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The EU renewable energy directive (2009/28/EC) has set a range of national targets to 

collectively raise the average renewable share across Europe to 20% by 2020. Northern 

Ireland and Ireland have set their own ambitions on 40% electricity consumption from 

renewables by 2020 and 10% and 12% renewable heat by 2020 respectively for Northern 

Ireland and Ireland. Air source heat pumps have been identified as a major contributor 

towards reaching renewable heat targets and decarbonisation of heat. In order to maintain 

a working grid however system constraints result in limitations on wind generation often 

resulting in curtailment overnight in low demand hours with high wind. Full electrification of 

heat also gives rise to the necessity to increase generation and reinforce the electricity grid. 

A more cost-effective solution would be a more sophisticated method which would balance 

energy production and demand through energy storage. Using high temperature heat pumps 

domestic retrofit application is possible and when combined with energy storage, demand 

side management (DSM) control strategies, and user incentives it could be possible to 

provide a deployable means of balancing non-dispatchable wind generation with heating 

demand. 

The research presents operational performance of a retrofit high temperature cascade air-

source heat pump (ASHP) and thermal store which uses publicly available real-time and 

forecast electricity grid data for Northern Ireland using a low cost network connected 

Raspberry Pi computer to automate dynamic charging and discharging of a thermal store 

based on the state of the grid demand in real-time. The ASHP can reach a flow temperature 

of 80ЈC at 11kW nominal output, thus avoiding replacement of radiators in the occupied test 

house. The ASHP impact on peak grid demand is minimised by shifting thermal energy stored 

at low grid demand. Operational data shows the system is capable of providing 8.7% of the 

daily demand from storage but the overall system COP drops to 1.91 compared to a COP of 

2.27 when heating the house directly. The impact is an increase of on average 1.2p/kWh 

thermal delivered to the house compared to direct only heating. However, the CO2e intensity 

of the combined system was 30 gCO2e/kWh thermal less intensive than a gas boiler tested 

in the same house.  

The ASHP was also run as a hybrid coupled with the test house existing gas boiler in parallel 

mode (one heat source active at any one time only). In this situation the gas boiler effectively 

replaced the thermal store to provide DSM avoiding the HP impacting on peak grid demand. 

In addition, the hybrid was run using a real-time electricity market price signal as an 
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alternative to a real-time grid demand signal. A small test was also run with the HP in series 

with the gas boiler. Due to the lack of a combined control, this mode resulted in reduced 

operating efficiency, however this could be removed with simple control optimisation. 

The Raspberry Pi enabled low cost robust fully automated smart grid capability for relatively 

little cost. The occupants of the test house were unaware of the source of the heat and 

maintained the existing heat controls. Occupant thermal comfort was never compromised, 

and occupants were never encouraged or discouraged to use their heating system any 

differently to the gas boiler installation. The research shows that carbon intensity of domestic 

heating can be lowered when using an ASHP. Coupled with well-designed thermal storage 

the impact of electrified heating on the grid network can also be managed with simple and 

cheap technology without compromising on user thermal comfort. This will come with an 

efficiency compromise due to storage losses however if storage coincides with otherwise 

curtailed wind energy overall grid efficiency will increase.  
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AC Alternating current 
AGU Aggregated generator unit 
ASHP Air source heat pump 
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1 INTRODUCTION 

1.1 Introduction 

A revolution of UK heating supply will be necessary to meet the carbon reduction targets set 

out in the Climate Change Act (2008). The act is a commitment by the UK government to 

significantly reduce greenhouse gas emissions by at least 80% of 1990 levels by 2050. In 

addition the UK has made pledges to the global effort, The Paris Agreement (2015), to reduce 

emissions in order to prevent global average temperatures exceeding 2ЈC above pre-

industrial levels and to pursue a warming limit of 1.5ЈC. As a current member of the European 

Union, The EU renewable energy directive (2009/28/EC) applies which has set a range of 

national targets to collectively raise the average renewable share across Europe to 20% by 

2020. Northern Ireland and Ireland have set their own ambitions on 40% electricity 

consumption from renewables by 2020 and 10% (DETNI, 2011) and 12% (Eirgrid, 2014) 

renewable heat by 2020 respectively for Northern Ireland and Ireland. The implications of 

ǘƘŜ ¦Y ǾƻǘŜ ǘƻ ƭŜŀǾŜ ǘƘŜ 9¦ Ƙŀǎ ƴƻǘ ŎƘŀƴƎŜŘ ǘƘŜ ¦YΩǎ нлрл ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ Ǝƻŀƭǎ ŀƴŘ 

legislated carbon budgets remain as a means of achieving global climate change targets 

(Committee on Climate Change, 2018). 

Air source heat pumps have been identified as a major contributor towards reaching 

renewable heat targets and decarbonisation of heat (Department of Energy & Climate 

Change, 2013; Arteconi, et al., 2013). In order to maintain a working grid however system 

constraints result in limitations on wind generation often resulting in generation curtailment 

overnight in low demand hours with high wind. Full electrification of heat also gives rise to 

the necessity to increase generation and reinforce the electricity grid. A more cost-effective 

solution would be a more sophisticated method which would balance energy production and 

demand through energy storage. Using high temperature heat pumps domestic retrofit 

application is possible and when combined with energy storage, demand side management 

(DSM) control strategies, and user incentives it could be possible to provide a deployable 

means of balancing non-dispatchable wind generation with heating demand.   
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1.2 Domestic Energy Consumption & Fuel Poverty 

Across all sectors in the UK approximately 46% of total final energy consumption was for 

heating (approximately 80% of which is produced from fossil fuels), of this total 63% and 14% 

is for space and water heating respectively (Eames, et al., 2014). In the UK in 2015 the 

domestic sector was responsible for 29% of the total final energy consumption of which 

approximately 80% is for space heating and hot water demand (BEIS, 2017c). 

In Great Britain the dominant fuel used for heating is mains gas accounting for 20,141,801 

households or 78.3% according to the 2011 UK Census which is summarised in Table 1-1. The 

table shows heating type breakdown of fuels used in the provision of heating for households, 

with at least one usual resident, in each of the four countries in the UK. In comparison 

Northern Ireland domestic heating is dominated by heating derived from heating oil. Oil 

central heating in Northern Ireland accounts for 437,269 households or 62.2% compared to 

120,956 or 17.2% for gas central heating although this has increased to 237,199 as of quarter 

4 2017 (UREGNI, 2018). What is striking from the figures in Table 1-1 is the level of 

households in the UK reporting no installed central heating, 682,826 or 2.6% of UK 

households. Although Northern Ireland has by far the smallest proportion across the UK with 

3,766 households or 0.5% reporting to have no central heating in 2011, fuel poverty is a major 

issue in Northern Ireland. 

Fuel poverty is defined as a household which spends more than 10% of its income on fuel in 

order to maintain a satisfactory level of heating of 20ЈC in the living room and 18ЈC in other 

occupied rooms. Official figures for Northern Ireland put the level of fuel poverty at a 

staggering 42% in 2011, higher than households in Great Britain and the Republic of Ireland 

and one of the highest in Western Europe (The Consumer Council NI, 2018). Figures for Great 

Britain stand at: England 11% in 2015 (BEIS, 2017a); Scotland 34% in 2016 (Scottish 

Government, 2018); and Wales 23% in 2016 (Beaumont, et al., 2016). Fuel poverty is 

generally a result of multiple factors including: energy inefficient housing stock; low 

household income; high fuel costs; and under occupancy (those most vulnerable to fuel 

poverty tend to live in larger homes) (The Consumer Council NI, 2018). The consequences of 

fuel poverty can have severe impacts on society. The result of having to limit heating due to 

poverty can be cold and damp homes or trying to maintain a satisfactory level of thermal 

comfort can lead to debt or restriction of expenditure on other essential items. Fuel poverty 

and cold homes are associated with a wide range of direct health impacts including increased 

mortality (excess winter deaths) and morbidity (Geddes, et al., 2011). It has been estimated 

by Geddes, et al. (2011) that excess winter deaths in the colder quarter of housing is almost 
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three times higher than the warmest quarter of housing, due to it being cold. Healy (2003) 

analysed excess winter deaths across Europe and found that there was a common 

misconception that countries with milder climates were less susceptible to excess winter 

deaths from cold strain, in fact colder countries with higher building standards than the UK, 

had much lower rates of excess winter deaths. Morbidity (health conditions) associated with 

cold housing include respiratory, circulatory and mental health conditions as well as those 

conditions which can be exacerbated by cold homes including common colds and flu, arthritis 

and rheumatisms (Geddes, et al., 2011). The reasons for the higher rates of fuel poverty in 

Northern Ireland has been attributed to a combination of climate, low incomes, high fuel 

prices and in particular the dependence on oil, an unregulated fuel, for home heating.  

The dominance of oil heating in Northern Ireland is due to the relatively late arrival of gas 

supply to the country which was only introduced in 1996 via the Scotland to Northern Ireland 

gas pipeline initially supplying the Greater Belfast and Larne areas (Northern Ireland 

Executive, 2017)Φ ¢ƘŜ ƴŜǘǿƻǊƪ ǿŀǎ ŜȄǘŜƴŘŜŘ ǘƻ ǘƘŜ άмл ǘƻǿƴǎέ between 2004 and 2006 

which has 36,100 connections as of Q4 2017 (UREGNI, 2018). Further work to extend the 

ƴŜǘǿƻǊƪΣ άDŀǎ ǘƻ ǘƘŜ ²Ŝǎǘέ ǿŀǎ ŀǿŀǊŘŜŘ Ŧǳƭƭ ǇƭŀƴƴƛƴƎ ǇŜǊƳƛǎǎƛƻƴ ƛƴ ƳƛŘ-2017 which aims to 

connect a further 40,000 customers over the next 40 years with an investment of £250 

million (Gas to the West, 2017). If the scheme achieves these figures it would represent an 

investment of £6,250 per customer for 5.7% of households in Northern Ireland (using number 

of households in NI from Table 1-1 and basic assumption that all new connections would be 

domestic and number of households remains unchanged). Given these figures and 

timeframes it is clear that oil heating will remain the dominant form of home heating fuel in 

Northern Ireland unless there is a momentum shift toward alternative heating methods that 

can at least offer convenience and affordability on a par with gas central heating. The best 

solution for home heating will be the most sustainable option which can meet the needs of 

the present without compromising the ability of future generations to meet their own needs 

by finding the optimum balance between the three main aspects of sustainability: the 

environmental aspect; the social aspect; and the economic aspect. 

 



 
 

4 
Table 1-1 Number and proportion of households in the UK, with at least one usual resident, by type of main space heating fuel. The data is from the 2011 UK 
Census. Figures for England and Wales sourced from Office for National Statistics (2018); Scotland sourced from National Records of Scotland (2014); and 
Northern Ireland sourced from NIRSA (2012). 

Central Heating England % Scotland % Wales % Northern Ireland % UK Total % 

All categories: Type of central 

heating in household 
22,063,368 100.0 2,372,777 100.0 1,302,676 100.0 703,275 100.0 26,442,096 100.0 

No central heating 594,561 2.7 54,965 2.3 29,534 2.3 3,766 0.5 682,826 2.6 

Gas central heating 17,386,813 78.8 1,761,431 74.2 993,557 76.3 120,956 17.2 20,262,757 76.6 

Electric (including storage 

heaters) central heating 
1,828,589 8.3 317,831 13.4 72,176 5.5 24,671 3.5 2,243,267 8.5 

Oil central heating 848,145 3.8 135,223 5.7 113,984 8.7 437,269 62.2 1,534,621 5.8 

Solid fuel (for example wood, 

coal) central heating 
149,694 0.7 26,209 1.1 24,987 1.9 18,120 2.6 219,010 0.8 

Other central heating 357,916 1.6 16,608 0.7 11,618 0.9 4,083 0.6 390,225 1.5 

Two or more types of central 

heating 
897,650 4.1 60,510 2.6 56,820 4.4 94,410 13.4 1,109,390 4.2 
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1.3 UK Domestic Typical Heating System 

1.3.1 Wet Central Heating 

The most common form of domestic heating in the UK is hydronic central heating systems in 

which heat is produced at a central source, typically from a gas or oil boiler, and distributed 

around the whole building, typically via pipes and room radiators. From Table 1-1 we can see 

that 2.6% of households in the UK have no central heating systems and in Northern Ireland 

specifically the proportion is much lower at 0.5%. The system is designed so that normally 

habitable or used rooms and spaces are heated to achieve guaranteed temperatures under 

certain conditions. In all hydronic domestic central heating systems water is chosen as the 

medium used to transfer heat from the central generation point, commonly referred to as 

the boiler, to the heat emitters from which it is returned to the boiler to repeat the cycle. 

Water is chosen as it is low cost and readily available however the disadvantages of water 

are its low boiling point and high freezing point, and corrosiveness to metallic materials 

(Watkins, 2011). 

Hydronic domestic central heating systems are classified as low pressure hot water (LPHW) 

which in the UK equates to systems with temperatures less than 100ЈC and static operating 

pressures in the range of 1 ς 3 bar absolute (Watkins, 2011).  LPHW systems are considered 

a suitable design for domestic properties were temperatures are below 100ЈC avoiding 

potential hazards of flash steam in the event of pipe or valve failures. Traditional design used 

flow temperature of 82ЈC and delta T (ῳὸ of 11-12ЈC, resulting in a return temperature of 

71ЈC (Watkins, 2011). The introduction of condensing boilers has resulted in an increase in 

the design ῳὸ to lower the return temperatures which is needed to condense flue gases and 

thereby optimise boiler efficiency. This has a knock-on effect of requiring larger heat 

emitters.  

Low temperature heating systems can be further categorised as open or sealed systems. In 

an open system an open feed and expansion cistern are incorporated with the systems 

operating at atmospheric pressure plus the static head created by the feed and expansion 

cistern and flow temperatures not exceeding 82ЈC. In a sealed system the feed and expansion 

cistern is replaced by a sealed expansion vessel allowing the heating system to operate at a 

slightly higher pressure above atmospheric and a slightly higher flow temperature is also 

achievable, in the region of 85-95 ЈC (Watkins, 2011).  Flow temperatures above 82ЈC 

however require additional consideration to be given to heat emitters to avoid scald risk and 
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therefore it is unlikely domestic systems will be designed with flow temperatures exceeding 

82ЈC.  

The circulation of the heat transfer medium is typically either by gravity (thermo-siphon) or 

by pumped circulation. Full gravity heating systems are no longer installed as fully forced 

water circulation for heating and hot water is the most efficient arrangement in most 

instances. 

There are numerous piping arrangements for UK domestic heating systems namely: one-pipe 

systems; two-pipe systems; two-pipe reverse return systems; two-pipe radial systems; and 

micro-bore systems. Each arrangement has their own advantages and disadvantages but the 

most commonly used method, the two pipe system, illustrated in Figure 1-1 (Watkins, 2011), 

will be discussed here. The arrangement offers good versatility and is suitable for large 

commercial buildings down to small domestic residential systems. The two-pipe system 

consists of a run of two parallel pipes, one pipe delivers heated water to each heat emitter 

and the other pipe is dedicated to returning the water from each heat emitter. The main 

advantage of this system over the one-pipe system is that each heat emitter receives water 

at the temperature it leaves the boiler (not counting pipe heat losses) and the return 

temperature is the same from each heat emitter that is returned to the boiler. Whereas in a 

single pipe system were water flows in a single circuit from one heat emitter to the next heat 

emitter, the entering temperature will get progressively lower. The disadvantage of the two-

pipe system is the cost of the additional pipe work. The system can also suffer from a flow 

imbalance due to differing lengths of flow and return pipework which can result in increased 

flow rates in emitters closest to the boiler. To alleviate this the system should be balanced 

using the lockshield return valves on the heat emitters or using regulating valves. 

Figure 1-1 shows an open-vented heating system which was historically favoured by installers 

in the UK. More recently sealed systems have become more common in the UK which 

involves replacing the feed and expansion tank with a sealed expansion vessel and using a 

direct connection to the water mains for filling the heating system and regulating the sealed 

system pressure. The piping arrangement shown in Figure 1-1 would otherwise be the same. 

The illustration in Figure 1-1 also incorporates a domestic hot water cylinder (DHW) into the 

system. If a combi boiler is used, which can provide instantaneous hot water, the cylinder is 

omitted, and mains water is heated directly (and separately from the main space heating 

system) at the boiler and fresh heated mains water is delivered to the point of demand. 
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Figure 1-1 Operating principles of a direct return two pipe heating system ς non-condensing 
(condensing systems would employ different flow and return temperatures). Taken from 
Watkins (2011). 

1.3.2 Basic Heating Controls 

There are 2 main categories in which heating system controls may fall into: (1) Controls for 

safety; (2) Controls for comfort and energy efficiency. Controls for safety are incorporated in 

heating system design to provide a critical function in order to prevent serious or fatal injury 

occurring in the event of a malfunctioning component within the system. Generally, most of 

the safety devices are integrated into the heating appliance (including burner safety controls) 

with the exception of the safety relief valve. The safety relief valve automatically prevents 

high pressures in the system from developing by exhausting excessive pressures which may 

develop above the safe operating pressure. It should be located at the boiler or on the boiler 

flow pipe as close as practically possible. It should be set so that the maximum design 

pressure is not exceeded. 



8 
 

Controls for comfort and energy efficiency have developed greatly since the installation of 

the first domestic central heating systems. There is now a minimum standard of system 

control required by building regulations. The drivers for control advances has been lifestyle 

changes were flexibility and automation provide greater convenience, the desire to have 

greater control over the thermal comfort conditions within the home, advancements in 

electronic controls and subsequent reducing costs, and the increasing awareness of the need 

to reduce energy consumption and improve energy efficiency. The control capabilities have 

developed from simple on/off, through to timed controls, room thermostats controlling 

single or multiple zones within the house, basic hot water storage control to separate space 

heating and hot water control, right through to fully digital wireless controls which can 

control individual radiators, room temperatures, and hot water storage requirements 

remotely via mobile phone apps. However, the basic premise of what good systems controls 

should do has remained fundamentally unchanged since the installation of the first domestic 

central heating systems. The main objectives of the control system should seek to provide an 

automated method of maintaining thermal comfort throughout the heating season, regulate 

the system so that it operates as designed, ensure the heating system operates at maximum 

efficiency thereby reducing running costs, conserving energy, and reducing the carbon 

footprint of the home. 

The most basic controls in dwellings up to 150m2 which include a domestic hot water cylinder 

consist of a boiler interlock, space heating control via a single room thermostat, generally 

located in the most occupied room, and a hot water cylinder thermostat. Both the space 

heating and hot water control should be independent and programmable via a timer. It is 

generally good practise to install thermostatic radiator valves (TRVs) in all rooms apart from 

the one with the room thermostat. For heating systems without hot water storage were hot 

water is produced instantaneously via a combination boiler the same applies excluding the 

need for the hot water control. 

In England the upgrading and new installation of heating appliances is covered by The 

Building Regulations 2010: Conservation of Heat and Power in existing Dwellings Part L1B 

(HM Government, 2018) which includes the most recent set of amendments which came into 

force in April 2018. The document corresponds to the Northern Ireland building regulations: 

Part F (Conservation of fuel and power) of the Building Regulations (Northern Ireland) 2012 

(The Department of Finance and Personnel, 2012). The most recent amendment adds the 

requirement of the control system, described in the prior paragraph, to include one of the 
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following: flue gas heat recovery; weather compensation; load compensation; smart 

thermostat with automation and optimisation. 

In order to ensure compliance with the regulations Figure 1-2, adapted from (BEAMA Limited, 

2018), illustrates several control systems for dwellings up to 150m2 for new or replacement 

boilers with a hot water cylinder and without (combination boiler). For systems with a hot 

water storage there are two common methods of circuit control (see Figure 1-2, images 1-4). 

This is either by using two 2-ǇƻǊǘ ƳƻǘƻǊƛǎŜŘ ǾŀƭǾŜǎΣ ŎƻƳƳƻƴƭȅ ƪƴƻǿƴ ŀǎ ŀ ά{-tƭŀƴέ 

arrangement, or by using a single 3-port motorised mid position valve, commonly known as 

ŀ ά¸-tƭŀƴέ ŀǊǊŀƴƎŜƳŜƴǘΦ .ƻth techniques use a specific wiring configuration and a 

programmer so that space heating and domestic hot water can be independently controlled. 

The control user can manually or pre-programme either or both circuits to switch on, with 

regulation, in turn, via dedicated thermostats. The wiring configuration is designed so that if 

both thermostats are satisfied the boiler will switch off and avoid cycling or running when 

motorised valves are closed. This is known as a boiler interlock. Comfort is maintained in 

rooms without electronic thermostats via TRVs which shut off radiators once a pre-set 

comfort level is reached. For combination boilers water is heated instantaneously at the 

boiler so the control for hot water storage is not required and therefore excluded. In practise 

this simplifies the installation and wiring required for a combination boiler which at its 

simplest will have a single thermostat connected via a wired or wireless connection directly 

to the boiler circuit board. Dwellings with a floor area greater than 150m2 may use the same 

control techniques but with the inclusion of a second independently thermostatically 

controlled space heating circuit (normally one per floor). This normally requires the addition 

of another motorised 2-port valve and thermostat. 

Generally speaking, the described methods of heating system control will be by far the most 

commonly encountered for the most common types of conventional heating (gas and oil 

boiler central heating systems), especially were the boiler has been replaced or the home 

was built in the last 10-15 years. The main difference which may be encountered is the level 

of sophistication of programmer and thermostat used. More recently this is moving towards 

digital smart controls which have become cheaper in price, have much greater functionality 

and flexibility, are simple to install or retrofit due to wireless communication ability, and 

provide greater opportunity for energy savings through automation and machine learning.  
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Figure 1-2 Example layouts for new heating systems in dwellings up to 150m2 and for 
replacement boilers in all dwellings to ensure building regulation compliance. Adapted from 
(BEAMA Limited, 2018).  
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As mentioned previously the 2018 amendment to building regulations requires the inclusion 

of one of: flue gas heat recovery; weather compensation; load compensation; smart 

thermostat with automation and optimisation. Flue gas heat recovery pre-heats the incoming 

mains water used for hot water to reduce the gas required to reach the desired hot water 

temperature. Weather and load compensation adjust the flow temperature of the water 

circulating through the radiators depending on the outdoor temperature or heating load 

respectively. Lower flow temperatures complement condensing boilers which work more 

efficiently with returning water temperatures of 55ЈC or under as greater heat can be 

recovered from the flue gases. Smart thermostats as mentioned are becoming increasingly 

popular. Their function can vary dependant on the brand of device but the main functions 

include remote control via smart phone app, the ability to learn how long your house takes 

to heat up and therefore the ability to optimise the time your heat is switched on thus 

removing the guessing inherent of fixed timers, and also occupancy sensing so that the heat 

is switched off or turned down when the home is unoccupied. Another major benefit of these 

devices is that the operating firmware can be remotely updated allowing software changes 

that can further enhance system efficiency without having to update the boiler for example. 

The devices, in some cases, can also be used as a central controller to control wireless TRV 

valves allowing rooms to be heated at different times meaning for example bedrooms could 

be heated before bedtime only rather than all day when they are less likely to be occupied. 

As mentioned, smart controllers can offer great benefits for the occupant in terms of 

improving thermal comfort and increasing heating efficiency through much greater flexibility 

and remote system control. There is however a further potential with these devices and that 

is combining heating control with time-of-use tariffs and energy storage to provide a grid 

balancing service. This is most attractive when we consider the case of electrified heating 

with a heat pump. Heat pumps are seen as having a major role in efforts to decarbonise the 

domestic energy sector (Department of Energy & Climate Change, 2013; Arteconi, et al., 

2013) however there is a resultant increase in electricity demand as gas and oil begin to be 

ŘƛǎǇƭŀŎŜŘ ŀƴŘ ŀǎ ǎǳŎƘΣ ƘŜŀǘ ǇǳƳǇǎ ǿƛƭƭ ƴŜŜŘ ǘƻ ōŜ άǎƳŀǊǘ-grid-ǊŜŀŘȅέΦ ¢ƘŜ ǇǊƻōƭŜƳ ƛǎ ǘƘŜǊŜ 

is no current clear government policy or clear market incentive to realise the potential of 

domestic heating flexibility aside from the traditional Economy 7 style of thinking. This results 

in reluctance or delayed response by heat pump manufactures in investing and designing 

smart enabled heat pumps, put simply, because it is unclear what they would be designing 

for. Smart controllers can therefore fill a vacuum, as they serve a primary function orientated 

around user functionality and comfort. Software on these controllers can easily be updated 
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to provide the required demand-side-response (DSR) functionality by switching heat pumps 

on and off, charging/discharging thermal stores at the most appropriate times, or rather than 

on/off control there could be a setback function which reduces the thermostat temperature 

or reduces flow temperature depending on the level of DSR required. In addition, by allowing 

third party controls and software (i.e. not that of the heat pump manufacturer or energy 

suppliers) there may be the potential for greater innovation and competition in the 

technology and software, the potential for greater returns for the home owner, and 

therefore likely greater uptake of such technology. The grid side is then managed by the 

system operator sending out a simple signal to indicate the desired demand side response, 

and the energy supplier supplies electric on an incentive based tariff. This simple method 

means all participants in the smart grid get rewarded.  
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1.4 Alternative Domestic Heating Methods 

1.4.1 Heat Pumps 

A heat pump is a thermodynamic device which uses a refrigeration cycle to extract low grade 

heat from a source and eject a higher temperature heat to a sink. In its simplest terms heat 

is moved (pumped) from one place to another by being absorbed by a substance and 

conveyed to the point of delivery by that substance, where it is released (Watkins, 2011). The 

substance used is known as a refrigerant. This definition is applicable to all pieces of 

refrigeration equipment, air conditioners and chillers using a refrigeration cycle, so they all 

are effectively heat pumps. However, ǘƘŜ ǘŜǊƳ άƘŜŀǘ ǇǳƳǇέ ƛǎ Ǝenerally reserved for units 

which supply heat as the primary end product rather than air conditioning or refrigeration 

which removes heat to provide cooling as its primary function. Some heat pumps can be 

reversed to provide heating in winter and cooling in summer but for domestic houses in the 

UK which most commonly use radiators the function would neither be suitable or normally 

necessary. 

For UK domestic heating applications, a heat pump replaces a conventional oil or gas boiler 

and provides thermal energy using radiators or underfloor heating. Heat pumps are better 

suited to underfloor heating applications due to the lower flow temperatures required but 

they may be retrofitted to the existing radiator system. This may require replacing the 

radiators with larger ones or high temperature units do exist which can achieve flow 

temperatures equivalent to oil or gas boilers. Conventional heat pumps are electrically driven 

and because they move low grade heat from a source and concentrate it as a high-grade heat 

at a sink, they can produce a greater amount of heat energy than the electrical energy 

consumed to power the compressor, fans or pump. Therefore, for heat pumps that can 

achieve a coefficient of performance (COP), which is defined as useful heat out divided by 

total electricity in, greater than a variable threshold value, will produce heat cheaper than a 

conventional fossil fuel powered boiler, even though electricity is more expensive than oil or 

gas. The COP threshold value is described as variable because it is dependent on the relative 

price of domestic oil or gas, the COP of the fossil fuel boiler (efficiency), and the respective 

price of domestic electricity. In addition, the carbon dioxide footprint of an electrical heat 

pump producing an equivalent amount of heat as an oil or gas boiler will be less carbon 

intensive, above a certain COP threshold, even though the electricity is derived from a 

national power station which uses fossil fuel with transmission and distribution losses of the 

electricity also considered. The COP threshold value of the heat pump gets consistently lower 

as the carbon intensity of the source electricity reduces i.e. as greater volumes of renewable 
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energy make up the national electricity. Therefore, heat pumps have good potential for 

reducing the carbon intensity of heating homes and will only get better as reliance on fossil 

fuels for electricity production reduces. 

Generally, heat pumps that will be installed in a domestic home will use a vapour 

compression refrigeration cycle which utilises an electrically driven compressor. The 

thermodynamic cycle, taken from Watkins (2011), is illustrated in Figure 1-3. 

 

Figure 1-3 Heat pump vapour compression cycle (Watkins, 2011) 

The cycle has four basic components comprising a compressor, condenser, expansion valve 

and evaporator. Superheated refrigerant vapour at low pressure enters the compressor 

where it is compressed to a high temperature high pressure vapour. It then enters a 

condenser which is either an air or water heat exchanger which sinks heat from the 

refrigerant (as it is lower temperature) cooling the vapour refrigerant and causing it to 

condense to a sub-cooled liquid which is still at high pressure. From the condenser it enters 

an expansion valve which causes a pressure and further temperature drop. The refrigerant 

then enters the evaporator as a low pressure low temperature mixture of liquid and vapour. 

In the evaporator the refrigerant absorbs heat from a low grade heat source (typically air or 

water) causing the refrigerant to evaporate before returning to the compressor as a 

superheated low pressure vapour to repeat the cycle. 
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Heat pumps are generally categorised by the type of heat source and heat sink they use. For 

domestic applications the heat source is normally air source or ground source however any 

form of low grade or waste heat is suitable as a source.  The heat sink refers to the method 

of delivery of heat to the house. For retrofits the heat sink would be water source using a 

heat exchanger as the condenser to transfer heat from the refrigeration cycle to the house 

hydronic central heating system. The heat sink could also be via air where air is blown over 

the condenser warming the air which is then delivered to the rooms to be heated via ducting. 

However, air heating is not a common method of home heating in the UK. Therefore, only a 

description of an air-to-water heat pump and a ground source heat pump will be detailed. 

Figure 1-4, taken from Watkins (2011), illustrates a typical air-to-water heat pump 

configuration with an external evaporator and internal condenser.  Flow temperatures for an 

air source heat pump (ASHP) are typically 35-45ЈC as indicated on the figure. This flow 

temperature is particularly well suited to underfloor heating systems which have a large 

surface area for heat emission. However, for radiator systems the flow temperature is not 

high enough and generally flow temperatures in excess of 65ЈC are required with traditional 

radiator systems designed for a max flow temperature of 82ЈC. 

Figure 1-5, taken from Watkins (2011), illustrates a typical ground source heat pump (GSHP) 

which is ideal for domestic properties. In this configuration a continuous loop of high-density 

polyethylene pipe is laid in a shallow trench in which a brine solution is circulated absorbing 

low grade heat from the ground. The horizontal shallow trench method is much less 

expensive than vertical borehole ground source heat pumps which require a specialist drilling 

company to drill and commission a well, however the horizontal method requires a large area 

for the pipes. The attractiveness of a GSHP over an ASHP is the higher COP achievable, and 

therefore despite the higher upfront installation cost, the GSHP may be cheaper over its 

lifespan due to lower running costs. Typical installation costs are in the region of £6,000-

£8,000 for an ASHP, and £10,000-£18,000 for a GSHP (Energy Saving Trust, 2018). GSHPs can 

achieve a higher COP than an ASHP because of a more stable source temperature. Down to 

15m in depth the temperature is approximately equal to the mean annual air-temperature 

of 8-11ЈC fluctuating in this range seasonally and below this depth the temperature increases 

on average by 2.60ЈC per 100m (BGS, 2017). In contrast the air temperature varies across the 

day with the minimum temperature likely to be the point of greatest heat demand. For 

example, the winter average minimum and maximum air temperature for the UK in 2017 was 

2.2ЈC and 7.9ЈC respectively. As an example of real-world comparable COP values for ASHPs 

and GSHPs, a large scale field study emanating from the UK Renewable Heat Premium 
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Payment (RHPP) policy showed seasonal performance factors of 2.65 and 2.81 respectively 

(Lowe, et al., 2017a). However, despite the higher efficiencies achievable, domestic GSHPs 

are often not practical in urban environments due to lack of sufficient space for horizontal 

configurations or lack of access for drilling machinery for vertical borehole configurations. 

To circumvent the low flow temperatures typical of domestic HPs, a heat pump may be 

installed alongside a conventionally fuelled boiler as illustrated in Figure 1-6 (Watkins, 2011). 

This results in a hybrid system in which the heat pump serves as the lead boiler and the fossil 

fuel boiler is arranged to fire when the flow temperature needs boosting in order that the 

heating system will operate correctly. The return temperature should be designed to return 

as low as possible, around 25-30ЈC, in order to maximise heat pump efficiency (Watkins, 

2011). The hybrid system can be designed to run in different ways with the priority generally 

being to meet the heat demand as efficiently as possible. Control strategies may look to 

optimise CO2 intensity or cost of the heat produced dependant on the operating efficiency of 

the heat pump at an external temperature set-point. Having two heating sources using 

different fuels also opens potential for a demand side control strategy based on grid signals, 

as previously discussed in the controls section 1.3.2, in which, for example, the fossil fuel 

boiler could be relied upon at times of high grid electricity demand, high grid electricity price, 

or high grid electricity carbon intensity. However, without a method of thermal storage the 

heat pump is less able to take advantage of low electricity grid demand, price, or carbon 

intensity as the household heating demand would need to coincide with these events. 

This type of hybrid system comes with the added disadvantage of increased system 

complexity with potential impact on the performance of the individual heat sources which 

may be dependent on an optimised control strategy to package the heat pump and boiler 

together so that they work in harmony. In particular the conventional boiler may cycle more 

frequently on low load conditions reducing its efficiency, and as such will need a control 

system which can prevent this occurrence. There will also be increased maintenance 

requirement and therefore cost. The main advantage being that the thermal comfort of the 

occupants is ensured, and a backup heat source is available in the event one might fail. 

An alternative to the hybrid system for achieving conventional flow temperatures is the use 

of a cascade heat pump like the example illustrated in Figure 1-7 (Daikin, 2018). The Daikin 

Altherma air-to-water heat pump is a domestic cascade heat pump which uses two 

refrigeration cycles to extract thermal energy from ambient air source down to temperatures 

as low as -20ЈC. The unit can deliver flow temperatures on the central heating water side up 
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to 80ЈC and is available in 11, 14, and 16kW capacity. The manufacturer states a nominal COP 

of 2.50 for the 11kW version with a flow temperature of 80ЈC and return temperature of 

70ЈC at an ambient dry bulb temperature of 7ЈC (Daikin, 2010). In order to put the COP value 

into context, in the UK a minimum seasonal performance factor (SPF) of 2.5 is required in 

order to be eligible for domestic renewable heat incentive payments (RHI) with higher 

payments for HPs with a higher SPF (OFGEM, 2018). The SPF is effectively the average COP 

measured across the year i.e. useful heat produced by the HP per annum divided by total 

electricity consumed by the HP per annum. For context, in the UK the average air 

temperature in 2017 was 9.6ЈC and the long-term average air temperature was 8.9ЈC 

between 1981 and 2010 (Met Office, 2018). 

The advantage of a high temperature heat pump is the ability to retrofit into an existing 

central heating system which uses high temperature radiators and removes the need for a 

backup heater. Although lower temperature HPs will undoubtedly have higher SPFs, it is 

often neither practical nor financially feasible to retrofit wet underfloor heating unless major 

refurbishment of the property is taking place. Oversizing of radiators to accommodate lower 

flow temperatures is another solution however this is both expensive and disruptive and 

requires additional space within in the home. With useable wall space at ever greater 

premium, it is far from a perfect solution. The high temperature heat pump is therefore ideal 

for the boiler refurbishment market of which the UK has one of the largest in the world with 

domestic boiler sales of 1.7 million units in 2016 of a total of 26 million boilers installed 

throughout the country (BSRIA, 2017). It not only removes the need to disrupt or alter the 

current central heating system but it is a particularly attractive solution for off grid gas areas 

like Northern Ireland were domestic heating is predominately reliant on oil heating as 

detailed in section 1.2. In addition, when replacing an oil boiler, the oil tank can be removed, 

increasing useable space, whilst also removing a potential environmental or fire hazard. 

When replacing a gas boiler the risks associated with this fuel source are also removed. 

Replacing a fuel source which needs to be burned with an electric heating source also reduces 

the risk of carbon monoxide poisoning which is potentially fatal. 

In summary when we consider domestic retrofit in a country like Northern Ireland with a high 

dependency on oil for heating, a high-temperature air source heat pump looks like an 

attractive option for upgrading ageing boilers with minimum disruption for householders. 

This is likely to be faster than extending the gas network with access possible to everyone 

with an electric connection. It is likely grid reinforcing would be required but this may be a 
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better investment strategy than investing in gas infrastructure given the need to decarbonise 

the heating sector across the country, not just in urban areas. 



 
 

19 1
9 

Figure 1-4 Split unit air-to-water heat pump (Watkins, 2011) 

Figure 1-6 Heat pump with supporting conventionally fuelled boiler 
(Watkins, 2011) 

Figure 1-5 Shallow trench ground source heat pump, looped pattern (Watkins, 
2011) 

Figure 1-7 High temperature air-to-water cascade heat pump (Daikin, 
2018) 
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1.4.2 Solar Thermal 

Using solar thermal energy for heating water is not a new form of technology however it is 

alternative in the sense that it is not in widespread use as a form of domestic heating in the 

UK. The sun radiates substantial energy to the Earth and the attractiveness of being able to 

capture this energy in order to heat our homes is plain to see. In a UK domestic context, solar 

energy from the sun may be incorporated into central heating systems for space heating, 

raising DHW temperature, or as an energy source for heat pumps. The performance of such 

systems is highly dependent on the useful amount of solar irradiation available at the 

installation location. 

Use of solar for direct space heating is not particularly practical in the UK due to its Northern 

latitude and therefore reduced solar irradiance in the winter months when space heating 

demand is greatest. However, it may be used to supplement a conventionally fuelled boiler 

in autumn or spring months when sufficient levels of solar irradiance exist as a means to 

reduce the quantity of fossil fuel required for space heating. Typically, in this arrangement, a 

solar collector panel would be coupled with a twin coiled thermal buffer store. Figure 1-8 

(Viridian Solar, 2017) illustrates an example of such an arrangement. On the solar side, a 

pump activated by a temperature sensor circulates brine through the solar collector and the 

lower coil of the thermal store. The buffer tank is also heated by a conventional boiler which 

raises the temperature up to a level sufficient for the central heating system and for DHW 

purposes.  

 

Figure 1-8 Solar collector with heat store (Viridian Solar, 2017)  
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Although the system has a positive environmental impact due to reduced fuel consumption 

and therefore carbon intensity, the low levels of solar energy available in the UK in the winter 

when space heating is at highest demand mean that the system may not make economic 

sense with long payback periods. 

Combining solar energy with an air-source heat pump has the advantage of improving the 

low-grade heat sink available to the unit thereby improving the COP achievable for a standard 

heat pump. Solar heat pumps will normally be classified as either direct or indirect. For a 

direct system refrigerant is circulated through the solar panel which acts as the evaporator. 

Direct systems are a packaged unit and are limited by the distance that the solar panel 

evaporator can be from the condenser as well as the smaller size of the collector panel 

meaning they are generally only suitable for small applications. Indirect systems use a 

conventional solar collector which delivers heat to the heat pump evaporator. The number 

of panels can be increased so that larger heat loads can be served. 

Solar energy is much more commonly used for raising DHW temperature in the UK due to 

reduced installation costs compared to those which incorporate a means of space heating. 

In summer peak solar energy can provide up to 100% of required DHW of an average home 

and reasonable proportions at other times of the year (Watkins, 2011). Generally solar 

heated DHW is either direct or indirect. The direct system heats water in a DHW cylinder 

directly by circulating water through a solar collector panel. There are number of 

disadvantages to this system including the risk of freezing in winter months, the possibility 

of the system reversing in winter thereby cooling the DHW cylinder, and the risk of 

excessively high DHW temperatures in summer months. An indirect system is more common 

in the UK which separates the solar heating circuit from the DHW circuit by means of a heat 

exchanger in the DHW storage tank. This alleviates most of the disadvantages associated with 

a direct system. An improvement on this is to use second storage cylinder to act as a thermal 

buffer store which preheats the main DHW storage cylinder. The addition means the solar 

collector can be used all year round providing a good proportion of the DHW requirements 

whilst alleviating potential issues such as reverse system operation resulting in the collectors 

emitting heat when solar irradiation is low. However, the main disadvantages are an 

increased installation cost and space requirement. 
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1.4.3 Biomass 

Biomass heating is the practise of using a wood-fuelled boiler to provide heating for a single 

room or coupled with a central heating system to heat an entire home. Wood is generally 

from fast grown crops and burned as wood pellets, chips, or logs. It can be a low carbon form 

of heating so long as the wood burned is replaced by new trees and the carbon footprint of 

cultivation, manufacture, and transportation of the fuel is small. This can be done by using 

locally sourced fuel. The main disadvantage of biomass boilers are the space requirements, 

the boilers are larger than oil or gas boilers and space is required in order to store the fuel. 

This makes them less attractive for urban and built up environments. 

1.4.4 Micro-Combined Heat and Power 

Combined heat and power is typically the process of recovering waste heat generated when 

generating electricity which can then be used to provide a useful heat source. It is not a new 

concept and is more common in a commercial setting being generally applied in electrical 

power generating plants in conjunction with gas turbines, diesel engines, and coal fired 

steam turbine engines. Micro-combined heat and power (micro-CHP) is more recent and 

refers to production of both heat and electricity for use in a domestic or office-based setting. 

However, the primary goal is generally to produce heat with the ability to generate a small 

amount of electrical power. 

Micro-CHP units typically employ a gas or oil driven internal combustion engine which drives 

an alternator thereby generating electricity. Waste heat is recovered from the engine and 

combined with a secondary conventional burner to produce the total heat requirement. The 

adoption of micro-CHP is normally limited by the size of units. Small wall hung units exist 

similar in size to a gas boiler however the power output is low, and a backup burner is often 

required to fulfil the total heat demand of a typical home. Different ratios of heat and electric 

production are achievable and excess electricity generated can be sold back to the grid if not 

required. Although micro-CHP still burns fossil fuels to produce energy, it is less carbon 

intensive than using a gas boiler and acquiring electricity from the grid separately. 
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1.5 Renewable Electricity Northern Ireland & Ireland 

1.5.1 Wind Energy & Irish Electricity Grid 

The electrical grids of Northern Ireland and Ireland are operated as an All-island power 

system with a single electricity market (SEM) operated by The Single Electricity Market 

Operator (SEMO) with SONI Limited and EirGrid plc as transmission system operators for 

Northern Ireland and Ireland respectively (SEMO, 2015). Both countries have set a target of 

40% renewable electricity to be reached by 2020. The installed wind generating capacity as 

of November 2014 across the island was 2889 MW (IWEA, 2015) with an estimate of between 

4400 and 4900 MW installed capacity required to meet the 2020 targets (EirGrid & SONI, 

2014). As a percentage of system size this will lead to the island of Ireland having one of the 

highest penetrations of renewable generation in the world (EirGrid Group, 2014). However, 

it is not as simple as reaching these installed capacity volumes. The inflexible nature of wind 

generation means for a number of reasons curtailment or constraint is often required 

resulting in dispatch-down of wind generation across the system. 

1.5.2 Wind Dispatch Down: Curtailment & Constraint 

Renewable generation has priority dispatch, however there will be times when it is not 

always possible to accommodate all priority generation while maintaining the safe, secure 

operation of the power system. Therefore, security limits are imposed due to local and 

system-wide security issues, which when reached require renewable generators to reduce 

generation below their maximum available levels. This reduction is known as dispatch down 

and is classified into either curtailment or constraint (EirGrid & SONI, 2018). 

Curtailment refers to the dispatch-down of wind for system-wide reasons (where the 

reduction of any or all wind generators would alleviate the problem). Curtailment is required 

for five main types of system security limits including (EirGrid & SONI, 2013): 

1. System stability 

2. Operating reserve requirements 

3. Voltage control requirements 

4. Morning load rise requirements 

5. System non-synchronous penetration (SNSP) 

The first four generally impose a minimum generation requirement on conventional 

(synchronous) generation and as such reduce the room for wind on the grid, whilst system 

non-synchronous generation (SNSP) is a limit on non-conventional generation (i.e. renewable 

generation). It is usually the first four which supersede SNSP. 
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Constraint refers to dispatch down of wind generation for more localised network reasons 

(where only a subset of wind generators can contribute to alleviating the problem). This is 

mainly for reasons of local network infrastructure, such as too much wind generation for the 

local network capacity or during outages for example maintenance, upgrade works, or faults. 

The limit of system non-synchronous penetration (SNSP) was until recently 50% in Ireland, 

however this has been upgraded following successful completion of a 5 month trial after 

which EirGrid and SONI confirmed on 9th April 2018 that up to 65% variable renewable energy 

could be handled on the grid at any given time, a world first, made up of mainly wind power 

and contributions from solar and interconnector imports (EirGrid Group, 2018). The aim is to 

ultimately increase the non-synchronous penetration limit up to a maximum of 75%. 

Across the all-island electricity market 29.7% of electricity demand was provided from 

renewables in 2017 of which 26.4% was from wind, 1.9% from hydro, and 1.4% from other. 

Wind energy generated 9,280 GWh of which an estimated 386 GWh was dispatched down, 

an increase of 159 GWh from 2016. The dispatch-down represents 4% of available wind 

energy resource across the island (EirGrid & SONI, 2018). Figure 1-9 illustrates the impact of 

curtailment and constraints summarised by hour of the day for the whole of 2017. It is 

generally curtailment which dominates during the night-time hours (23:00-09:00) over 

constraint which generally arises throughout the day (EirGrid & SONI, 2018). Curtailments 

(SNSP) refers to curtailment in order to reduce system non-synchronous penetration 

whereas curtailments (HiFreq/MinGen) refers to curtailment attempting to alleviate high 

frequency event or in order to facilitate a minimum level of generation on the system to 

satisfy reserve requirements, priority dispatch or to provide ramping capabilities. 

Curtailment is particularly pronounced over night when system demand is lower and there is 

reduced ability to accommodate wind generation due to the limits previously mentioned. 

With respect to Figure 1-9 it is clear that there is potential for creating a demand during night 

time hours to reduce the high levels of curtailment between 23:00 and 09:00 in order to 

make use of this energy which is otherwise effectively lost. It would be logical if we could 

somehow harness this energy and store it until it can be effectively utilised, for example at 

peak system demand, thereby improving the installed wind capacity and reducing peak 

demand. 
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Figure 1-9 All-Island Irish wind total dispatch down volumes in 2017 summarised by hour of 
day. Curtailments (SNSP) refers to curtailment in order to reduce system non-synchronous 
penetration; Curtailments (HiFreq/MinGen) refers to curtailment attempting to alleviate a 
high frequency event or in order to facilitate minimum levels of generation on the system to 
satisfy reserve requirements, priority dispatch or to provide ramping capabilities. (EirGrid & 
SONI, 2018) 

In order to alleviate as much as possible, the fundamental issues that give rise to curtailment 

EirGrid and SONI have produced an operational policy known as the DS3 programme: 

Delivering a Secure Sustainable Electricity System (EirGrid & SONI, 2015). Within this the 

need for facilities which can manage very high levels of instantaneous renewable penetration 

(demand side management facilities) has been outlined as an area requiring much work. As 

part of the program system operators have taken a number of steps to update and develop 

new system tools providing more accurate real-time information, greater control and 

monitoring facilities. One such tool used in control is the wind forecast tool. This tool provides 

an estimate of the wind generation which will be available in the coming hours and days 

ahead. The data is available publicly (EirGrid, 2015) and is illustrated in Figure 1-10 for the 

16th February 2015 along with forecast market demand and system marginal price (SMP) for 

the same day. It is the readily available data such as this that will help research and innovation 

into development of demand side management capable technology. 
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Figure 1-10 Forecast electricity energy market price (SMP), forecast market demand, and 
forecast wind generation for all Ireland electricity network. Data sourced from EirGrid (2015). 

1.5.3 Single Electricity Market (SEM) 

In Ireland and Northern Ireland, a Single Electricity Market (SEM) has operated from the 1st 

November 2007 combining what was two separate jurisdictional electricity markets into a 

single market operating across the island, a first of its kind (DCCAE, 2019). The goal of the 

SEM was to provide electricity generation at the least possible cost to meet customer 

demand whilst also maximising long-term sustainability and reliability (DCCAE, 2019). On 1st 

October 2018 the SEM transitioned to a reformed market known as the Integrated Single 

Electricity Market (I-SEM) in order to better harmonise markets across Europe. 

The finer details of how the market operate are complex, however a general simplified 

overview is illustrated in Figure 1-11 (Mullany Engineering Consultancy, 2016). Electricity on 

the island is bought and sold via a single market pool which is facilitated by the Single 

Electricity Market Operator (SEMO) which is a joint venture by the Northern Ireland system 

operator, SONI, and the Republic of Ireland system operator, EirGrid Plc. SEMO, which is 

regulated by the Northern Ireland and Republic of Ireland independent utility regulators,   

facilitates market trading and co-ordination of financial dealing (UREGNI, 2019). Generators 

and suppliers participate in the market bilaterally buying and selling electricity to and from 

the pool either on-the-day trading markets or spanning several years ahead. Electricity can 

ŀƭǎƻ ōŜ ƛƳǇƻǊǘŜŘ ƻǊ ŜȄǇƻǊǘŜŘ Ǿƛŀ ǘƘŜ ƛǎƭŀƴŘΩǎ ǘǿƻ ƛƴǘŜǊŎƻƴƴŜŎǘƻǊǎ όaƻȅƭŜ ŀƴŘ 9ŀǎǘκ²Ŝǎǘ 

interconnectors) to Great Britain which is in turn connected to mainland Europe. 

The main components of the SEM are energy and capacity. Energy consists of the supply of 

electricity with generators bidding into the pool a price for their generation for each half hour 

of the day ahead. SEMO in turn determines, based on these prices, a System Marginal Price 

(SMP) for each half hour trading window. The SMP is determined by ranking generators by 

price in a merit list with the highest price to meet demand (safely and securely) equating to 
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the SMP. Those generators that are not on the merit list (i.e. not required to meet demand) 

do not get paid the SMP, thus creating a competitive market were the most efficient 

generators tend to get utilised. There is also a payment, paid by supply companies, for 

generators providing capacity to the market which partially goes towards their fixed costs. 

 

Figure 1-11 Ireland Single Electricity Market (SEM) overview (Mullany Engineering 
Consultancy, 2016). 

1.5.4 Grid Services: Demand Side Management/Frequency Response 

Grid services can be widely defined as built in flexibility on the grid in order to help manage 

system security or electricity price through efficiency. Grid services can encompass a wide 

range of different techniques which can operate over different time scales in order to achieve 

this flexibility for example: 

¶ Static peak reduction such as behavioural changes in electric consumption over the 

course of a day from domestic through to industrial consumers in response to a 

variable price tariff; 

¶ Flexible demand measures which allow dynamic load shifting within the day 

dependant on the system conditions on that day; 

¶ Ancillary services offering a faster demand reduction capacity onto the market in 

response to a grid dispatch signal (similar to offering generation capacity) or offering 

a demand ramping capacity to make use of excess generation. 

The normal operating frequency on the grid is between 49.8 Hz and 50.2 Hz, when generation 

and demand are equal the system frequency would be 50 Hz. Frequencies above 50 Hz are a 






































































































































































































































































































































































































