energy systems in use by domestic energy consumers

Emissions from domestic use of a number or commercially available micro-CHP systems
are also quantified, along with those of a prototype unit that is currently being designed
and developed by Fuel Cells Scotland, in conjunction with the Pure Energy Centre. The
prototype device is a micro-CHP unit, consisting of a solid oxide fuel cell and a boiler,
fuelled by renewable hydrogen. Once the emissions from each of these systems have
been calculated and quantified, comparisons of the different amounts of emissions from
these different domestic energy systems are made.

5.4

Overview of model

There are three branches to the modelling tool that has been developed:
•

Domestic energy demand and consumption

•

Energy Systems
o Traditional domestic energy systems
o Commercially available micro-CHP units
o Prototype micro-CHP unit

•

Environmental impact modelling

A profile of an average domestic energy consumer is the first branch that is developed.

Once this profile is complete, it is then used as the input to the models of the three
energy systems: traditional domestic energy systems, commercially available micro-CHP
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units and the prototype micro-CHP system. This branch of the modelling provides data on
the emissions generated for each domestic energy system and scenario. The emissions
data that is output from the energy systems branch of the modelling is then used in the
environmental model, which quantifies the environmental impact from substituting the
traditional domestic energy systems with micro-CHP units. The model is illustrated in a
flow diagram in Figure 5-2 below.

Average Domestic Consumer Energy Profile

Prototype micro-CHP
unit (including SOFC
model)

Commercially available
micro-CHP units

Traditional domestic
energy systems

Output emissions

CO , water

Environmental Impact Model

Figure 5-2: Overview of modelling

The output from the average domestic consumer energy profile (annual energy demand,
including seasonal variation) is used in each of the three energy system models: the
prototype micro-CHP unit, the commercially available micro-CHP units and the traditional
domestic energy systems. The outputs provided by this section of the model are the total
annual emissions from each single system or unit.
These emissions totals are then used as the inputs to the environmental impact model,
which determines the environmental impact if traditional domestic energy provision is
substituted by micro-CHP systems.
The following sections of this chapter will describe each part of the modelling in more
detail.
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5.5

Modelling Requirements

5.5.1 Average domestic consumer energy profile
The first requirement is to define the average domestic energy consumer. Details of the
annual energy demand are required, along with seasonal variation in energy
consumption. Peacock and Newborough (2008) utilised a set of nine different dwellings in
their research of the carbon dioxide savings attributable to different micro-CHP systems
and heat-saving measures. However, in order to apply the findings of this work in the
context of the whole of the United Kingdom, I decided to refer to research carried out by
the Environmental Change Institute, Oxford University, as part of their collaborative
research in the “40% House” project, in which they calculated the average UK household
domestic energy consumption. These findings are shown in Table 5-1 below.

Energy requirement

kWh

Annual heat demand

14,600

Annual hot water demand

5,000

Annual RLA (residential lights and appliances) demand 3,000
Total

22,600

Table 5-1: Annual energy requirements of average domestic energy consumer [Boardman et al
2005]

These values form the basis of the domestic energy user model. However, there is also a
requirement to reflect the changing energy demand and consumption of the average
domestic energy consumer throughout the year, in line with changes in the seasons,
weather and temperature.
A study conducted by the Sustainable Energy Systems and Management department
(SESAM), University of Flensburg, Germany, calculated the seasonal heating demand
variations for domestic energy consumers in the North Isles of Shetland, the
northernmost point in the UK. This is shown in Figure 5-3 below.
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Figure 5-3: Annual variation in heat demand in north isles of Shetland [Sari (SESAM) 2007]

This shows that the peak heating demand occurs during the winter months of the year:
November to March (as would be expected). This information relates to the Shetland
Islands only, not the UK as a whole. However, for the purposes of this research, the same
pattern of seasonal variation will be assumed for the rest of the UK also. This is due to the
fact that Shetland is the most northerly part of the UK, so therefore seasonal variation
will be at its most extreme, representing a worst case scenario. Demand for appliances
and hot water is assumed to remain constant throughout the year, since the
requirements for household appliances and hot water are not affected by seasonal
changes in temperatures. There is a small seasonal variation in lighting demand (more use
in winter), however this is a level of detail that is not included within this research.
Using the total annual energy demand (provided in Table 5-1), calculations are carried out
in order to determine the averaged daily energy demand for each month throughout the
year.
For residential lights, appliances and hot water, the total for the annual energy demand in
these categories is divided by 365 (365 days in a year). The results are shown in Table 5-2.

Energy demand

Annual kWh Daily kWh

hot water

5000

RLA (residential lights and appliances) 3000

13.7
8.2

Table 5-2: Annual and calculated daily hot water and RLA energy demand
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In order to determine the daily heat demand, further calculations are required, since this
demand has a seasonal variation. The first step is to calculate the monthly demand, using
the data shown in Figure 5-3 (percentage share of annual heat demand) and the value for
annual heat demand provided in Table 5-1. By taking the specified monthly percentage of
the total annual heat demand (14,600kWh), the heat demand for each month is
calculated (in kWh). The average daily demand in each month is then calculated by
dividing the relevant monthly heat demand by the number of days in that month.
Finally, the average hourly heat demand is calculated by dividing the average daily heat
demand by twenty-four (the number of hours in a day). The results of these calculations
are shown in Table 5-3 below.

Percentage share of

Out of total

Average daily

hourly

Month

annual heat demand

14600kWh

days

heat kW

kW

January

12.64

1845.44

31

59.53

2.48

February

11.87

1733.02

28

61.89

2.58

March

14.64

2137.44

31

68.95

2.87

April

11.21

1636.66

30

54.56

2.27

May

8.84

1290.64

30

43.02

1.79

June

4.79

699.34

31

22.56

0.94

July

2.5

365

31

11.77

0.49

August

3.15

459.9

31

14.84

0.62

September

2.74

400.04

30

13.33

0.56

October

5.77

842.42

31

27.17

1.13

November

10.27

1499.42

30

49.98

2.08

December

11.58

1690.68

31

54.54

2.27

Total

100

14600

365

--

--

Table 5-3: Annual heat demand

Table 5-3 provides the UK average annual heat demand for each month. It should be
noted however, that in Scotland, the average annual heat demand is estimated to be
17.9% higher than the UK average [AEA Technology, 2006]. Furthermore, in the Shetland
Islands it is estimated to be a further 5% higher than the Scottish annual heat demand. In
this research, however, the UK average annual heat demand is used at all times.
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The average daily heat demand for each month is illustrated in a graph, shown in Figure
5-4 below.

Average daily thermal energy requirment (kWh)
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Figure 5-4: Average daily heat demand per month

The outputs from this part of the modelling, the average domestic energy consumer
profile, consisting of the annual energy demands for heat, hot water and residential lights
and appliances, are used in the next part of the modelling. The energy demand
information is used as the input to each of the three energy system models. These are
discussed in the next section.

5.5.2 Energy system modelling
The modelling for the energy systems comprises three separate models:
•

Prototype micro-CHP system using SOFC

•

Commercially available micro-CHP units

•

Traditional domestic energy supplies

Common to all of these models was the requirement for emissions data for different fuel
types. This is reported in the following section (5.5.2.1). This is then followed by individual
descriptions and explanations of each of the three energy system models mentioned
above.
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5.5.2.1 Emissions data for different fuel types
There are a number of different ways in which domestic energy is supplied. Accordingly,
there are therefore a number of different fuels from which domestic energy consumers
can get energy, either as electricity or heat. To quantify emissions attributed to domestic
energy use, there is therefore a requirement for emissions data from the different fuel
types.

The data for carbon dioxide emissions has been sourced from Defra, in their document
titled “Guidelines for Company Reporting on Greenhouse Gas Emissions – Annexes,
updated July 2005” [Defra 2005]. The relevant data is shown in Table 5-4.

fuel type

kg CO2 per kWh

kg CO2 per kg

kg CO2 per litre

Grid Electricity

0.43

n/a

n/a

Natural Gas

0.19

2.65

n/a

Gas Oil

0.25

3.19

2.63

Diesel

0.25

3.164

2.63

Petrol

0.24

3.135

2.3

Fuel Oil

0.27

3.223

n/a

Coal

0.27

2.548

n/a

LPG

0.214

n/a

1.49

Table 5-4: Carbon emissions data for different fuel types, Source: Defra 2005
(n/a denotes information not available)

In order to calculate carbon dioxide emissions, the information in this table is used
according to the energy system model and fuel input.

For example, when calculating the emissions from a diesel generator set, the number of
litres of fuel consumed is multiplied by the corresponding value in the table (2.63kg CO2
per litre) to give the carbon dioxide emissions in kilograms.

It is important to note that the figures given for each fuel (apart from grid electricity) for
kilograms of carbon dioxide per kilowatt-hour, are provided under the assumption that
the system using the fuel is 100% efficient.
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Therefore, the system efficiency must be taken into account when using the kilowatthour values from Table 5-4 for calculations of carbon dioxide emissions. Therefore, it is
more useful to use the carbon dioxide emissions data for fuel consumption (kilograms or
litres) as this simplifies any calculations that are required.

5.5.2.2 Traditional domestic energy supplies
Using the information provided in Table 5-4 and Table 5-5, carbon dioxide emissions can
be calculated for the various traditional domestic energy systems. As stated in section 5.1,
these include:
•

grid electricity

•

oil fuelled heating

•

natural gas fuelled heating

•

coal, wood and peat fires

•

petrol/diesel generators

•

renewable energy systems

Referring to the previous section, it is noted that the figure calculated for kilograms of
carbon dioxide emissions per kilowatt-hour for grid electricity (in Table 5-4) is an average,
taking account of all of the different types of power production stations in the UK and
their respective share of the total grid electricity production capacity. This will be
discussed in more detail in the following section (5.5.2.2.1). This will then be followed by
a description of the modelling for all of the other traditional domestic energy systems
listed above.

5.5.2.2.1 Grid Electricity
As stated in section 5.1, there are a number of different ways in which domestic
consumers can access energy. The vast majority of domestic consumers in the UK are
connected to the national grid and receive electricity in this way. The figure given for
carbon emissions attributed for grid electricity in Table 5-4 is 0.43kg of carbon dioxide per
kilowatt-hour.
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Therefore, to calculate the carbon emissions due to using grid electricity, the following
equation is all that is required:
Energy ∗ EFkWh = EmissionsG rid ………………..……………………….Equation 1

Where:
Energy is the total number of kilowatt-hours of energy that is required
EFkWh is the emissions factor for kilowatt-hours of energy for grid electricity
(from Table 5-4)

However, there are many different energy generation systems that produce the
electricity supplied to the national grid. These are shown in Table 5-5, along with the
relevant values of grams of carbon dioxide equivalent per kilowatt-hour. This data was
sourced from the Parliamentary Office of Science and Technology, in their document
entitled “Carbon Footprint of Electricity Generation”, produced in October 2006 (number
268). It includes the full life-cycle analysis of energy generation: fuel extraction, fuel
transport,

fuel

processing

and

construction,

operation,

maintenance

decommissioning of power stations. This information is shown in Table 5-5 below.

and
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Grid Electricity

Grams of CO2 equivalent per kWh

Nuclear

5

Coal

>1000

Coal Gasification

<800

Natural Gas

500

Oil

650

Wind onshore

4.64

Wind offshore

5.25

Hydro

5

Hydro with pumped storage

10 – 30

Biomass (low density)

93

Biomass (high density)

25

Solar (UK)

58

Solar (Southern Europe)

35

Marine

25 – 50

Source: Parliamentary Office of Science and Technology
Table 5-5: Types of energy generation within the national grid electricity supply and relevant values
carbon dioxide equivalent emissions per kilowatt-hour

The use of the unit of grams of carbon dioxide equivalent is appropriate when considering
all the different technologies and fuels involved. It provides a useful tool when comparing
each different technology, giving an indication of the relative impact each has on the
environment. This is better than listing the different types and amounts of emissions for
each electricity production method, which would be difficult to interpret and compare in
terms of the overall effects on the environment.
It is important to note that in the cases of the generation of energy from burning fossil
fuels, the majority of the emissions are down to the burning of the fuel during operation.
However, the figures for carbon dioxide emissions (equivalent) for hydro, wind, solar and
nuclear energy generation relate to the emissions created during manufacture,
construction and decommissioning.
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The figures calculated assume a certain operational lifetime for these energy generation
stations and if this changes then the calculated emissions per kilowatt-hour will also
change. If a nuclear power station operates for longer than its expected lifetime for
example, then the calculated emissions per kilowatt-hour will be lower than the figure
provided in the table above. However, in the case of nuclear energy, it is not stated
whether the figures include emissions generated from the long-term storage of nuclear
waste. If these emissions are not included then the true figure of emissions per kilowatthour for nuclear energy will be higher than that stated in the table.

In the case of hydro with pumped storage, the figure is higher than that of hydro without
pumped storage as there is an assumption that the energy used in the pumping operation
comes from a general source such as grid electricity, which itself has emissions.
Therefore, if the emissions from the grid electricity decrease change (due to increasing
efficiencies and more renewable sources being added for example), the emissions
attributed to pumped storage will also decrease.

There are a number of different companies who supply electricity to consumers via the
national grid. Some companies have generating stations that have lower emissions.
This is the case for nuclear power and for modern gas turbine power stations, which emit
less carbon dioxide than equivalent coal powered stations. Therefore, total grid electricity
emissions from different combinations of the energy generation types in Table 5-5 can be
calculated for different energy supply companies.
This process can also be carried out on a geographical basis, using information on the
nearest available power sources.
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Shetland example
Taking Shetland as an example, the local electricity grid power generation comes from
three main sources:
•

Lerwick power station (diesel), 67MW capacity

•

Sullom Voe power station (gas turbine), 25MW capacity (for export)

•

Burradale wind farm, 3.68MW capacity (for export)

•

Total generation capacity = 95.68MW

The Shetland grid network is isolated from mainland Scotland and operates with two
main distribution lines: 33kV and 11kV. The base power demand in Shetland is 14MW and
the peak power demand is 49MW [Kelman 2007, Sari et al. 2007].
Scottish and Southern Energy operate the main power station in Lerwick. They are
contracted to accept the outputs from Sullom Voe power station and Burradale wind
farm at all times, and then manage the energy provision from the Lerwick power station
in order to follow the daily and annual demand profiles. This can be a difficult task as the
outputs from both the Sullom Voe power station and Burradale wind farm can be highly
variable.
However, for the purposes of this example, the assumptions are as follows:
•

50% wind farm capacity available (1.84MW) on average

•

80% Sullom Voe capacity available (20MW) on average

•

remainder from Lerwick power station

•

average power demand for Shetland is 32MW

Therefore, the percentage that each power generation system contributes to the total
average demand of 32MW is calculated and shown in Table 5-6 below.

Power generation type

Power

Average total power

Percentage of total

available

demand

power

wind farm

1.84MW

32MW

5.75%

Sullom Voe

20MW

32MW

62.5%

Lerwick Power Station

10.16MW

32MW

31.75%

Table 5-6: Shetland power generation mix
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The results in this simple example are that 5.75% of the overall power comes from
Burradale wind farm, 62.5% comes from Sullom Voe power station (gas), and the
remainder, 31.75%, is provided by Lerwick power station (diesel).
This power generation mix is shown in Figure 5-5 below.

electricity generation mix - Shetland
100%
80%
60%

Lerwick Power Station
Sullom Voe

40%

windfarm

20%
0%

Figure 5-5: energy generation mix - Shetland

This is comparably different to the UK’s total energy generation mix, shown in Figure 5-6
below.
other renewables

UK energy generation mix
100%

hydro electric - pumped
storage
hydro electric - natural flow

80%

40%

gas turbines and oil
engines
nuclear

20%

ccgt

60%

0%

conventional steam

Figure 5-6: UK energy generation mix [DUKES 2007]

Taking the appropriate values from Table 5-5, a calculation of the average emissions per
kilowatt-hour for Shetland grid energy consumers can be made. This is shown in Table 5-7
below.
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Generation type

Percentage of

gCO2eq per

Total gCO2eq per

power

1kWh

1kWh

Wind farm

5.75

4.64

0.2668

Sullom Voe (gas)

62.5

500

312.5

Lerwick Power Station

31.75

650

203.125

100

n/a

515.89

(diesel)
Total

Table 5-7: Calculation of average CO2 emissions per kWh for Shetland

This is higher than the UK average emissions for grid electricity, quoted in Table 5-4 as
430g of carbon dioxide per kWh.
However, this result is due to the fact that Shetland’s main electricity generation stations
use fossil fuels. This does not reflect the overall UK power generation mix, which has a
significant proportion of nuclear power input (which has low carbon emissions).
In terms of renewable power, Shetland is actually performing better than the results in
the example and indeed in comparison to the rest of the UK. In 2005, wind power in
Shetland provided a total of 18,671MWh, from a total power output of 231,277MWh.
This amounts to approximately 8% of total electricity generation in Shetland (not 5.3% in
the simple example above), as compared to only 4% for renewable electricity generation
for the UK as a whole [BERR 2007a].

5.5.2.2.2 Other domestic energy systems
This section describes the modelling for all of the other domestic energy systems (apart
from grid electricity - discussed in the preceding section). These are:
•

oil fuelled heating

•

natural gas fuelled heating

•

coal, wood and peat heating

•

renewable energy systems

•

petrol/diesel generators
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As stated in section 5.5.1, the average UK house has an annual thermal energy demand of
14600kWh, an annual hot water demand of 5000kWh of energy and an annual electrical
energy demand of 3000kWh [Boardman et al 2005].
This is a total demand of 22600kWh of energy annually. The total demand in Scotland and
Shetland will be significantly higher than this, due to the higher demand for heating in the
colder climate.

By multiplying the relevant energy value with the corresponding fuel value in Table 5-4,
the annual carbon dioxide emissions can be calculated for any domestic energy system.

The information for carbon dioxide emissions of wood and peat is not listed in Table 5-4.
Peat is classified as a type of fossil fuel, since it takes hundreds or thousands of years to
form [Wikipedia 2007a]. Coal and oil take hundreds of millions of years to form, however,
for the purposes of this research; peat will be regarded as equivalent to coal in terms of
carbon emissions. Wood, on the other hand, can be classified as being carbon neutral if it
is sourced from sustainable forests [Enviro-mentality 2007]. Therefore, when quantifying
emissions from burning wood as a fuel, it is very important to know where the wood
came from. For the purposes of this research, it will be assumed that all wood fuel comes
from sustainable forestry and is therefore carbon neutral.
Renewable energy systems do not use fuel to provide energy; they convert renewable
energy (wind, wave, solar, hydro etc) into thermal and/or electrical energy, which is then
used in the domestic environment. Therefore, there are no carbon emissions that arise
from the operation of domestic application renewable energy systems.
For the rest of the systems listed above, in order to quantify the emissions from each the
efficiency must be known. To calculate the system efficiency (if it is not stated in any
documentation relating to the system), a simple equation is all that is required. This is
provided below
EnergyOut ÷ EnergyIn = SystemEffi ciency ………………………………...Equation 2

Where:
EnergyOut is the output energy available from the system
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EnergyIn is the amount of energy contained within the fuel that is put into the
system

The equation that is then used to determine the emissions from any of these systems is
very similar to equation 1. The difference is that the efficiency of the system for which
emissions are being quantified must be incorporated into the equation.
100
∗ Energy ∗ EFkWh = EnergySystemEmissions ………….Equation 3
SystemEfficiency
Where:
System efficiency is the efficiency of the system, as calculated in equation 2
Energy is the total number of kilowatt-hours of energy required
EFkWh is the emissions factor in terms of kilowatt-hours (from Table 5-4)

Therefore, to calculate the emissions from a natural gas fuelled heating system, the
system efficiency is first calculated. In this example it is taken to be 90%. The total energy
provided by the system is for the heating and hot water demand, 19,600kWh. The
emissions factor for natural gas for kilograms of carbon dioxide per kilowatt-hour (from
Table 5-4) is 0.19.

Therefore, using equation 3, the total for carbon dioxide emissions is:
100
∗19,600 ∗ 0.19 = 4,138kg
90

5.5.2.3 Commercially available micro-CHP devices
There are a number of commercially available micro-CHP devices currently on the market
in the UK. In order to calculate their emissions, the fuel type and fuel consumption of the
device must be known, as well as the output power received by the consumer. Details of
different operating modes may also provide useful information to enable more accurate
calculation of emissions. The fuel type and fuel consumption per hour for each micro-CHP
device is provided in the specifications for the device.
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However, the number of hours of operation for each device must be determined, before
the annual emissions can be calculated. This depends on the outputs available from each
device, including the ratio between heat and electricity.
Using the information provided in section 5.5.1, the daily heat demand throughout the
year is utilised to calculate the minimum number of hours of operation required for each
micro-CHP device, in order to meet the average daily heat demand. For the purposes of
this research, it was chosen to base the operating hours of the micro-CHP devices
according to the demand for thermal energy.
This is because it is the primary energy demand in the domestic setting and also because
all of the micro-CHP devices have a high thermal to electrical output ratio. Further to this,
micro-CHP device thermal outputs can be configured to provide energy to the domestic
hot water supply, when demand for thermal energy in the form of space heating is lower.
However, it is important to note that the electrical outputs of these units are in many
cases, not big enough to cope with the peak electrical demand of the average UK
household. In these cases, supplementary electrical energy may be required from an
alternative source such as the grid or a back-up battery system.

This minimum daily number of hours of operation (MinDailyHoursOperation) is calculated
using the following equation:
DailyHeatD emand ÷ HeatOutput = MinDailyHo ursOperati on ……………Equation 4

Where:
DailyHeatDemand is the average daily demand for thermal energy each month, as
calculated in section 5.3.1, Table 5-3
HeatOutput is the thermal energy output per hour from the micro-CHP unit

Once the minimum daily number of hours of operation has been calculated for one
particular month, it must be multiplied by the number of days in that month in order to
find the total operating hours per month. This must then be repeated for each of the
twelve months of the year and then the totals are summed up in order to give the annual
total operating hours (AnnTotOperHours).
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Then, to calculate the emissions, the total annual number of hours of operation is
multiplied by the hourly fuel consumption, in order to calculate the annual fuel
consumption (AnnFuelCons), Equation 5 below:
AnnTotOper Hours ∗ HourlyFuel Cons = AnnualFuel Cons ………...………Equation 5

Where:
AnnTotOperHours is the result calculated for the total operating hours
HourlyFuelCons is the figure for hourly fuel consumption, provided in either litres
or kilograms for each of the micro-CHP devices
This provides the total annual fuel consumption in litres or kilograms.

Then this, along with the information in Table 5-4 relating to the particular fuel type, is
used to calculate the annual emissions:
MicroCHPEm issions = AnnualFuel Cons ∗ EFfuel ……………..…Equation 6

Where:
AnnualFuelCons is calculated in equation 5
EFfuel is the emissions factor for the fuel used by the micro-CHP device, either in
litres or kilograms (depending on what the AnnualFuelCons has been measured in)

5.5.2.3.1 Efficiency
To calculate the efficiency of these micro-CHP devices, equation 2 is used again:
EnergyOut ÷ EnergyIn = SystemEffi ciency ……………………………….Equation 2

However, this equation does not take into account any detailed operating information for
the devices e.g. start-up and shut-down characteristics, which can also be used in order to
increase the accuracy of the results. Unfortunately, this information is not available from
the manufacturers and suppliers of the different micro-CHP units.
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5.5.2.4 Prototype micro-CHP device
For the prototype micro-CHP device, information on the basic design is required, with
knowledge of inputs and outputs. The prototype micro-CHP device takes a fuel input and
provides heat and electricity as its outputs. The technology of the prototype device
comprises a solid oxide fuel cell (SOFC) and a boiler.
Therefore, the first step is to model the power production unit – the solid oxide fuel cell.
Information about the boiler and energy distribution systems is then added, to build up a
complete model of the prototype micro-CHP device.

5.5.2.4.1 Efficiency of the Solid Oxide Fuel Cell (SOFC)
The fuel cell model simulates the operation of the fuel cell given certain input parameters
and operating modes. For the Solid Oxide Fuel Cell device, the basic parameters that must
be known in order to simulate its operation are:
•

Fuel consumption rate

•

Available output power

The efficiency of the fuel cell is calculated using equation 2:
EnergyOut ÷ EnergyIn = SystemEffi ciency ……………………………..….Equation 2

5.5.2.4.2 Efficiency of the other parts of the prototype micro-CHP system
The other parts of the prototype micro-CHP system must also be accounted for in the
modelling. These are the electrical output interface and the thermal output interface. The
efficiencies of these systems (that are connected to the outputs of the SOFC) must be
applied to the outputs of the SOFC, in order to give the total efficiency of the prototype
system. This is shown in Equations 7 and 8 below.
ThermOPEff ∗ ThermOP = ActualTher malOP …………………………….Equation 7

Where:
ThermOPEff is the thermal management system efficiency
ThermOP is the thermal power output
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ElecOPEff ∗ ElecOP = ActualElectricalOP …………………...…………..Equation 8

Where:
ElecOPEff is the electrical output management system efficiency
ElecOP is the electrical power output

5.5.2.4.3 Emissions
The fuel that is used in the prototype device is renewable hydrogen and the only emission
from the unit is water. The amount of water emissions is calculated using the following
equations (the same as those used for the commercially available micro-CHP units):
First, the total daily hours of operation is calculated, using equation 4:
DailyHeatD emand ÷ HeatOutput = MinDailyHo ursOperati on …………Equation 4

Where:
DailyHeatDemand is the average daily demand for thermal energy each month, as
calculated in section 5.3.1, Table 5-3
HeatOutput is the thermal energy output per hour from the prototype micro-CHP
unit

This calculates the minimum daily number of hours of operation that is required in order
for the device to meet the average daily heat demand. Once the minimum daily number
of hours of operation has been calculated for one particular month, it must be multiplied
by the number of days in that month in order to find the total operating hours per month.
This must then be repeated for each of the twelve months of the year. The totals are then
summed up in order to give the annual total operating hours (AnnTotOperHours).
Then, to calculate the emissions, the total annual number of hours of operation is
multiplied by the hourly fuel consumption, in order to calculate the annual fuel
consumption (AnnFuelCons), Equation 5 below:
AnnTotOper Hours ∗ HourlyFuel Cons = AnnualFuel Cons ………...……Equation 5
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Where:
AnnTotOperHours is the result calculated for the total operating hours
HourlyFuelCons is the figure for hourly fuel consumption, provided in litres for the
prototype micro-CHP device

Equation 6 is then used, in order to calculate the emissions.
MicroCHPEm issions = AnnualFuel Cons ∗ EFfuel ………………...…..…Equation 6

Where:
AnnualFuelCons is calculated in equation 5
EFfuel is the emissions factor for the hydrogen fuel used by the prototype microCHP device
The water emissions factor for hydrogen used in the prototype device is 0.00080321
[Pure Energy Centre 2006]. One litre of hydrogen produces 0.80321 millilitres of water.

5.5.3 Environmental model
Once the emissions data for each domestic energy scenario is calculated the results from
each are then input into the environmental model. The environmental model then
calculates the differing environmental impacts for widespread use of each of the three
different energy systems. The model focuses primarily on environmentally sensitive
gaseous emissions: carbon dioxide and water.

The requirements for the environmental modelling include the following:
•

Historical data of annual total UK emissions

•

Data on proportion of emissions attributed to domestic energy use

Data on annual UK emissions is available from the UK National Atmospheric Emissions
Inventory (NAEI), which has this information available online up to the year 2005.
The main gaseous pollutant emissions in the UK are identified as:
•

Carbon dioxide (and carbon monoxide)

•

Methane
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For the purposes of this research, methane is not considered since this is not a primary
emission attributed to domestic energy supply and consumption. Instead, water and
water vapour emissions will be analysed, since this is the primary emission from the
prototype micro-CHP device. The total annual carbon dioxide emissions for the UK from
1970 to 2005 are shown in a graph in Figure 5-7.
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Figure 5-7: Total annual carbon dioxide emissions for the UK [National Atmospheric Emissions
Inventory 2007]

The graph shows that the general trend for the annual carbon dioxide emissions for the
UK was that it was decreasing until 1985, after which, it increased again slightly and has
varied around the 600,000 kilo-tonnes mark since that time.
The graph also shows the carbon dioxide emissions that are attributed to the domestic
sector (energy consumption). This ranges between 25 and 35 percent of the total carbon
dioxide emissions throughout this thirty-five year period. This is shown in a graph in
Figure 5-8 below.
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Figure 5-8: Domestic carbon dioxide emission as a percentage of total UK emissions, Source:
NAEI data

Data for annual UK electricity production and consumption is available from the
Department of UK Energy Statistics up to the year 2006. It states the portion of electricity
use that is attributed to domestic energy usage (29%). It also states that carbon dioxide
emissions from power stations is estimated to have accounted for 32% of the total UK
carbon dioxide emissions in 2006 [DUKES 2007].
Details of other sources of carbon dioxide emissions from the domestic sector (apart from
grid electricity) are also required. The Department of UK Energy Statistics provides details
on the energy supplied to the domestic sector, classified by fuel type and listed in the
units of tonnes of oil equivalent. This information is provided in Table 5-8 below.

Fuel

Tonnes of oil equivalent
Coal

Year

Manufactured

Petroleum

fuel

products

Natural gas

electricity

2004

733,000

267,000

3,265,000

34,085,000

9,933,000

2005

474,000

223,000

3,093,000

33,019,000

10,044,000

2006

416,000

222,000

3,251,000

31,346,000

10,013,000

Table 5-8: Annual energy supplied to UK domestic sector (tonnes of oil equivalent) [DUKES 2007]

86

One tonne of oil equivalent is equal to an energy content of 11,630 kilowatt-hours.
Converting the figures in Table 5-8 to megawatt-hours means that the carbon dioxide
emissions for each fuel can be calculated, using information from Table 5-4 the results are
shown in Table 5-9 below.

Fuel

Energy content (Megawatt-hours)
Coal

year

Manufactured

Petroleum

fuel

products

Natural gas

electricity

2004

8,524,790

3,105,210

37,971,950

396,408,550 115,520,790

2005

5,512,620

2,593,490

35,971,590

384,010,970 116,811,720

2006

4,838,080

2,581,860

37,809,130

364,553,980 116,451,190

Table 5-9: Annual energy supplied to UK domestic sector (energy content in MWh), [Laura
Stewart’s Modelling Tool, 2007]

However, these numbers supplied in Table 5-9 above are in terms of energy content of
the fuel that has been delivered to the domestic sector. This does not represent the
energy received from the fuel, since the system efficiencies have not been applied.
Therefore, the following system efficiencies are used in order to calculate the actual
energy received from each of these fuels:
•

Coal: 10%

•

Manufactured fuel: 90%

•

Petroleum products: 40%

•

Natural gas: 90%

These figures for system efficiency have been used, based on guidance received from the
Pure Energy Centre. They are intended as averages of system efficiencies using the
different types of fuels. The work required to determining the proportion of different
systems and their different operating efficiencies in the whole of the UK was deemed to
be outwith the work and time limits of this research.
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There is no system efficiency available for the electricity that comes from the grid,
therefore the amount of energy delivered (as quoted in the DUKES 2007, report) is
assumed to be the actual energy value that has been delivered to the domestic sector.
The results for the other fuels are provided in Table 5-10 below.

Delivered Energy (MWh)
Fuel:

Coal

Manuf. fuel

Petrol. products

Natural gas

Electricity

year
2004

852,479

2,794,689

15,188,780

356,767,695

115,520,790

2005

551,262

2,334,141

14,388,636

345,609,873

116,811,720

2006

483,808

2,323,674

15,123,652

328,098,582

116,451,190

Table 5-10: Actual energy delivered to UK domestic sector

The percentage that each fuel contributes to the total energy supplied to the domestic
sector is shown in the pie chart in Figure 5-9 below.
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Figure 5-9: Domestic sector energy provision by fuel type [Laura Stewart’s Modelling Tool]

In order to determine the changes in total emissions when traditional domestic energy
systems are substituted with micro-CHP devices, it is necessary to calculate/estimate the
number of domestic energy consumers (households) in the UK.
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This is achieved by dividing the value for the total annual energy supplied to the domestic
sector by the average domestic energy consumer profile annual energy demand. This is
shown in equation 9 below.
TotAnnEner gySup ÷ AvDomEnerg yConsumer = numberofHo useholds ….Equation 9
462480906 ÷ 22.6 = 20,463,756 households

So, according to the result of the calculation in equation 10, there are approximately 20.5
million households in the UK. Data from the UK government’s statistics website quotes a
figure of 24.7million households in the UK in 2004 [UK Government Statistics 2007b].
Therefore, for the purposes of this research, 25 million households is chosen as an
estimate of the current number of households in the UK, based on the calculation in
equation 10 and the information from the UK government’s statistics website.
With this information and the information in Figure 5-9 (domestic sector energy provision
– percentage share of each fuel), the number of households that use each type of fuel can
be calculated. The results are shown in Table 5-11 below:

Fuel

Coal

Manufactured

Petroleum

Natural

fuel

products

gas

electricity

Percentage share

0.1

0.5

3.3

70.9

25.2

Number of

25

125 thousand

825

17.725

6.3

households out of

thousand

thousand

million

million

total (25 million)
Table 5-11: Number of UK domestic households according to fuel type

According to the results in Table 5-11, natural gas is the most widely used fuel source in
the domestic sector in the UK, with over 17 million households connected. This result is
verified by information from the company British Gas, which has approximately 14 million
gas customers [Centrica 2001].
The changes in emissions, by substituting some or all traditional domestic energy systems
with micro-CHP devices, is calculated by using the information on the number of
households of each fuel type and their associated annual emissions.
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The emissions from micro-CHP devices that are deployed in a certain number of
households (corresponding to the particular fuel type that is being investigated) can be
calculated and the differences between the two compared.

5.6

Conclusions

This chapter has described the workings of the modelling that is employed in this
research to quantify emissions from domestic power sources, including substitution by
micro-CHP devices.
Formulas for calculations of efficiency, emissions of carbon dioxide and water and
operating hours required for micro-CHP units have been provided and explained.
Reference material used in the formulas has also been provided and reviewed in terms of
its usefulness and accuracy. The modelling tool is referred to as ‘Laura Stewart’s
Modelling Tool’ and is referenced as such when data that has been generated through
the modelling tool is presented in this work.
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6. Simulations and Results
6.1

Introduction

This chapter reports on the results of the modelling and simulations undertaken as part of
this research to quantify environmentally sensitive emissions from different domestic
energy systems. The results from these different energy systems are then compared, in
terms of emissions and also efficiency of fuel use (which is related to quantity of
emissions).
The results for traditional domestic energy systems are provided first, with details of the
efficiencies, annual carbon dioxide emission and annual water emissions for a single
household. The following section provides the results for commercially available microCHP units: efficiencies, annual carbon dioxide emissions and annual water emissions for a
single household. This is followed by the results for the prototype micro-CHP device, with
the efficiency and annual water emissions (for a single household) reported. Finally, the
results from the environmental model are provided, showing the impact that widespread
use of each of these systems has on the overall annual UK emissions of carbon dioxide
and water.
Unless stated otherwise, all results and information come from the modelling tool that
was developed for this research. The modelling tool was developed in Microsoft Excel
software and is described in Chapter 5.

6.2

Traditional domestic energy systems

The results for the traditional domestic energy systems are presented in this section. The
traditional domestic energy systems that were analysed were:
•

Grid electricity

•

Oil heating

•

Natural gas heating

•

Coal/peat heating

•

Petrol/diesel generators
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6.2.1 Efficiency
The efficiency of different domestic energy systems was calculated, using Equation 2 and
the results are shown in Table 6-1. In the case of coal/peat heating, data was not available
for use in Equation 2, in order to calculate the efficiency. Therefore, a value or 10% for
efficiency was selected for use, according to information found during the literature
survey.

Energy system

Efficiency

Oil heating

90%

Natural gas heating

90%

Petrol generator

15%

Diesel generator

22%

Grid Electricity

30% [DUKES 2007]

Coal/peat heating

10% [Wikipedia 2007a]

Table 6-1: Efficiencies of traditional domestic energy systems

For each of the energy systems listed in Table 6-1 there are a number of different
products available. Therefore the efficiencies of several systems of each type were
calculated and the average was taken, rounding the result to the nearest whole number.
The efficiency for grid electricity is not calculated as this is too complex to be calculated
with any accuracy using Equation 1. Therefore, this information was sourced from the
Department of UK Energy Statistics [DUKES 2007] and is reported as being averaged at
30% efficiency, which is stated as an approximation.
These results show that oil and natural gas fuelled heating are the most efficient forms of
traditional domestic energy provision, followed by grid electricity and diesel and petrol
generators, which have much lower efficiencies. The lowest efficiency belongs to
coal/peat heating.

6.2.2 Carbon dioxide emissions
The results for annual carbon emissions for the average household (as defined in Chapter
5) resulting from the utilisation of traditional domestic energy systems are provided in
Table 6-2 below.
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Source

Annual carbon dioxide emissions (kg)
Heat

Hot water

Residential Lights and

(14,600kWh)

(5,000kWh)

Appliances (3,000kWh)

Grid electricity

6,278

2,150

1,290

Oil heating

4,380

1,500

n/a

Natural gas

3,082

1,056

n/a

Coal/peat

39,420

n/a

n/a

Genset (diesel)

n/a

n/a

3,156

Genset (petrol)

n/a

n/a

4,667

heating

Table 6-2: Annual CO2 emissions from different types of traditional domestic energy systems
[Laura Stewart’s Modelling Tool]

This shows that for heating systems, one fuelled by coal/peat produces the most carbon
dioxide emissions annually. This is followed by grid electricity, oil heating and natural gas
heating. The results for hot water are very similar except that coal/peat fuel does not
apply in this case. In terms of electricity for lights and appliances, a petrol generator
produces the highest amount of carbon dioxide emissions annually, followed by diesel
generators and then grid electricity.

There are a number of combinations of the above technologies that are possible for use
in a domestic environment. Some consumers may have natural gas fuelled heating and
hot water and electricity from the grid for example. A list of these combinations and their
total annual carbon dioxide emissions is provided in Table 6-3 below.
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Energy system

Total annual carbon dioxide emissions (kg)

Grid electricity

9,718

Oil heating and grid electricity

7,170

Oil heating and diesel genset

9,036

Oil heating and petrol genset

10,547

Natural gas heating and grid electricity 5,428
Natural gas heating and diesel genset

7,294

Natural gas heating and petrol genset

8,805

Coal/peat heating and grid electricity

42,860

Table 6-3: Total annual carbon dioxide emissions from combinations of traditional domestic energy
systems [Laura Stewart’s Modelling Tool]

6.3

Commercially available micro-CHP units

The commercially available micro-CHP units that were selected for simulation were:
•

WhisperGen, natural gas

•

DACHS, fuel oil

•

DACHS, LPG

•

DACHS, natural gas

•

EC power, natural gas

•

EC power, diesel

For more detailed information on each of these units, please refer to chapter 3 and
Appendix 1 of this thesis. The ecopower unit was not used in the modelling and
simulations as there was not enough data available on its operating characteristics.

6.3.1 Efficiency
The results for efficiency calculations are provided in Table 6-4 below.
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Unit and fuel type

Efficiency

WhisperGen, natural gas

61%

DACHS, fuel oil

81%

DACHS, LPG

85%

DACHS, natural gas

84%

EC power, natural gas

95%

EC power, diesel

87%

Table 6-4: Efficiency of commercially available micro-CHP units [Laura Stewart’s Modelling Tool]

The most efficient unit is the EC power natural gas model, with the WhisperGen unit
having the lowest efficiency.

6.3.2 Carbon dioxide emissions from micro-CHP devices
The results shown in Table 6-5 below provide the carbon dioxide emissions for each
micro-CHP unit. The results are shown in two formats: emissions per hour and emissions
per kWh of output energy.

Micro-CHP unit

Fuel type

Emissions

Total output

Emissions per

per hour

power (kW)

output kWh

WhisperGen

natural gas

2.090kg

6.85kW

0.305kg/kWh

DACHS fuel oil

fuel oil

5.292kg

15.54kW

0.341kg/kWh

DACHS LPG

LPG

4.228kg

17.84kW

0.237kg/kWh

DACHS natural gas

natural gas

4.047kg

17.84kW

0.227kg/kWh

EC power natural

natural gas

4.180kg

21.00kW

0.199kg/kWh

diesel

12.624kg

41.00kW

0.308kg/kWh

gas
EC power diesel

Table 6-5: detailed carbon dioxide emissions data from micro-CHP units

It is interesting to note that the EC power unit that is fuelled by natural gas produces the
highest amount of carbon dioxide emissions per hour, but the lowest amount of carbon
dioxide emissions per kilowatt-hour of available energy.
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Once the hourly carbon dioxide emissions were calculated for each unit it was possible to
determine the annual carbon dioxide emissions. In order to do this however, the annual
number of hours of operation for each unit had to be calculated.
Each unit has different outputs and each has a different heat to electricity ratio. The heat
to electricity ratios of these commercially available micro-CHP units do not always match
the heat to electricity ratio of the average domestic energy consumer profile used in this
research. During winter, domestic consumers have a higher demand for thermal energy,
compared to summer months. Therefore, as stated earlier in this thesis, priority was given
to the demand for thermal energy, when calculating the number of operating hours for
each micro-CHP unit. The results for operating hours for each unit and the corresponding
amount of energy available to the domestic consumer are provided in Table 6-6 and Table
6-7.

Unit

WhisperGen

EC Power natural

EC Power diesel

gas
Thermal output (kW)
Electrical output (kW)
Month

Average daily thermal

6

17

24

0.85

4

17

hours of operation per day

requirement (kWh)
January

59.53

9.92

3.50

2.48

February

61.89

10.32

3.64

2.58

March

68.95

11.49

4.06

2.87

April

54.56

9.09

3.21

2.27

May

43.02

7.17

2.53

1.79

June

22.56

3.76

1.33

0.94

July

11.77

1.96

0.69

0.49

August

14.84

2.47

0.87

0.62

September

13.33

2.22

0.78

0.56

October

27.17

4.53

1.60

1.13

November

49.98

8.33

2.94

2.08

December

54.54

9.09

3.21

2.27

Table 6-6: Operating hours and energy outputs for different micro-CHP units [Laura Stewart’s
Modelling Tool]
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Unit

DACHS fuel oil
Thermal output

DACHS LPG

DACHS natural gas

10.4

12.5

12.5

5.14

5.34

5.34

(kW)
Electrical output
(kW)
Month

Average daily

hours of operation per day

thermal
requirement (kWh)
January

59.53

5.72

4.76

4.76

February

61.89

5.95

4.95

4.95

March

68.95

6.63

5.52

5.52

April

54.56

5.25

4.36

4.36

May

43.02

4.14

3.44

3.44

June

22.56

2.17

1.80

1.80

July

11.77

1.13

0.94

0.94

August

14.84

1.43

1.19

1.19

September

13.33

1.28

1.07

1.07

October

27.17

2.61

2.17

2.17

November

49.98

4.81

4.00

4.00

December

54.54

5.24

4.36

4.36

Table 6-7: Operating hours and energy outputs for different micro-CHP units [Laura Stewart’s
Modelling Tool]

From these data and the data on hourly carbon dioxide emissions (calculated in section
5.3.4.2.2), annual carbon dioxide emissions are calculated. The results are shown in Table
6-8 below.
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Micro-CHP unit

WhisperGen

Fuel

Carbon dioxide

Annual

Annual CO2

type

emissions per hour

operating hours emissions (kg)

natural

2.090kg

3,270

6,834

gas
DACHS fuel oil

fuel oil

5.292kg

1,887

9,986

DACHS LPG

LPG

4.228kg

1,571

6,642

DACHS natural

natural

4.047kg

1,571

6,358

gas

gas

EC power

natural

4.180kg

1,156

4,832

natural gas

gas

EC power diesel

diesel

12.624kg

817

10,313

Table 6-8: Annual carbon dioxide emissions of micro-CHP units

These results show that the EC power diesel unit produces the highest annual carbon
dioxide emissions and the EC power natural gas unit the lowest.
In order to provide a clearer picture of these results, analysis of the emissions in terms of
annual energy output (both heat and electrical) was also carried out. The results are
shown in Table 6-9 and Table 6-10 below.

Micro-CHP unit

Annual

Annual

operating

output (kWh)

output (kWh)

output (kWh)

Heat Annual Electrical Total

annual

hours
WhisperGen

3,270.08

19,620.5

2,779.57

22,400

DACHS fuel oil

1,886.58

19,620.46

9,697.036

29,317.5

DACHS LPG

1,571.14

19,639.21

8,389.871

28,029.08

DACHS natural gas

1,571.14

19,639.21

8,389.871

28,029.08

EC power natural

1,155.68

19,646.51

4,622.709

26,269.22

817.24

19,613.66

13,893.01

33,506.67

gas
EC power diesel

Table 6-9: Total energy outputs of micro-CHP units
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It is interesting to note that in meeting the thermal energy demand, the WhisperGen unit
fails to produce enough energy to meet the annual electrical demand of 3,000kWh.
Therefore it would require an additional electrical energy input. All of the other units
meet both the thermal and electrical energy demands. However, most of the other units
provide much more than is required in terms of electrical energy. This is due to the high
average on-demand power requirements of the average UK household.
It is important to consider the peak RLA (residential lights and appliances) demand that
can occur in domestic households. If all or a majority of the main domestic appliances
were to be switched on at the same time, none of the outputs from the CHP units
investigated in this research would be able to supply enough electrical energy to meet the
peak demand. Therefore, in order to tackle this issue, domestic consumers would have to
limit the peak energy demand (use one major appliance at a time). Another option would
be to use energy storage technology (such as batteries), in conjunction with the CHP unit.
Electrical energy from the CHP unit could be stored during times of low demand and then
supplied to the consumer in times of high demand. This is also known as “peak shaving”.
However, in terms of the heat to electricity output ratios, the WhisperGen unit and the EC
Power natural gas unit are the most suitable for the average domestic energy consumer.

Micro-CHP unit

Total annual

Annual CO2

Carbon dioxide emissions (kg)

output (kWh)

emissions (kg)

per kWh of received energy

WhisperGen

22,400

6,834.64

0.305

DACHS fuel oil

29,317.5

9,983.93

0.341

DACHS LPG

28,029.08

6,643.34

0.237

DACHS natural

28,029.08

6,358.56

0.227

26,269.22

4,830.86

0.184

33,506.67

10,316.79

0.308

gas
EC power
natural gas
EC power diesel

Table 6-10: Carbon dioxide emissions in terms of power received
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These results show that although the EC power diesel unit produces the most carbon
dioxide emissions annually, it does not produce the most emissions per kWh of delivered
energy. This is produced by the DACHS fuel oil unit. The unit that is the most “emissions
efficient” is the EC power natural gas unit, which only produces 0.184kg of carbon dioxide
per kilowatt-hour of received energy.

6.4

SOFC micro-CHP device

6.4.1 Efficiency
The efficiency of the SOFC micro-CHP prototype device was calculated using the available
information for the system.
The fuel used in this device is hydrogen and the nominal fuel consumption for the device
is 15 litres per minute. This equates to 900 litres per hour - conversion to cubic metres is
0.9m3 per hour. The total energy available from 0.9 m3 of hydrogen is calculated as
follows:
1 cubic metre of hydrogen

= 3.0 kWh (at STP)

0.9 cubic metres of hydrogen

= 3.0 * 0.9
= 2.7kWh

Where:
STP is standard temperature and pressure of 273K and 1013hPa

This calculation uses the lower heating value for hydrogen (119MJ/kg). This is because the
exhaust from the SOFC unit does not utilise a condenser. The result of the efficiency
calculation for the SOFC unit alone is:
2.7 / 2.5 = 92.6% efficiency

This figure is very high due to the fact that the losses attributed to the thermal and
electrical output management systems have not been included. The start-up and shutdown characteristics of the device have not been modelled either, as this information is
not available. This would also affect the overall efficiency.
The efficiencies of the thermal management system and the electrical management
system are 80% and 85% respectively [Pure Energy Centre 2007].
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The total power output of the fuel cell is 2.5kW, of which 60% is in the form of thermal
power (1.5kW) and the remaining 40% is electrical power (1kW).

Therefore the efficiency result for the full prototype micro-CHP system is:

80% of 60% for thermal = 48% of 92.6%

= 44.45

85% of 40% for electrical = 34% of 92.6%

= 31.49

Total efficiency = 44.45 + 31.49

= 75.94%

6.4.2 Operating hours
The annual operating hours for the prototype SOFC micro-CHP unit were calculated and
the result is:
•

5,450 hours

This provides a total heat output of:
•

19,620 kWh

and a total electrical output of:
•

13,898 kWh

It should be noted that in order to meet the average annual heating demand, three
prototype units are required, per average household.

6.4.3 Emissions – water
Since the prototype unit uses renewable hydrogen fuel, there are no carbon dioxide
emissions. It produces 0.72 litres of water emissions per hour. Therefore, the water
emissions were the only emissions that were quantified and the results are provided in
Table 6-11 below.

Device

Annual water emissions (kg)

Three SOFC prototype micro-CHP devices 11,772
Table 6-11: Annual water emissions from prototype device
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6.5

Environmental model

The environmental model results are provided in this section. Total UK carbon dioxide
emissions arising from use of traditional domestic energy systems is provided in the first
section. This is followed by the results from using commercially available micro-CHP
devices. Finally, the results for the prototype micro-CHP device are provided.

6.5.1 Traditional domestic energy systems
6.5.1.1 Carbon dioxide emissions
Table 6-12 shows the annual total carbon dioxide emissions results for the first of the
three energy systems: traditional domestic energy systems.

Annual carbon dioxide emissions (tonnes)
Fuel

Coal

Manufactured Fuel Petroleum products Natural gas

electricity

year
2004 23,016,933 897,061

22,783,170

83,686,249

49,673,940

2005 14,884,074 749,230

21,582,954

81,068,983

50,229,040

2006 13,062,816 745,871

22,685,478

76,961,396

50,074,012

Table 6-12: Annual carbon dioxide emissions (tonnes) [DUKES 2007]

The total emissions for the three years listed in Table 6-12 above, are given in Table 6-13.

Year

Total emissions (kilo tonnes)

2004

180,057.4

2005

168,514.3

2006

163,529.6

Table 6-13: total carbon dioxide emissions [DUKES 2007]

From these totals, the percentage that each fuel contributes towards the total emissions
can be calculated. The results for 2006 are shown in a pie chart in Figure 6-1 below.
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Domestic sector carbon dioxide
emissions by fuel type
8.0%
0.5%
30.6%

13.9%
coal
manufactured fuel
petroleum products
natural gas
electricity
47.1%

Figure 6-1: Domestic sector carbon dioxide emissions by fuel type

These results show that the greatest proportion of carbon dioxide emissions from
domestic energy use is due to natural gas followed by electricity and then petroleum
products.
The results for the annual carbon dioxide emissions if all 25 million households in the UK
were each to adopt the same traditional energy system are provided in Table 6-14 below.
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Energy system

Abbreviations

Total

annual 25 million households (kilotonnes)

(used in graphs)

carbon dioxide
emissions (kg)

Grid electricity

GE

Oil heating and OH and GE

9,718

242,950

7,170

179,250

9,036

225,900

10,547

263,675

5,428

135,700

7,294

182,350

8,805

220,125

42,860

1,071,500

grid electricity
Oil heating and OH and DG
diesel genset
Oil heating and OH and PG
petrol genset
Natural

gas NG and GE

heating

and

grid electricity
Natural

gas NG and DG

heating

and

diesel genset
Natural

gas NG and PG

heating

and

petrol genset
Coal/peat
heating

C/PH and GE
and

grid electricity
Table 6-14: Annual carbon dioxide emissions if all 25 million households in the UK adopted the
same traditional energy system

These results are comparable with the actual annual carbon dioxide emissions from
domestic energy use in the UK. The results are provided in graphical format in Figure 6-2
below.
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Figure 6-2: Total annual carbon dioxide emissions from domestic energy provision in the UK

The value for the carbon dioxide emissions attributable to domestic energy use in the UK
for the year 2006 has been provided in the figure above in order to illustrate the similarity
between the real and simulated results. The result for coal/peat heating is much higher
than any of the other options as this produces huge amounts of carbon dioxide. This is
part of the reason why only a very small proportion of domestic energy consumers in the
UK still use coal. Consumers are now encouraged by the government to utilise natural gas
and oil, or grid electricity instead of coal.

6.5.2 Commercially available micro-CHP devices
6.5.2.1 Carbon dioxide emissions
The results for the carbon dioxide emissions for the use of each commercially available
micro-CHP device by all 25 million households in the UK are provided in Table 6-15 and in
graphical form in Figure 6-3.
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Unit

Annual CO2 emissions (kilotonnes)

WhisperGen

170,866

DACHS fuel oil

249,598.25

DACHS natural gas

166,083.5

DACHS LPG

158,964

EC Power natural gas 120,771.5
EC Power diesel

257,919.75

Table 6-15: Annual carbon dioxide emissions if all UK households employed micro-CHP devices

EC power
diesel

EC power
natural gas

DACHS
natural gas

DACHS
LPG

DACHS
fuel oil

300000
250000
200000
150000
100000
50000
0
Whispergen

kilotonnes

annual total UK CO2 emissions

micro-CHP units

Figure 6-3: Annual total UK carbon dioxide emissions

This shows that use of the EC power natural gas unit would produce the lowest amount of
carbon dioxide emissions annually.

6.5.3 Prototype SOFC micro-CHP device
6.5.3.1 Water emissions

The total UK annual water emissions that would result from all domestic energy
consumers using the prototype micro-CHP device is:
•

294,307 kilo tonnes

It is important to note however, that if the hydrogen fuel that is used in each unit comes
from the electrolysis of water then the water emissions are reduced to zero.
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This is because in the complete fuel cycle, water is used in order to produce the hydrogen
fuel. Due to some small losses in the total cycle, more water is used in hydrogen
production than is produced during hydrogen consumption.

6.6

Comparisons

6.6.1 Carbon dioxide emissions

From the results provided in the previous sections of this chapter, comparisons are now
drawn between the emissions from different domestic energy systems.
The results for carbon dioxide are provided in Figure 6-4.
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Figure 6-4: Comparison of total annual carbon dioxide emissions

This shows that use of the prototype would reduce the carbon dioxide emissions the most
as it produces no carbon dioxide emissions. The DACHS natural gas unit and the EC power
natural gas unit would both also produce less emissions than current UK domestic energy
supply.
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For traditional power systems, if all 25 million UK households utilised natural gas for
heating and hot water and electricity from the grid then the carbon dioxide emissions
would be slightly lower than they are currently.

6.7

Statistical uncertainties with model

Another point for discussion is the statistical uncertainties associated with the model that
was developed as part of this research.
The data used for the model came from a range of sources and sampling types. The
sampling rates and selections can affect the overall results. For example, energy demand
data collected over a period of one year – was this a particularly cold or warm year in
comparison with others? Should any factors be applied to adjust for this?
Also, in the case where an average value is calculated – is this the mean or the median
value? This will have an effect if there is any particular data that falls into an ‘extreme
case’ category (a dwelling that has a high electrical demand due to medical equipment
installed in the home for example).
Also, any assumptions that have been made in any data calculations or measurements
may not always be clear or made available with the data or measurements.

6.8

Conclusions

This chapter has reported the results from the energy system and emissions modelling in
this research. The results were produced from the modelling tool that was developed in
Microsoft Excel software for this research. Information on the different energy systems
was fed into the model, in order to quantify emissions.

The principle emissions that were quantified were carbon dioxide for traditional domestic
energy systems and commercially available micro-CHP units, and water for the prototype
SOFC micro-CHP unit, as it does not produce any carbon dioxide emissions.
For the average household, the traditional energy system that produces the least annual
carbon dioxide emissions is a combination of natural gas fuelled heating and hot water
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and the use of grid electricity. On the other hand, use of coal/peat for heating (with grid
electricity supplementing it) produced the highest annual carbon dioxide emissions.

For the average household, the commercially available micro-CHP system that produced
the lowest annual carbon dioxide emissions was the EC Power natural gas unit. This unit
was also the best provider in terms of the heat/electricity output ratio. On the other
hand, the EC Power diesel unit produced the highest annual carbon dioxide emissions.
However, when the emissions from each unit were analysed in terms of the actual energy
received, it was found that the DACHS fuel oil unit produced the most carbon dioxide
emissions per kWh of energy output.

The prototype SOFC micro-CHP unit does not produce any carbon dioxide emissions. The
only emission from this unit is water, so therefore the quantity of water produced was
calculated. For the average household, this amounts to 11,772kg. However, it must be
noted that if the hydrogen fuel used in the unit comes from electrolysis of water, the total
water emissions are reduced to zero, in terms of the full fuel cycle.
The carbon dioxide emissions for the total 25 million households in the UK were also
calculated and compared for each of the different energy systems. The results were that
use of the prototype SOFC micro-CHP device would result in the largest reduction in CO2
emissions. Utilisation of other systems that would also result in a reduction in CO2
emissions compared to current levels were:
•

EC Power natural gas micro-CHP unit

•

DACHS natural gas micro-CHP unit

•

Natural gas fuelled heating systems (including hot water) combined with grid
electricity
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7. Conclusions

This research has investigated the issues of environmentally sensitive emissions, primarily
carbon dioxide, arising from domestic energy use. Micro-CHP devices have been
proposed as a solution to this problem, as well as bringing the benefits of increased
energy security and savings on fuel costs for domestic energy consumers. One such
micro-CHP device, a prototype employing a solid oxide fuel cell that runs on renewable
hydrogen fuel, has also been investigated as part of the research.

Traditional power supplies were investigated and found to comprise a number of
different technologies which provide domestic energy consumers with electricity and
heat. These include: grid electricity, gensets, renewable energy systems and fossil fuelled
heating. All of these systems produce environmentally sensitive emissions with the
exception of renewable energy systems. The disadvantages of renewable energy systems
are the intermittent energy supplies associated with each technology and the initial
expense of installation. Grid electricity is the most widely used supplier of domestic
energy. However, it is inefficient and contributes to a large proportion of the UK’s total
greenhouse gas emissions.

Research on micro-CHP systems revealed that they all consist of a power production unit,
a fuel input (with an adequate storage and delivery system), electrical and thermal output
interfaces, management of exhaust and a control system. There are a number of
“technology combinations” that can be used to implement a micro-CHP system. These
include internal combustion engines combined with boilers, boilers combined with
Stirling engines, and Fuel Cells with integrated boilers/heating systems. A number of
commercially available micro-CHP systems were investigated and reviewed, all of which
use fossil fuels.

The prototype unit that is the subject of this research consists of a solid oxide fuel cell
(SOFC) which is fuelled by renewable hydrogen and a boiler.
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Environmental impact analysis was investigated, in order to review available methods for
quantification of environmentally sensitive emissions. It was found that environmental
impact analysis is the study of changes in the environment and the term “environment” is
a pre-defined area in terms of the specific analysis that is being carried out. This could
range from a small isolated location to a global scenario. The changes to the environment
can be due to one single action or the installation of a number systems and their
continued operation.
Environmental impacts can be both positive and negative and can be measured in the
following areas: visual, air quality, noise, land/soil, energy and impact on native species.
There are numerous methods for measuring and quantifying environmental impacts. All
methods involve taking an initial measurement or picture of the environment in the first
stage. This is then used to compare with further measurements or pictures of the
environment, with both actual and projected changes. Different stages of a project will
each have their own differing environmental impacts.

In terms of measuring environmentally sensitive emissions there are two methods used
to quantify emissions: practical measurement and theoretical simulation. Practical
measurement of emissions is undertaken with the use of measuring devices, technology
and systems that are suitable for the types of emissions that must be quantified.
Theoretical calculations of emissions can be carried out through use of computer
modelling and simulation of systems. This requires a certain degree of knowledge about
the system that is to be modelled, as well as a clear statement of any assumptions or
initial conditions that are set in the model. Simulations aim to generate a sample of
representative scenarios, with changes being made to variables within the system to
emulate this. There are a considerable amount of resources that have data on emissions
that can be used when constructing models and carrying out simulations. Simulation was
the chosen method for this research and a modelling tool was developed in Microsoft
Excel software.

The method and a description of the modelling that is employed in this research was
described and explained. Information from all the different domestic energy systems was
put into the model, to enable the resultant emissions to be quantified.
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The formulas used for calculations of efficiency, emissions of carbon dioxide and water
and operating hours required for micro-CHP units have been provided and explained.
Reference material used in the formulas has also been provided and reviewed in terms of
its usefulness and accuracy.
This resulted in the creation of a new model that can determine the carbon dioxide
emissions that are produced in any domestic energy system.

Using information on the energy requirements of an average UK household, the results
from the energy system and emissions modelling in this research were then presented.
The principle emissions that were quantified were carbon dioxide for the traditional
domestic energy systems and commercially available micro-CHP units, and water for the
prototype SOFC micro-CHP unit, as this is the sole output from the unit (it does not
produce any carbon dioxide emissions).
For the average household, the traditional energy system that produces the lowest
annual carbon dioxide emissions is a combination of natural gas fuelled heating/hot water
and the use of grid electricity for electrical energy.
For the average household, the commercially available micro-CHP system that produced
the lowest annual carbon dioxide emissions was the EC Power natural gas unit. This unit
was also the best provider in terms of the heat/electricity output ratio.
The prototype SOFC micro-CHP unit does not produce any carbon dioxide emissions. The
only emission from this unit is water, so therefore the quantity of water produced was
calculated. For the average household, this amounts to 11,772kg. However, it must be
noted that if the hydrogen fuel used in the unit comes from electrolysis of water, the total
water emissions are reduced to zero, in terms of the full fuel cycle (water is used to
produce the hydrogen in the first instance).

The carbon dioxide emissions for the total 25 million households in the UK were also
calculated and compared for each of the different energy systems.
The results were that use of the prototype SOFC micro-CHP device (in all households)
would result in the largest reduction in CO2 emissions.
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Utilisation of other systems that would also result in a reduction in total CO2 emissions
(compared to current levels) were:
•

EC Power natural gas micro-CHP unit

•

DACHS natural gas micro-CHP unit

•

Natural gas fuelled heating systems (including hot water) combined with grid
electricity

Therefore, this research has shown that use of renewable hydrogen fuel in a prototype
SOFC micro-CHP unit installed in a domestic property would significantly reduce the
annual amount of carbon dioxide emissions attributable to domestic energy use.
For some of the other micro-CHP units that were analysed, widespread uptake of this
technology would result in some reductions in annual carbon dioxide emissions. However,
some of the units actually produced more emissions than the existing UK domestic energy
provision. These units also provided more electrical energy than was required by the
average household – resulting in lower overall fuel efficiency. However, this is due to the
requirement to cater for the high peak power demand of the UK average household
(approximately 13kW).
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8. Further Work
8.1

Improvements/further developments in the modelling tool

There are several improvements and developments that could be made to the modelling
tool that was developed as part of this research, some of which are:
•

Development of several different “domestic energy consumer” profiles, taking
account of different types and sizes of households and different geographical
locations

•

Addition of further energy system combinations, to study new build homes which
have a combination of technologies installed (renewable and hybrid systems etc)

•

Addition of further emissions measurement and calculation, including estimations
of water emissions from traditional domestic energy systems and commercially
available micro-CHP devices

•

Research into possible nitrogen oxides emissions from the solid oxide fuel cell
(with further data being made available from the fuel cell manufacturer)

8.2

CCHP

Combined heat and power systems provide a more efficient use of a fuel’s energy.
However, a further improvement could be made if these systems could switch between
providing heating and cooling, in winter and summer for example. The use of air
conditioning is becoming more widespread in the UK and provision of a CCHP (combined
cooling heating and power) system could prove a popular choice with many domestic
consumers. Further research into the development of the prototype SOFC micro-CHP
device in terms of CCHP could be undertaken, in order to understand the further
environmental benefits this could bring.

8.3

Analysis of fuel prices

Fuel cost is a key factor for many domestic energy consumers when choosing domestic
energy systems. The uptake of renewable technologies and devices fuelled by hydrogen
will be affected by changes in traditional domestic energy system fuel costs. If oil and gas
prices continue to increase, more people will begin to look for alternatives and the
economics of CHP using renewable hydrogen fuel will improve (McClatchey 2006).
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Further research on this topic would increase understanding of the economic benefits of
hydrogen as a fuel. Of particular note would be locations that are not connected to mains
gas supplies.

8.4

Analysis of other CHP systems regarding their suitability to run directly
on hydrogen

There are a number of different types of fuel cells that run on fuels other than hydrogen,
fuels such as methane, methanol etc. A study into their possible suitability for running
directly on hydrogen could provide interesting additional results, particularly in the cases
where systems contain an internal reformation process for the fuel.
This could be extended to include a further study on the CHP systems reviewed in this
work, looking at the possibilities and requirements for conversion from fossil fuels to
running on hydrogen fuel directly.
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10. Appendices
10.1 Appendix 1 – Review of commercially available micro-CHP units
10.1.1 WhisperTech

Natural gas fuelled boiler, combined with a Stirling engine

The WhisperGen unit, made by the company WhisperTech, utilises a natural gas fuelled
condensing boiler that is integrated with a Stirling engine connected to an alternator
[WhisperTech, 2006]. The boiler provides heat energy for the domestic hot water and
space heating requirements and the Stirling engine and alternator provide an electricity
supply. It is fully automatic and requires little maintenance. The unit is floor standing and
similar in size to an average dishwasher. It is available on the UK market at a price of
£3000. The electrical output is up to 1kW and the thermal output is rated between 7.5 –
13kW. The unit is shown in Figure 10-1.

Figure 10-1: WhisperGen AC Micro-CHP System [WhisperTech 2006]

10.1.1.1

Product Specifications

The WhisperGen unit has a microcomputer that automatically controls all functions. It
utilises an LCD control panel on the front of the unit to display real time operating
conditions and provide a user interface. The dimensions are 500 x 600 x 850 (w x d x h)
millimetres and the dry weight is 138kg. It is a free standing, one piece stainless steel
enclosure with a stainless steel front panel. The control panel is built into the front panel
at the top of the unit.
The sound level in front of the unit is less than 47dBA at a distance of one metre. It is less
than 60dBA at a distance of one metre from the exhaust. The storage temperature is
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between -20 and 50°C. The operating temperature is between 0 and 55°C with 0 to 95%
relative humidity.
The combustion air temperature is -15 to 40°C. The environment is 0 to 45°C (ambient)
with 0 to 95% humidity (non-condensing). The unit meets required regulations and is
therefore approved and marked with a CE Mark. The unit requires a power supply during
stand-by periods and the power supply connection is via an IEC (International
Electrotechnical Commission) Plug [Maplin 2007]. The unit also has a communications
port, with connection via an RS-232 port with DB9 connector [Ebest 24 2007]. Figure 10-2
shows a basic diagram of the WhisperGen, showing the location and layout of the main
components of the unit.

1. Steel enclosure with stainless steel front panel

2. Burner assembly

3. Stirling Engine assembly

Figure 10-2: Diagram of internal components of WhisperGen unit [WhisperTech 2006]

10.1.1.2

Fuel specifications

The fuel type for the unit is natural gas (classified as 2H – second family). The supply
pressure can range from seventeen to twenty-five millibars (mbar) with twenty mbar
being the nominal value. The supply conditions are for the specified fuel type at 20mbar
pressure (nominal value). The fuel consumption is 1.1m3 per hour at a 10.5kW burner
firing rate (nominal). The maximum consumption is 1.5m3 per hour at continuous firing.

10.1.1.3

Electrical specifications

The WhisperGen uses a four-cylinder double-acting external combustion (Stirling cycle)
engine to provide electricity. It operates by repeatedly heating and cooling a mass of
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pressurised nitrogen gas inside the engine. The heat that drives this process comes from
the natural gas burner unit.
There are interconnected cylinders (containing pistons) within the engine. These cylinders
are pressurised with nitrogen gas and sealed. This gas is heated at the top of the cylinders
and cooled at the bottom of them. The resultant change in pressure causes the pistons
inside the cylinders to move up and down. This produces a continuous linear mechanical
motion. This motion is then converted, via a special ‘wobble yoke’ mechanism, to
produce rotation. The rotating “wobble yoke” mechanism is connected to and drives an
AC electrical generator. The electrical output is 1000W AC at 220-240V and 50Hz. The
power connection is a grid connected four pole induction generator with IEC plug and
socket connections. The WhisperGen’s 230V ac 50Hz output is to UK mains electrical
supply and may be utilised for household appliances and lighting.

10.1.1.4

Heating Specifications

In the WhisperGen unit, heat is generated by a continuous combustion burner, burning
the fuel – natural gas. The heat is then removed from the unit by using a coolant that is
circulating throughout it. The generated heat is thus transferred to the coolant. From
there, the coolant can further transfer this heat to domestic water cylinders and space
heating systems.
The burner is a single nozzle, swirl stabilised recuperating type. It consumes air and fuel,
the rate of which is optimised by a microcomputer. This maximises combustion efficiency
and minimises exhaust emissions.
The flue (for the exhaust) can be either a horizontal or vertical balanced flue of type C12
or C32 respectively. The exhaust temperature is a maximum of 110°C at a 10.5kW burner
firing rate (The firing rate is defined as the amount of kilowatts per hour produced by a
heating system from the burning of a fuel [Darling 2007].). The maximum condensate
level is 1.7 litres per hour.
The connection for the exhaust flue is suitable for the Cox Geelen RGE Coxcentric 80/125
Flue Kit [Cox Geelen 2007]. Figure 10-3 shows the two different flue types that are
suitable for the WhisperGen.
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Figure 10-3: flue types [Ambirad 2007]

The coolant used in the WhisperGen unit is circulated by a pump. The coolant is used
either for heating hot water cylinders, providing heat for space heating or dumping heat
via a heat exchanger. The WhisperGen is set to maintain a Central Heating flow
temperature. Therefore it will start automatically when the central heating controller
demands heat. The WhisperGen will continue running until a stop signal has been
received from central heating controller, indicating that hot water and / or room
temperatures have reached a desired level. Once it is shutdown, the WhisperGen unit will
return to Standby Mode. The thermal output is modulated up to 8 kW via sealed liquid
circulation. This provides a heat output to the user of between 7.5 and 12kW. The duty
cycle is a 1 to 24 hour cycle. The central heating system can be of the open vented type or
it can be sealed and pressurised. The maximum system pressure is 3.0bar. The flow
temperature is 60 – 75°C. The nominal flow rate is six to twenty litres per minute.
The connections for the WhisperGen unit, in particular for the central heating system, are
standard plumbing connections and are as follows:
•

Fuel

Rp 1/2 ISO 7/1

•

Central Heating

Rp 3/4 ISO 7/1

•

Safety Discharge

Rp 1/2 ISO 7/1

•

Condensate Trap Drain

Rp 1/2 ISO 7/1

The ‘Rp’ designates an internal parallel thread type connection, ‘1/2’ refers to the thread
size and ‘ISO 7/1’ states the regulatory standard that it conforms to [Wikipedia 2007b].
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Figure 10-4 shows a more detailed diagram of the internal components of the
WhisperGen unit.

Figure 10-4: Detailed diagram of internal components in WhisperGen unit [WhisperTech 2006]

A) Gas Burner: flame heats the four cylinder heads of the engine
B) Exhaust heat recovery unit: uses exhaust heat to heat the water
C) Stirling Engine: uses the heat from the burner to push pistons back and forth
D) Water heating: water is further heated as it passes through the engine
E) “Wobble Yoke” (inside): converts the linear motion of the pistons into rotating
motion for the alternator
F) Gas valve: supplies and regulates the gas to the burner
G) Rotary alternator (inside): generates electricity
H) Water pipe connections: delivers hot water to the home’s hot water cylinder and
heating system

10.1.1.5

Summary of Outputs

Electrical

230V ac 50Hz

Minimum

50 W

Normal Mode

up to 850 W
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Maximum

up to 1400 W

Thermal
Minimum

4.2 kW

Normal Mode

up to 6.0 kW

Maximum

up to 9.2 kW

10.1.1.6

Advantages and Disadvantages

The principal advantages of the WhisperGen micro-CHP unit are its cost and size. It is
comparable in price to purchasing standard gas boiler heating systems [Whole Sale
Heating, 2007] along with diesel/petrol back-up generators. Although more expensive,
the higher fuel efficiency of micro-CHP systems and the generation of electricity mean
that the unit will pay for itself within three to four years [WhisperTech, 2006]. It is also
comparable in size to other household appliances [WhisperTech, 2006]. It also has
standard plumbing connections, meaning it can connect to existing heating systems. This
means it is a viable option when replacing an old gas boiler.
Disadvantages include the requirement for a power supply (in stand-by mode). This
means that it will not be suitable for an off-grid or grid-failure situation. It also requires
adequate ventilation and access to a flue. This may be a disadvantage in some domestic
applications.

10.1.2 SenerTec DACHS

SenerTec DACHS offer three micro-CHP units with the main difference between them
being the fuel input to each system: fuel oil, LPG and natural gas. The units are based on
reciprocating engine technology and comprise a single cylinder internal combustion
engine that provides power and heat. The outputs are 5.3 to 5.5 kWe gross electrical
output and 10.4 to 12.5 kWh heat output, both depending on the fuel type used.
The overall fuel efficiency ranges between 79% and 92%, depending on operating
conditions and fuel type used.
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The unit is commercially available in the UK at a price of £12,800 (excluding VAT and
commissioning costs). It is shown in Figure 10-5.

Figure 10-5: SenerTec DACHS micro-CHP unit [BAXI –SenerTec UK 2007]

10.1.2.1

Product Specifications

The units are all easy to install and operate, with single and multi-unit packages available.
This is partially due to the compact, integrated package design. The dimensions of the
units are 720mm (W) x 1070mm (D) x 1000mm (H) and each weighs approximately 520
kg. The units each have an ambient air temperature of 15 C with and operating
temperature range of 5 to 35 C. The operational altitude is sea level. The units have an
80,000 running hour design life (subject to compliance with service and maintenance
requirements). Service Intervals are specified as follows:
•

3,500 running hours (natural gas/LPG units)

•

2,700 running hours (fuel oil unit)

10.1.2.2

Fuel specifications

The fuel specifications vary for each of the three units since each unit operates with a
different fuel input. The details of this can be found in Table 10-1.
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10.1.2.3

Electrical specifications

The electrical output of each unit is 400V, three-phase at 50Hz. The electrical connection
of each unit can be either grid parallel operation or stand alone option. Each unit comes
complete with a G83 grid interface for direct connection to a building's distribution panel.
The units also have an integrated control panel that incorporates a modem for off-site
monitoring and fault reporting. There are differences in the electrical output depending
on the fuel input. These are detailed in Table 10-1.

10.1.2.4

Heating specifications

The heating medium for each unit is low temperature hot water. The minimum water
temperature for start-up is 15°C. The water flow rate is 0.5 m3 per hour with a change in
water temperature of 20°C. The reference water temperatures are as follows
•

60°C return (basis for performance)

•

70°C return (maximum)

•

83°C flow (maximum)

The water circuit pressure is 1 to 4 bar with the outlet pressure loss (final chimney) being
30Pa.
The exhaust condenser provides an additional heat output of 0 to 3.0 kW thermal, subject
to the water circuit return temperature.
Figure 10-6 shows the schematic layout for the installation of the DACH system.
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Figure 10-6: schematic for the layout and connection of DACHS unit [BAXI –SenerTec UK 2007]

10.1.2.5

Summary of differences between all three units

Depending on the fuel input, there are a number of differences between the three DACHS
units. These are listed in Table 10-1.
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Fuel Oil
Engine

fuel

LPG

Natural Gas

(higher 35 sec fuel oil - LPG - 50.5MJ/kg

heating value)

Clean, dry natural
gas - 38.63MJ/m3

45.6MJ/kg

Gross electrical output 5.3kWe

5.5kWe

5.5kWe

0.16kWe

0.16kWe

5.34kWe

5.34kWe

12.5kW

12.5kW

17.84

17.84

(full load)
Absorbed

Power 0.16kWe

Requirement (“parasitic
loss”)
Net

Electrical

output 5.14kWe

(full load)
Heat output (at full load 10.4kW
electrical output)
Total output

15.54

Fuel input (HHV) at full 19.1kW (1.73 litres 22.8kW
load output
Fuel

input

per hour)
(HHV) 1.508*kg

calculations

(1.63kg 22.8kW (2.13m3 per

per hour)
x 1.63kg

hour)
x 2.13kg x 38.6MJ/kg

45.6MJ/kg

50.5MJ/kg

= 82.21MJ

= 68.76MJ

= 82.31MJ

= 22.8kW

= 19.1kW

= 22.8kW

Efficiency

81%

78%

78%

Fuel pressure

-0.2 to 0.2 bar

20 to 100mbar

20 to 100mbar

Noise level (at 1 metre)

58dB(A)

56dB(A)

56dB(A)

Table 10-1: Differing characteristics of three DACHS units (dependant on fuel input)
[BAXI –SenerTec UK 2007]

*the value of 1.508kg is calculated as follows:
•

density of Fuel Oil is 870kg/m3 [Energy Institute 2007]

•

mass = volume x density = 0.00173m3 (1.73 litres) x 870 = 1.508kg
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Looking at the information in Table 10-1, it shows that there are very few differences
between the LPG and natural gas fuelled units. The only difference between these two is
the fuel input: The fuel oil unit has more significant differences in that it has lower
electrical and thermal outputs. However, this unit is the most efficient of the three, using
81% of the energy contained in its fuel input.

10.1.2.6

Advantages and Disadvantages of Senertec DACHS units

The advantages of the DACHS units are the high outputs, both thermal and electrical. This
makes them particularly suitable for applications in guest houses, small hotels and
apartment buildings for example. The units can also be configured for electrical grid
connection or stand-alone applications.
The disadvantages of the DACHS units are the size and cost of the units. The units are
quite large, over a metre in length and a metre in height. The price of £12,800 is also
substantially more expensive in comparison to standard domestic boilers. However, the
unit does have a higher thermal output than standard boilers and also produces
electricity. The payback period is difficult to determine, given the fluctuating nature of
fuel prices. (The payback period would also depend on the operational mode of the unit.)
Another disadvantage is that the electrical output is three-phase, which may be
inconvenient for certain consumers and applications.
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10.1.3 ecopower

The ecopower micro-CHP unit employs a gas-fired combustion engine to drive a
generator in order to produce power. The waste heat generated in this process is used for
heating and the preparation of hot water. The electrical output is between 1.3 and
4.7kW. The thermal output is between 4.0 and 12.5kW (at maximum flow temperature of
75C). The total operating ratio is approximately 90% to 92% (25% electrical + 65% to 68%
thermal).
The unit is commercially available in the UK at a price of approximately £10,000. It is
shown in Figure 10-7.

Figure 10-7: ecopower micro-CHP unit [Rock Energy 2007]

10.1.3.1

Product specifications

The unit has a digital display making it easy to operate (including diagnostics). There is
also an option for remote monitoring of the unit. There are two modes of operation:
1. priority thermal (mainly on-grid applications)
2. priority electric (mainly off-grid applications)

The dimensions of the unit are: L1370 x W740 x H1080 mm and it weighs 395kg. It
comprises a one-cylinder gas engine (4-stroke). The engine has a swept volume of
272cm3. The noise level from the unit is measured at less than 56dB(A) at a distance of
one or two metres. The housing for the unit is heat and noise insulated and has an
integrated switch board section. The unit has CE certification (PIN 0063AU3290), EMV and
VDE approval. (VDE Marks certify that products have positively been tested by the VDE
Testing and Certification Institute in compliance with electro technical standards and
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technical regulations [VDE Testing and Certification Institute 2007]). A more detailed
diagram of the internal system components is shown in Figure 10-8.

Figure 10-8: detailed diagram of internal components of ecopower unit [Rock Energy 2007]

10.1.3.2

Fuel specifications

The fuel input for the unit is natural gas or LPG (Propane).

10.1.3.3

Electrical specifications

The unit is configured for mains (grid) parallel operation. The unit produces 1 or 3 phase
electrical output, at 3 x 400V and a frequency of 50Hz. There is a power filter and mains
inverter included. The voltage and frequency is monitored, as is the output into the
electric grid. The unit has a variable speed control, with settings between 1200 – 3600
rpm. The generator is a special permanent magnet generator. The electrical block
diagram is shown in Figure 10-9.
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Figure 10-9: Electric Block Diagram [Rock Energy 2007]

10.1.3.4

Heat specifications

The heat generated by the unit is captured from the engine's exhaust (exhaust gas heat
exchanger/exhaust silencer. This provides hot water, running through two independently
regulated circuits (separate water circuits for the engine and the heating system). There is
a hot water management system with a strategic store and buffer management. The
heating and hot water temperatures are monitored and managed. The temperature in
the exhaust gas heat exchanger is 60 to 90°C. The pressure is a maximum of 2bar. The
flow is 22 to 23 Nm3 per hour. The exhaust also has a three-way catalytic converter. This
means that the output emissions from the unit are minimised. These are, on average:
•

NOx < 70mg/Nm3 at 5% O2

•

CO < 300 mg/Nm3

Figure 10-10 shows that layout and connections for installation of the unit.

136

Figure 10-10: layout and connections for ecopower unit [Rock Energy 2007]

10.1.3.5

Advantages and Disadvantages of ecopower unit

The advantages of the ecopower unit are its very high efficiency and the variable speed
control. The high efficiency (92%) means that the unit is very good value for money in
terms of the costs of the fuel input. The variable speed control is beneficial for the
consumers, enabling them to have a large degree of controllability on the output from
the unit.
Disadvantages of the unit are the size and price. It is quite large and requires a large
installation area (almost 4 square metres). The cost of the unit (approximately £10,000) is
also quite high in comparison with standard boilers and heating systems.

10.1.4 EC Power

Established in 1995, EC Power is the leading name in micro-CHP in Denmark and now
operates in five countries across Europe, and is part of the Statoil group, a multinational
energy company operating in thirty-three countries worldwide [X-ERGY 2007].
The company has two micro-CHP units currently available in the UK market – a natural
gas fuelled unit and a diesel fuelled unit. Both use internal combustion engines combined
with a boiler to provide a CHP solution. These will be reviewed separately in the following
two sections, along with advantages and disadvantages for each.
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10.1.4.1

ICE – natural gas fuelled, combined with a boiler

The company ‘EC Power’ has a micro-CHP product called the CHP XRGI 13G NGAS Energy
Solution [EC Power 2006]. It is a natural gas fuelled internal combustion engine system,
which has an integrated thermal store that connects to a domestic boiler. The electrical
output is rated between 4 – 13 kW and the thermal output is rated between 17 – 29 kW.
The outputs depend on the load to the system at any given time. The maximum electrical
efficiency is 28% (+/- 1%). However the unit can achieve up to 95% total efficiency
(dependant on loads greater than 10kW). The noise output from the unit is measured as
45 dB(A) at a distance of one meter. The unit costs £25,000 excluding installation and
servicing costs. It is shown in Figure 10-11.

Figure 10-11: CHP XRGI 13G NGAS Energy Solution [EC Power 2006]

10.1.4.1.1

Product specifications

The dimensions of the unit are 1250 x 1110 x 750 mm (H x W x D). There is also a
requirement for maintenance access surrounding the unit of a minimum of 600mm.
The cabinet itself has double walls, consisting of a 2mm steel plate and a 1.5mm one. The
unit is also insulated with 50mm of mineral wool. The weight of the unit is unspecified but
is assumed to be comparable with the diesel CHP energy solution which weighs 625kg.
There are also several other components that encompass the complete system: a control
panel, a distribution unit and a thermal store.
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The dimensions (H x B x D) for these are as follows:
•

wall mounted control panel: 600 x 600 x 220mm

•

wall mounted distribution unit: 899 x 740 x 220mm

•

475 litre hot water thermal store (standard): 1680 x 700 x 700mm

The control unit is connected to the power unit. The power unit in turn is connected to
the heat distribution unit. The heat distribution unit is connected to the thermal store, a
25 litre capacity expansion vessel and the central heating/boiler system. This is shown in
Figure 10-12.

Figure 10-12: Connection diagram for EC Power natural gas micro-CHP unit [EC Power 2006]

10.1.4.1.2

Fuel specifications

The fuel used by the unit is natural gas and it has also been approved for certain types of
biogas [EC Power 2007]. The fuel consumption is 2.2 to 4.2 m3 per hour at maximum load.

10.1.4.1.3

Electrical specifications

The engine is supplied by Toyota and is water cooled. It has four cylinders and a swept
volume of 2000cc. It is connected to an asynchronous generator. The electrical system
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has a nominal output voltage of 400V and is three phase. The nominal generator current
is approximately 3 x 26A. The maximum full load current out is approximately 3 x 23A.

10.1.4.1.4

Heating specifications

The heat generated by the engine is captured and stored. The heat storage specifications
are as follows:
•

Thermal store is 475 litres (pre-insulated)

•

External dimensions 700 x 700 x 1680 (H x B x D)

•

Storage capacity at 40°C return temperature: 17.3kWh

10.1.4.1.5

Advantages and Disadvantages of the gas unit

The advantages of the gas unit are its large outputs (both electrical and thermal), high
overall efficiency and the option to use biogas as a fuel. The large outputs from the unit
mean that it is most suitable for guest houses, hotels, apartment buildings and small
business premises. The high overall efficiency gives good value for money in terms of fuel
input costs. The option to use biogas as a fuel is beneficial in terms of environmental
impact and security of fuel supply and costs.
The disadvantages of the unit are the size and cost. There are a number of different
components that encompass the complete system. Some of these are relatively large and
the complete system will require major alterations to be made in some buildings, in order
to accommodate installation.
The cost of the unit, at £25,000, is very expensive in comparison to traditional domestic
heat and electrical production systems. Therefore, the system may be more suitable for
new-build applications.

10.1.4.2

ICE – diesel fuelled, combined with a boiler

EC Power also has the CHP XRGI 17D Oil Energy Solution [EC Power 2006]. It has a diesel
fuelled internal combustion that is again integrated with a thermal store that connects to
a domestic boiler. The electrical output is rated at 4 – 17 kW and the thermal output is
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rated at 11 – 24 kW. The outputs depend on the load to the system at any given time. The
maximum electrical efficiency is 5% (+/- 1%). However the unit can achieve greater than
85% total efficiency (dependant on loads higher than 10kW).
The noise output from the unit is measured as slightly louder than the natural gas unit (45
dB(A)) due to the type of engine but it is not excessive. The unit costs £27,000 excluding
installation and servicing costs. It is shown in Figure 10-13.

Figure 10-13: CHP XRGI 17D Oil Energy Solution [EC Power 2006]

10.1.4.2.1

Product specifications

The dimensions of the unit are 1010 x 830 x 1190 mm (H x W x D). There is also a
requirement for maintenance access surrounding the unit of a minimum of 400mm.
The cabinet itself has double walls, consisting of a 2 mm steel plate and a 1.5mm one. The
unit is also insulated with 50mm of mineral wool. It weighs 625kg.
There are also several other components that encompass the complete system: a control
panel, a distribution unit and a thermal store. The dimensions (H x B x D) for these are as
follows:
•

wall mounted control panel: 600 x 600 x 220mm

•

wall mounted distribution unit: 899 x 740 x 220mm

•

475 litre hot water thermal store (standard): 1710 x 600 x 610mm
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The control unit is connected to the power unit. The power unit in turn is connected to
the heat distribution unit. The heat distribution unit is connected to the thermal store, a
25 litre capacity expansion vessel and the central heating/boiler system. This is shown in
Figure 10-14.

Figure 10-14: Connection diagram for EC Power natural gas micro-CHP unit [EC Power 2006]

10.1.4.2.2

Fuel specifications

The fuel used by the unit is diesel (EN590). The fuel consumption is 4.8 litres per hour at
maximum load.

10.1.4.2.3

Electrical specifications

The engine is an ECP modified Same-Deutz engine and is water cooled. It has three
cylinders and a swept volume of 3000cc.
It is connected to an asynchronous generator. The electrical system has a nominal output
voltage of 400V and is three phase. The nominal generator current is approximately 3 x
30.7A. The maximum full load current out is approximately 3 x 30.7A.
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10.1.4.2.4

Heating specifications

The heat from the engine is captured and stored. The heat storage specifications are as
follows:
•

Thermal store is 475 litres (pre-insulated)

•

External dimensions 700 x 700 x 1680 (H x B x D)

•

Storage capacity at 40°C return temperature: 17.3kWh

10.1.4.2.5

Advantages and Disadvantages of diesel unit

The advantages of the diesel unit are its large outputs (both electrical and thermal) and
high overall efficiency. The large outputs from the unit mean that it is most suitable for
guest houses, hotels, apartment buildings and small business premises. The high overall
efficiency gives good value for money in terms of fuel input costs.

The disadvantages of the unit are the size and cost. There are a number of different
components that encompass the complete system. Some of these are relatively large and
the complete system will require major alterations to be made in some buildings, in order
to accommodate installation.
The cost of the unit, at £27,000, is very expensive in comparison to traditional domestic
heat and electrical production systems. Therefore, the system may be more suitable for
new-build applications.
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10.2 Appendix 2 – Environmental impact analysis
10.2.1 Land/soil impact

A method for determining the impact to land and soil is to take soil samples to determine
the mineral, chemical and organic contents of the soil. Other measurements can also be
taken to determine stability and moisture content. This then gives the basis for
comparison with projected or actual changes that affect the land and soil.
It should be noted that there may be a requirement to take soil samples and
measurements at different times throughout a year, to account for seasonal changes and
differing weather conditions.
Standard soil sample tests include measurements of the following substances [Ohio State
University, 2006]:
•

Phosphorus/phosphate

•

Potassium

•

Potash

•

Magnesium

•

Zinc

•

Copper

•

Sulphur

•

Calcium

•

Soil pH

•

Cation exchange capacity (CEC)

•

Percent saturation of the CEC of potassium, magnesium and calcium

Additional tests can be completed at a further cost for organic matter, nitrate N, soluble
salts and heavy metals. Soil tests do not provide levels or presence of toxins such as
gasoline or herbicides in the soil. Specific tests need to be conducted to detect such
substances [Ohio State University, 2006].
Once a system has been installed, or changes have taken place in the environment, the
same soil measurements and tests must be performed. These results are then compared
to the original measurements, in order to give a land/soil environmental impact. An
example of a system that affects the soil is one that produces emissions that are drained
onto the surrounding land.
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These could be chemicals or organic material for example. The environmental effects
could be either positive or negative or both. In the case of an organic material being
released into the surrounding environment, this could act as a fertiliser and promote
plant growth, therefore having a positive impact. If the substance released also had a
particularly unpleasant smell this could have a negative impact as it could drive visitors
away from the area.

10.2.2 Impact on life-forms (species of birds, animals, insects, sea life,
plants)

A method for determining the impact on different species of life-forms that are found
locally within the environment is to take samples and count the instances of different lifeforms within each sample. An average can then be calculated. It is important to note that
there may be different life-forms that do not inhabit the chosen environment, but transit
through it. An example of this is the seasonal migration of certain species of birds. Any
impact on these species must also be quantified.
Once the initial analysis is complete, a further study, taking new samples, can then be
carried out after any changes to the environment have taken place. The number of lifeforms affected can then be quantified.
In order to make projections as to whether there are any species that may be affected by
a change in the environment, knowledge of each species is required.
For example, if there is a species of plant present that is particularly vulnerable to sulphur
compounds, any process or system that emits sulphurous compounds will affect that
particular population of plant species. The projected environmental impact must then
document this, with calculated estimates for the effects on this particular species of
plant.

10.2.3 Noise impact

A method for determining noise impact is to use a device that measures noise (sound
level meter). An example of such a device is shown in Figure 10-15.
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(a) [Castlegroup 2006]

(b) [Test Equipment Depot 2006]

Figure 10-15: two sound level meters

Noise levels are recorded in units called decibels. Table 10-2 shows the noise levels in
terms of decibels for some common sounds.

Description of Noise

Approximate value in decibels

Leaves Rustling

10 decibels

Very calm room

20-30 decibels

Normal talking (1 metre distance)

40-60 decibels

Traffic noise on major road (10 metres distance) 80-90 decibels
Jet Engine (100 metres distance)

110-140 decibels

Table 10-2: Noise levels of common sounds [Wikipedia 2008]]

To quantify the noise level impact of a system or action, the background noise level
(before any changes have taken place in the environment) must be measured and
recorded. This then gives a basis for comparison with projected or actual noise level
impacts.
It should be noted that there may be a requirement to measure noise levels at different
times throughout a day (night time is often quieter) and throughout a week (weekday
noise versus weekend). There may also be requirements for noise level measurements in
differing weather conditions. This may mean that there is a requirement for noise level
measurements to be taken at different times of the year (harsher weather conditions are
only experienced in certain months of the year).
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10.2.4 Visual Impact

A method for determining a visual impact is to take a photograph of the environment,
along with a description if required, before any changes have taken place. This is then the
basis for comparison with a projected or actual change to the environment.
Digital enhancements and alterations to photographs are then possible with the correct
software, to give a projected impact. An example is to add wind turbines in the correct
proportion to a photograph of a potential site for a new wind farm.
The actual visual impact could be shown by taking a photograph at completion of the
installation, and comparing it with the “before” picture.
This is illustrated in Figure 10-16.

Figure 10-16: “Before and After” images of wind turbine installation [Lavendon Garden, 2006]

The top image shows the landscape before and the bottom image shows the landscape
after the turbines were installed.

It should also be noted that there may be several stages to any project, and the visual
impacts during any construction phases may be very different to that of the completed
project. Therefore there may be requirements for multiple “visual impact assessments”,
with projections and records for different phases of a project.

10.2.5 Energy impact

A method for determining energy impact is to measure energy generation and use within
the environment. This must take into account the different forms that energy exists in –
electricity, heat, sound etc.
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This must also take account of the potential energy within the environment, whether it is
harnessed or not. It is also important to note that all forms of energy must be quantified,
whether they are natural resources or man-made. Energy is commonly quantified in
joules.
The projected energy impact is then calculated in the same terms as the initial energy
study, using the same units for quantification. The two analyses are then compared in
order to quantify the energy impact. An example is the installation of a hydro-electricity
power generation system in a location where there is a lake and a waterfall. The
mechanical energy available from the waterfall must be quantified, both before and after
installation of the system. Also, if there was to be pumped storage of water during
periods of low electrical demand (as is common in many hydro electric schemes), the
increase in potential energy must also be measured.

10.2.6 Stages of environmental impact assessment

10.2.6.1 Installation of a system
When installing a system, there could be a number of environmental impacts that may be
temporary in nature. These could include increased noise due to construction, increased
traffic to and from the site (bringing supplies etc) and the visual impact during various
stages of construction (before and after landscaping for example). These must all be
quantified using the methods discussed in section 4.3 of this report. The temporary
nature of any of the impacts must also be highlighted, providing timeframes for
completion and the resultant environmental impact once the installation phase is over.

10.2.6.2

Running and maintenance of a system

The environmental impact of the running and maintenance of a system must look at a
number of factors. Running a system may involve a number of tasks such as start-up and
shut down procedures (with implications for noise levels), delivery of fuel (implications
for air quality if traditional petrol/diesel fuelled transport is used), vibrations from
machinery (land/soil impact), increased use of energy (lower availability of energy for
other consumers in the area), emissions/exhaust output from the system (air and soil
quality). All of these impacts may in turn affect surrounding wildlife. In summary, all of
the outputs from the system (noise, emissions, vibrations etc) and any other actions due
to the normal operation of the system must be assessed and quantified.
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It is important to note that in terms of maintenance of a system, this may only be carried
out periodically, on an annual basis for example. Therefore the environmental impacts of
maintenance may be acceptable due to its periodic nature (monthly or yearly for
example) but would not be acceptable for the daily operation of the system.

10.2.6.3

Decommissioning a system

The environmental impact of decommissioning a system may be very similar to
installation of a system. This is due to the fact that many impacts due to decommissioning
will be temporary in nature. The visual impact and noise levels may change in the short
term, while the de-commissioning procedure is under way. As with the environmental
impact of installation, the short-term nature of the decommissioning process must be
documented, including timeframes for completion. The assessment must also include the
resultant environmental impacts once the decommissioning phase is complete.

10.2.6.4

Manufacturing/building a system

As mentioned previously in section 3 of this report, environmental impacts can be global
as well as locally attributed to a system. This is often the case when considering the
environmental impact of manufacturing and building a system. Often, parts of the system
are manufactured or built in a different location than that of the planned installation.
Also, building and manufacturing any product or system will require energy and raw
materials. These will not necessarily come from the site where the system will be
installed, instead coming from anywhere else on the planet. The environmental impact
must therefore be considered in a global scale when it comes to assessing manufacturing
and building impacts.

The energy used to manufacture any part of the system will have an environmental
impact on a global scale. For example, parts built in a factory that is supplied with
electricity from the national grid: the electricity used in the factory may come from fossil
fuel burning power stations, which in turn contribute to the release of harmful emissions
and therefore have an environmental impact on air quality. The raw materials for a part
may come from a mine, which will have an environmental impact of its own. Then the
raw materials must be transported to the factory, contributing a further environmental
impact due to transport.
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10.2.6.5

Analysing the fuel type(s) used by a system (fuel cycle)

The fuel input to the system may come from a different location than that of the
installation. In this instance, it is important to know where the fuel comes from and how
it is delivered to the site, in order to quantify its environmental impact. The further a fuel
is transported to the site, the greater the environmental impact due to emissions from
transport for example.
Also, if there are a number of different ways in which the same type of fuel is generated,
these will all have differing environmental impacts and must be assessed individually. For
example, diesel could be supplied from an oil refinery or from renewable/sustainable
sources (bio-diesel). These two fuel cycle processes have different environmental
impacts. When carrying out an environmental impact assessment, it may be helpful to list
the options concerning fuel. Decisions can then be taken as to which fuel to use and how
to deliver it to the site in order to minimise the overall environmental impact of the
system.

10.2.6.6

Output emissions from a system

When investigating the output emissions from a system, it is important to note that there
are different scenarios that must be considered. These are:


System installation



Running and maintenance of the system



System decommissioning



Scenarios out with normal operating conditions (accidents for example)

The first three, installation, decommissioning and running and maintenance of the system
have already been discussed.
The fourth point, encompassing any scenarios that are not within the normal and planned
operating conditions of the system, must also be considered.

The majority of systems are designed with specific operating conditions in mind. There is
also further design in order to ensure the safety of operation. Ultimately, there can
always be a scenario where the safety systems will fail and an unplanned operating
condition will occur. In this case, there may be significant environmental impacts that
could arise, with particular emphasis on output emissions from the system.
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An example of this is if an installation went on fire, and all safety systems failed or were
not able to control the fire. The materials within the installation would then burn and give
off emissions. There could also be leakage of fluids or substances due to compromised
storage. These impacts must be quantified and considered before a system can be
installed.

10.2.6.7

Energy efficiency (fuel in versus energy out) of a system

The energy efficiency of a system can have an environmental impact in terms of outputs
from the system and amount of fuel used.
If a system can use energy more efficiently, then harmful emissions can be reduced if the
energy source comes from fossil fuels for example.
The amount of energy used by the system can also have an impact on the remaining
energy available in the environment for other energy consumers in the area.

If a system is installed to deliver energy, efficiency is again important. If an energy
delivery system is not very efficient, with multiple leaks, this could affect the surrounding
environment. An example of this is a district heating system, with the objective of
delivering heat to consumers. If the heat delivery system leaks before reaching the
consumers, the heat will leak into the surrounding environment. This will have an
environmental impact.

