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Sustainability Matchmaking: Exploration into using excess renewable energy to deliver ‘free’ energy 
to fuel poor homes – a preliminary case study in Ireland

Ciara Aherna,b ,Ronan Olivera

a Dublin Energy Lab, Technological University Dublin, Ireland

b MaREI, Cork, Ireland

Abstract
The aggregated fuel cost of domestic hot water (DHW) generation in Ireland, in 2022, was €529M with 
associated emissions/load of 1.3MtCO2/289GWh. The shadow price of carbon monetises the negative 
impact of emissions, rising with time; DHW generation has an associated shadow carbon cost of €13M 
in 2022, rising to €42M in 2030 and €335M in 2050. 

In 2020, c12%/€441M of wind was curtailed or wasted as inter alia, there was no demand at times of 
high wind.  Meanwhile, a ‘silent crisis’ is occurring in Ireland wherein one-in-two dwellings were 
considered in fuel poverty in 2022.  Households in fuel poverty are known to limit DHW generation, 
impacting hygiene and well-being.  

As most Irish households have an electrical immersion already installed in DHW tanks, this research 
develops a preliminary (first round) wind allocation model to assess the potentials and economics of 
redeploying excess wind to heat DHW and, in the interest of a just-transition, focuses on households 
at risk of fuel poverty.  

It is found that fuel-poor households in Ireland could be theoretically provided with a ‘free’ full tank 
of hot water, once in every 3 weeks, redeploying 89% of overnight curtailed wind energy in 2019, 
realising a potential carbon cost saving to the Irish state of c€4M in 2030, rising to c€11M in 2050 
along with a better quality of life for fuel-poor citizens.  

This research concludes this massive, readily deployable, shared, citizen-owned dispatch-down 
resource should be utilised and further research into redeployment of dispatch-down as a service is 
merited. 

Graphical Abstract
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Highlights

1. First energy deployment model of excess wind developed for Ireland.
2. Focuses on a readily deployable e-HVAC technology, but findings are generalisable.
3. In the interest of a just-transition, first EWH study to focus on fuel-poor households.
4. Informs demand side management and response strategies for the residential sector.
5. Illustrates how advantages can be taken of dispatch-down to obtain more services.

Keywords

Demand side management, e-HVAC, dispatch down, curtailment, electrical water heating, fuel 
poverty.

Abbreviations

BRE British Research Establishment
DHW Domestic Hot Water
DSM Demand Side Management
DSR Demand Side Response
EDF Électricité de France
e-HVAC electrical Heating Ventilation and Air-Conditioning
EWH Electrical Water Heating
HVDC Hig-voltage Direct Current
SETS Smart Electric Thermal Storage
SNSP System Non-Synchronous Penetration
TSO Transmission Service Operator
VRE Variable Renewable Energy

1 Introduction

Increased penetration of wind and solar energy into power systems is being sought to offset fossil 
fuels and decarbonise electricity generation [1]. Driven by climate change policy and incentives as well 
as declining technology costs, penetration of renewable energy generation, particularly wind and solar 
energy, has increased substantially [1, 2] and is set to continue [3] with;

 the share of renewable energy in the energy mix of the European Union (EU) targeted to 
double from 17.5% in 2017 to 34% in 2030 [3], while

 the United States is targeting a 50% to 52% reduction in greenhouse gas (GHG) emissions 
from 2005 levels by 2030 [4], and 

 China has pledged that 25% of its primary energy will be derived from non-fossil fuels by 2030 
[5].

In line with these ambitious targets, global electricity generation capacity of wind farms has multiplied 
over threefold from 200GW in 2010 to 650GW in 2019, providing almost six per cent (5.9%) of the 
world’s electricity demand in 2019 [6]. Countries wherein wind met a significant amount of the 
national electricity demand in 2019 are Denmark (47.2%), followed by Ireland (30.7%), Portugal 
(26.3%), Germany (21.2%) and Spain (20.8%) [6].

1.1 Dispatch-down 
Electrical power generation is classified as being either synchronous or non-synchronous [7]. 
Synchronous generation refers to traditional power generation relating to hydro, gas, coal, oil and 
pumped storage as well as biomass that power large rotating electrical generators spinning together 
in synchronism (50Hz) whereas non-synchronous generation refers to electricity produced from non-
traditional sources such as renewable energy sources, High-Voltage Direct Current (HVDC) 
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interconnector imports and battery storage [7] . Increases in variable unpredictable [7] non-
synchronous renewable energy such as wind and solar are resulting in electrical power systems 
encountering transmission and/or operational constraints imposed to maintain system stability, 
forcing system operators to sometimes accept less wind or solar energy than is potentially available 
[8].  This research refers to this phenomenon as ‘dispatch-down’; wherein renewable energy farms 
are instructed to reduce the amount of power they can generate to ensure that there is sufficient 
dispatchable synchronous generation on the system to inter alia maintain security of supply and 
system stability [8]. System Non-Synchronous Penetration (SNSP) is a real-time measure of the 
percentage of generation that comes from non-synchronous sources relative to the system demand 
given by Eqn. 1:

𝑆𝑁𝑆𝑃 =
𝑁𝑜𝑛 ― 𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑝𝑜𝑤𝑒𝑟

𝑆𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑎𝑛𝑑 𝑛𝑜𝑛 ― 𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑊𝑖𝑛𝑑 + 𝑆𝑜𝑙𝑎𝑟 + 𝐻𝑉𝐷𝐶

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐷𝑒𝑚𝑎𝑛𝑑 + 𝐸𝑥𝑝𝑜𝑟𝑡𝑠     Eqn. 1

To support frequency and voltage control while accounting for operational constraints, prevailing 
plant portfolios and system capability, Transmission System Operators (TSOs) limit SNSP [7], also 
referred to as Variable Renewable Energy (VRE) limit [9].  There are 3 types of dispatch down  [7] 
arising from:

a) Curtailment – when wind power production exceeds SNSP limit, addressed by dispatching-
down wind generators across the entire national grid.

b) Constraint – when line or cable capacity cannot transmit the electricity produced to serve 
demand because there is [10]: 
i) more wind generation than the localised carrying capacity of the network, or 
ii) an outage for maintenance, upgrade works or faults, or

c) Energy balancing – when generation exceeds demand.

In most countries, the incorporation of increasing amounts of renewable energy has become an 
energy policy priority resulting in TSOs working to increase VRE penetration or SNSP limits [9].  By way 
of example, the SNSP limit in Ireland in 2020, was 65%, rising to 75% in 2021 with strategies in place 
to meet a 95% target by 2030 [7]. When wind farms are dispatched down, they are typically replaced 
by fossil fuel generators and consequently CO2 emissions rise. Thus, to achieve climate change targets 
dispatch down needs to be reduced while the use of renewable electricity on grid needs to be 
maximised [7].  Ireland has some of the best renewable energy resources on the planet, being second 
only to Denmark in the share of renewables in the electricity generation mix, however, as an island 
country, it has a relatively isolated electrical system and so experiences some of the highest levels of 
dispatch down in Europe [6, 11], it also means that Ireland needs to realise greater mechanisms for 
flexibility capacity [12], particularly as dispatch-down due to energy balancing (type c) is forecasted to 
increase significantly in line with greater penetration of wind energy targeted by ambitious climate 
policy [7, 13].  

The literature has traditionally viewed dispatch-down as a “bad” thing , in terms of wasted energy [9, 
14] or a “major problem” limiting penetration of VRE [15], however, in the last two years, studies have 
begun to emerge as to how advantages can be taken of dispatch-down to obtain more electrical [16-
19], financial [20] and social [17] services as well as supporting an increase in VRE/SNSP limits through 
flexibility provision [21].  Dispatch-down is also an energy resource that has significant monetary 
value; based on average yearly electricity retail price of electricity to the market/householder, the 
total value of dispatch down in Ireland over the last 5 years is estimated at €1.11 billion, shown in 
Table 1 to range from €85M in 2017 to €441M in 2020.
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Table 1 Average market retail value of dispatch down electricity from 2017 to 2021

1.2 Demand Side Management 
Reducing dispatch down is viewed a complex challenge requiring deployment of new technologies 
that have not been a significant feature of electricity systems to date such as battery and electro-
thermal storage as well as demand side management/response (DSM/DSR) to provide system stability 
and flexibility [7, 22].  DSM comprises a set of load management strategies, incorporating planning, 
integration, and monitoring of pre-assigned routine activities based on the consumer’s usage pattern 
[23] whereas DSR can be defined [24] as “changes in electric use by demand-side resources from their 
normal consumption patterns in response to changes in the price of electricity, or to incentive 
payments”. The goal of a DSM/DSR system is to efficiently use the available energy without the 
necessity of installing new transmission infrastructure.  Indeed Article 32 of the EU 2019 Clean Energy 
Package [25] sets a new requirement on the use of flexibility in distribution networks and its 
procurement, requiring TSOs to consider flexibility in grid planning as an alternative to system 
expansion [19].  As the residential sector accounts for a significant part of the overall load (25% in 
Ireland [22]), it is acknowledged that residential sector plays a vital role in terms of its impact on 
overall power balance, stability, and efficient power management [26] and thus Article 32 further 
requires the effective and non-discriminatory participation of all market participants, including 
allowing market access for residential consumers. Notwithstanding, only a fraction of the demand side 
flexibility potential in the residential sector is being utilised [27].  Residential customers in Ireland can 
only participate in DSM/DSR through tariff-based schemes where they are encouraged to move their 
usage to cheaper off-peak night-time hours.  To comply with Article 32, it is necessary to allow market 
access to householders. 

1.3 Irish Context
There have been two large DSM studies carried under Horizon 2020 with the Irish TSO as participant, 
the first, entitled RealValue [28] ran from 2015 to 2018, deployed Smart Electric Thermal Storage 
(SETS) in 1250 homes in Germany, Latvia and Ireland demonstrating scalability through modelling and 
virtual simulation [29, 30], finding that SETS can meet householders’ space and water heating needs 
in a low-cost and energy-efficient manner, whilst enabling the electricity industry to exploit its energy 
storage capacity. RealValue connected residential SETS to a cloud aggregation platform allowing the 
storage heaters to take on charge based on grid constraints and market price signals, seeing “SETS as 
a means for an ordinary person to participate in the evolving energy system.” While understanding 
that “Not everybody is going to have the money to invest in a Tesla battery, an electric car, a wind 
turbine, or PV for their roof. But lots of people have storage heaters heating their buildings, consuming 
a large amount of energy” and seeing “SETS as being a means for these people to be active and 
important cogs in the future EU energy system” [28].

Due to a historically high price of electricity in Ireland, compared to other European countries, most 
homes In Ireland heat their homes and hot water through a fossil fuelled hydronic radiator systems 
and thus do not have electric storage heating installed (smart of otherwise) [31]. Most Irish homes 
(77%) do however also have a secondary electric hot water immersion fitted to domestic hot water 
tanks which can act as a backup or as an alternative to the boiler as required.

The second DSR/DSM study, entitled EU-SysFlex project [22], carried out between 2018 and 2020 
trialled inter alia ‘Residential Service Provision’ through the Power Off and Save project [22, 32], that 
engaged over 1,400 households over a 2-year period with participants asked to reduce their electricity 

2017 2018 2019 2020 2021
GWh^ 386 707 1,008 1,909 752
€/kWh* 0.22053 0.22607 0.23213 0.2312 0.2456
€ Total M 85€                          160€                        234€                         441€                         185€                        

*https://www.seai.ie/data-and-insights/seai-statistics/key-statistics/prices/

^www.eirgridgroup.com/site-files/library/EirGrid/year-Qtr4-Wind-Diparch-Down-Report.pdf
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consumption at peak times through both manual and automated means.  The trial provided an early 
demonstration of what can be achieved by harnessing multiple domestic electrical loads, and while 
many such loads will be increasingly available (e.g. EVs, storage heaters, heat pumps), the Power Off 
and Save trial showed that switching electrical water heating through the 3kW immersion heater is a 
viable and cost-effective way to control domestic electrical load [32].  Indeed, electric heating (space 
heating and hot water) or electric -Heating Ventilation and Air Conditioning (e-HVAC) promises to play 
a key role in providing much needed demand side flexibility in the energy system, particularly the 
residential energy system [27].  Fig. 1a illustrates how Ireland is lagging France, The Nordics, Germany, 
Netherlands, Austria, Switzerland, and the UK in adoption of e-HVAC assets providing system 
flexibility, while Fig. 1b, illustrates that how hot water tanks make up around a quarter of the capacity 
used in residential demand side flexibility applications [27]. Certainly, hot water tanks are being 
recognised increasingly as being potentially the most flexible e-HVAC retrofit solution as the addition 
of smart controls indicating levels of useful hot water available at any time allows tanks to effectively 
perform like batteries (see Fig. 2) [33-40]. Moreover, via smart controls providing information to the 
customer, the customer can, in principle, be in more control themselves, or via data and analytics that 
work on their behalf, over how much hot water they need at particular times [41]. 

a) MWs of HVAC assets used for flexibility 
across Europe [27]

b) Share of flexible electric heating capacity 
currently used in demand response, by asset 
type (total capacity ~1.4 GW) [27]

Fig. 1 (a & b)

Fig. 2 Illustration of how a smart hot water tanks, through electro thermal storage, can operate like 
batteries ([41]

As shown in Fig. 1a, France leads the market with installed e-HVAC assets estimated to be over 
200MW: Followed by; Sweden and Norway (between 60MW and 200MW each); Finland, Germany, 
Netherlands, and Switzerland (between 20MW and 60 MW each); Austria and the UK, where it is 
estimated that less that 20MW of e-HVAC assets are installed [27].  Referring to Fig 1a, it is 
unsurprising France leads the market, as since the 1950s it has sought to flatten the demand curve to 
create a more consistent day/night base load to suit nuclear energy generation and Électricité de 
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France (EDF) has used Electrical Water Heater (EWH) aggregation along with tariff schemes 
incentivising consumers to use EWHs to heat water during off-peak hours [48].  According to EDF, in 
2017, more than 13 million EWHs were installed in French households representing around 50% of 
residential hot water systems (the rest are supplied by gas and oil heating systems), accounting for an 
annual consumption of 20TWh and a peak demand of 8GW [48]. Importantly, overnight EWH has been 
a main factor behind the reshaping (flattening day and night-time peaks) of the French demand curve 
between 1957 and 2007 [48].  EWH aggregation schemes have also been implemented in the US; 
Florida Power & Light have been installing controllable electric EWHs in hundreds of thousands of 
homes since the 1970s [49] and since the early 1990s Great River Energy (Minnesota) have 
implemented an EWH aggregation system of over 110,000 homes [49, 50].   Despite the ‘enormous’ 
[42] potential of residential thermal loads to provide regulation reserve for TSO’s being a proven 
concept [42-47], it is remarkable that less than 1% of the potential demand side flexibility of electric 
heating in the European residential sector is being utilised [27].  

Understanding; 
 the potential of EWH aggregation schemes to provide DSM/DSR flexible storage services to 

TSO’s.
 the goal of a Demand Side Management (DSM) system is to efficiently use the available energy 

without the necessity of installing new transmission infrastructure, and 
 most (77%, over 1.6 million in 2022) of Irish households have the facility of an electric hot 

water immersion heater [43] already installed in Domestic Hot Water (DHW) cylinders, 
 that the addition of easily retrofitted low-cost equipment (circa €222/household) would 

convert these to ‘smart’ hot water cylinders, allowing them 
o to power on at times of high wind and surplus energy, while also 
o facilitating communication of the electro-thermal storage available to an aggregator 

to absorb excess wind energy, normally dispatched-down, and thus
 the citizens of Ireland already share a massive but unharnessed 

o dispatch-down energy source, as well as a 
o ubiquitous citizen-owned storage resource, that could be readily deployed to provide 

residential DSM.
The primary objective of this research is to quantify through modelling the potentials and economics 
of redeploying a currently wasted resources, excess wind, to create a residential EWH scheme in 
Ireland.  The model is informed by real historical half hourly dispatch-down data, coinciding with 
trading intervals or settlement periods in the local electricity market [51], matched to a standardised 
daily hot water load particular to Irish households.  Harmonisation of historical wind data to DHW load 
profiles has not been published previously, nor has an EWH aggregation study been carried out for 
Ireland.  Acknowledging that Ireland suffers from among the highest rates of fuel poverty in Europe 
and cognisant that without adequate planning, creation of domestic market opportunities might 
create inequity leaving behind vulnerable consumer groups [19], this research also has the objective 
of reaching the furthest behind first, and hence focuses on Irish households at risk of fuel poverty as 
a primary aggregation group.  Importantly, this the first EWH aggregation study to consider benefit to 
the citizen or householder as a primary aggregation parameter.

1.3 Specific Research Objectives
The management of curtailment, constraint and energy balancing pose different challenges to the 
network operators. Curtailment is managed at a nationwide level, whereas constraint is caused by a 
local and often transitory issue, while energy balancing is an emerging and growing issue in line with 
very high (>70%) penetrations of variable renewable energy.  As complexity is greatly reduced when 
constraints need not be accounted for, the focus of this primary explorative study is on curtailed wind 
energy. While wind curtailment data for 2020 is available it is considered unrepresentative as human 
behaviours and hence associated energy profiles changed significantly due to the SARS-CoV-2 
pandemic and so 2019 curtailment data for Ireland, totalling 319GWh, is used. Fig. 3 presents hourly 
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2019 curtailment data for Ireland, illustrating that the majority (73%) of curtailments, totalling 
233GWh, occur at night between the hours of 10pm and 7am coinciding with low electricity demand. 
Since hot water is generally consumed in the daytime [52], there is more opportunity to accumulate 
electro-thermal storage during night-time hours before hot water is typically drawn from tanks in the 
morning.   Understanding that the capacity of cylinders to avail of electro-thermal heat energy during 
the day (27%) is much less certain due to varied household consumption patterns, overnight 
curtailment, and its potential to heat hot water cylinders is the target of this initial feasibility study.  
The specific objectives of this research are to:

1. Develop, using 2019 overnight curtailed wind data, a wind allocation model to equitably 
redeploy overnight curtailed wind, normally dispatched-down to heat hot water in 
households.

2. Assess the potential of overnight curtailed wind to heat hot water to varying levels of 
aggregation with a focus on fuel-poor households.

3. Comment on the economic and environmental impact of this new market service.
4. Recommend policies to support using renewably powered e-HVAC services for the residential 

sector.

Fig. 3. Average daily curtailment distribution for Ireland in 2019.
2 Context

2 Methodology

2.1 Data

2.1.1 Domestic Hot Water Consumption Modelling
In order to harmonise historical dispatch-down wind data to DHW load profiles or as put by  Mabina 
et al. [40], enable ‘sustainability matchmaking’, it is necessary to establish DHW consumption profiles 
in households. Hot water consumption patterns vary by region and climate, daily DHW consumption 
in non-fuel poor dwellings varies from a low of 43 litres/day in Finland to a high of 256 litres/day in 
Florida, while the global average is 202 litres/day [53].  Hot water consumption patterns also vary for 
days of the week and annual patterns vary for seasons [33-35, 54].  Some studies [55-57] report the 
day of the week and the season to have distinct effects on water demand with significant factors being 
outdoor temperature and precipitation levels, for instance, DHW is found to increase on hot days in 
some regions (New York), but reduce in others (Florida). While others [58] found no significant 
decrease in consumption during weekends and no strong correlation with weather conditions, neither 
outdoor temperature nor precipitation levels (German speaking regions in Switzerland). Hot water 
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consumption profiles further vary by; (i) occupancy profile [59, 60], older people flush the toilet more 
often and young children more often take a bath, while teenagers take the longest showers [60], and 
(ii) behaviour, driven, for instance, by environmental concerns and socioeconomic status [53, 61].  

Residential hot water consumption profiles have been studied for single family dwellings in the US 
[62], UK [63], Netherlands [60], Germany and Switzerland [64, 65], Finland [66] and Sweden [67], while 
consumption profiles of apartments have been characterised in Greece [68].  Almost all models vary 
in their modelling approach [33] being inter alia standards-based [69, 70], data-collected [37, 38, 71], 
stochastic [60, 64, 65, 67, 72, 73], behavioural [62, 74], data-learning [75], time-series [39, 68] and 
data-driven [36].  Ritchie et al., 2021 [33] reviewed numerous EWH aggregation studies [36, 39, 60, 
64, 67-75] to find that most neglected (i) differences between users, (ii) temporal variations such as 
the season and the day of the week, and (iii) in respect of modelling, were not fully autonomous.  

In general, hot water usage is largely simultaneous [33-36, 53] with two peaks, one in the morning 
and one in the evening with the balance spread over the day.  Peak characteristics vary by country, 
for instance, in Finland, the peak is higher in the evening and lower in the morning whereas the 
behaviour is the opposite in Germany [58] and in Ireland [76].  

Importantly, a trend of DHW savings is reported [53, 59] in the last decades and so models must be 
periodically updated [58].  Models also become more accurate if they are multi-parameter, 
considering age and occupation [77]. Other factors to consider are holidays and occasions [57]. In 
2021, Ritchie et. al [78], derived, from an analysis of 77 dwellings in South Africa, a multi-parameter 
probabilistic data-driven model that statistically modelled hot water profiles, over a weather year, and 
a simulator that used the model to generate seasonal hot water usage profiles; this study provides a 
robust basis for modelling hot water consumption profiles when measured data is available as a basis 
for the model. 

2.1.1.1 Domestic Hot Water Consumption in non-fuel poor households
Hot water consumption patterns for Irish households are not available in the literature.  Ireland’s 
national energy authority, the Sustainable Energy Authority of Ireland (SEAI) has funded a study that 
is being carried out, at the time of writing, by Ireland’s Economic and Social Research Institute (ESRI) 
in cooperation with a technology provider, climote ltd.; results are due to be published in Q4 of 2023 
[79].  In the absence of an Irish study, the closest region climatically and geographically is the UK.  A 
hot water consumption study [63] of significance, used in many DHW modelling studies [37-39], was 
carried out by the UK Energy Saving Trust in 2006. Domestic hot water consumption in 112 dwellings 
were recorded for one year at ten-minute intervals. When water run-off was detected, the sampling 
rate increased to five seconds. The data was then resampled at constant intervals of 1, 2 and 3 hours. 
This study found [63];

 the mean water consumption rate per UK household to be 122 litres/day with a 95% 
confidence interval of ±18 litres/day. 

 hot water heating time to be 2.6 hours/day, estimated with a 95% confidence interval of ± 
0.35 hours/day, finding that some households heat water as and when it is required, and the 
remainder generally heat water between 8:00am and 10:00am, and again between 6:00pm 
and 11:00pm. 

 Storage temperatures to be significantly below the widely assumed value of 60°C, with a mean 
value of 51.9°C estimated with a 95% confidence interval of ±1.3°C. 

 that a key factor influencing consumption is the number of occupants.
The typical hot water consumption profile for UK dwellings published in the study [63] did not account 
for days of the week, seasonal variations or occupancy.

Fig. 4 illustrates a typical arrangement of hot water cylinder components installed in Irish households. 
The cylinder presented is sufficient to store the average daily hot water requirement, estimated by 
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SEAI at 9.63kWh/day [80]. At a boiler efficiency of 85% and an average hot water heating time of 2.6 
hours per household (as per UK Energy Saving Trust study [63]), this equates to 129 litres/day heated 
to 51.9oC or 108 litres heated to 60oC, noting that these figures ignore energy poverty and 
affordability, assuming householders can afford to heat water for an average of 2.6 hours/day.  
Indeed, in the same report [80], SEAI note strong policy drivers in favour of gathering improved hot 
water usage data along with electricity use for hot water particularly relating to energy poverty and 
affordability. Referring to Fig. 4, ‘cold’ (c10oC) water flows up through an unseen internal pipe at the 
base of the cylinder, past an indirect heating coil supplied by an oil and sometimes gas-fired boiler.  
The water then flows past an electrical immersion which can act as a backup or as an alternative to 
the boiler as required and, in some instances, may be the sole source of energy when lower rate night-
time electricity tariffs are availed of. Typically, electrical immersions are rated at 3 kilowatts (3kW) 
supplied with a 230-volt single-phase supply limited to 13 amperes (230V and 13A). A standard 3kW 
electrical immersion will consume 9 kWh of electricity in 3 hours to generate 155 litres of 60°C hot 
water if heated from 10°C i.e., much of the average daily hot water requirement of 9.63 kWh for 
standard (non-fuel poor) Irish households [49].

Fig. 4. Hot water cylinder configuration (120 to 210 litres nominal capacity), adapted from [81].

To convert the cylinder shown in Fig.4 to a smart cylinder the following would be retrofitted:
 Temperature sensor(s) to accurately estimate the available heat capacity within the cylinder 

so that it is known whether or not surplus energy can be safely utilised throughout a specified 
timeframe; 

 Telecommunications to;
o transmit a signal to an aggregator that the cylinder can accommodate electro-thermal 

energy,
o receive a command from the aggregator activating an electrical relay to switch 

immersion on or off as necessary.
The above listed functionality is provided by smart thermostats available on the Irish market, for 
instance, as manufactured by technology provider, climote Ltd. [82], at an estimated installed cost of 
€222/device.

2.1.1.2 Domestic Hot Water Consumption and Storage in households considered at risk of fuel 
poverty

Section 2.1.1.1 details typical hot water consumption profiles in non-fuel poor households, however 
fuel poor and non-fuel poor households consume hot water differently.  The British Research 
Establishment (BRE) [83], in a 2018 UK study, found fuel poor households were significantly (60%),  
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more likely, than non-fuel poor households (45%) to be taking less than one shower and/or bath per 
person per day. The study also found that households in fuel poverty were less likely (21%) than those 
not in fuel poverty (31%) to take a shower and/or bath once per person per day. Interestingly this 
same study found that the fuel poor were less likely (84%) to heat their water with a central heating 
system, compared with the non-fuel poor (92%), and the fuel poor were almost twice as likely (13%) 
to heat their water with an electric immersion heater than the non-fuel poor (7%).  Further analysis 
of households with showers revealed that fuel poor households were more likely (47%) to use an 
electric shower than non-fuel poor households (35%) and were less likely to use a shower that was 
pumped from the main hot water system (10% compared with 16%). Regrettably, the BRE study [83] 
did not publish hourly water consumption patterns for the fuel-poor households studied.

As stated, there has been an overall trend of DHW savings in the last decades [53, 59] requiring  models 
to be updated periodically [58]. Apropos, since the 2018 BRE study, Ireland, whose predominant fuel 
source is oil, has seen the average fuel price to households (€cent/kwh) [84] rise for electricity (22%), 
gas (32%) and oil (70%), leading to more recent articles on fuel poverty referring to householders going 
without heating or hot water [85, 86] altogether. These findings [85, 86] are supported by a public 
survey in Ireland of just under 300 respondents carried out in 2020 [86] that found almost half of fuel 
poor households in Ireland suffer from prolonged cold because they cannot afford to turn on their 
heat, highlighting that fuel-poor householders were sacrificing food and clothing to pay for heat, and 
that children and parents sometimes sleep in living rooms, wrapping in quilts during the day or staying 
in bed all day.  The study [86] reported that, to ration their energy use, some fuel-poor householders 
routinely went without heat or electricity, and many allowed themselves very limited hot water, 
referring to the depth and breadth of fuel poverty in Ireland as a ‘silent crisis’.

EnergyCloud [87] is a social enterprise in Ireland and the UK whose mission is to create solutions to 
divert surplus renewable energy – which would be otherwise wasted – to Irish homes in fuel poverty.  
At time of writing, EnergyCloud has a 40-household EWH heating pilot underway in Ireland.  Accurate 
weather forecasting along with a smart grid dashboard [88] published by Ireland’s TSO allows 
EnergyCloud to predict a high probability of excess wind occurring overnight.  When overnight excess 
wind is predicted, participants are messaged at 5pm on the evening before to let them know to expect 
to wake to a free tank of hot water and to forgo heating their hot water tank, if intended.  
Communication with the householder ensures that the tank is as ‘cold’ as possible at 10pm on the 
night preceding the likely curtailment event.  Data from the pilot is yet unpublished but it is informally 
reported that scheme participants/householders are beginning to “storm chase” [89], paying 
attention to high wind events with the expectation of receiving a free hot water tank.  The 
methodological approach thus adopted in this initial feasibility study thus assumes hot water tanks 
are ‘cold’ at 10pm on the nights preceding curtailment events. This is acknowledged as a significant 
limitation of this study.  This crude approach will be refined; 

i. when hot water consumption patterns for Irish households are published by the ESRI [79], or 
more ideally, as the focus is on fuel-poor dwellings specifically,

ii. on EnergyCloud pilot data, when published.
Once measured data for Irish households, ideally fuel-poor Irish households, is available, differing 

water consumption/tapping profiles can be generated using a multi-parameter methodology as 
defined by Ritchie et. al, 2021 [33], or with next generation machine learning methodologies proposed  
by Mabina et al., 2021 [40] and Bakker et al., 2008  [75] that might be used to predict, with knowledge 
of the expected weather and the previous day’s heat profile, the water demand for the following day. 
This limitation and future research opportunities are further explored in Sections 4 and 5 of this paper.

2.1.2 Curtailed wind data
Further to Fig. 1, the number of nights that overnight wind curtailment was present was examined. It 
is seen that wind curtailment was not present during any half-hour between 10pm and 7am for most 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4566515

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



11

(61%) or 222 nights during 2019. Notwithstanding when curtailed wind was observed in the other 
(39%) 143 nights of the year, it was present for a significant duration, as 85% or 122/143 of nights saw 
wind curtailment for at least 6 half-hours – the time required to heat an assumed cold tank fully to 
60oC.

Fig. 5 Nightly instances of curtailment (10pm to 7am) for Ireland in 2019.

To understand the distribution of ‘curtailment nights’ across the year, the number of weeks where a 
curtailment night arose in 2019 was examined. Referring to Fig. 6, it is seen that although wind 
curtailment was not observed overnight for 6 calendar weeks, a night of curtailment was observed for 
the remaining 46 (88%) calendar weeks of the year. 

Fig. 6. Weekly instances of curtailment (10am to 7am) for Ireland in 2019.
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In 2015, the Irish Government commissioned an in-depth bottom-up analysis of energy poverty in 
Ireland [90].  Based on the objective method [90] of calculation, 1 in 4 (28%) or up to 461,000 
households were potentially in fuel poverty in 2015 [91].  At the time of modelling (2021) and while 
more recent data on fuel poverty, published by the ESRI and available through the Central Statistics 
Office [92] was available, the calculations are based on the expenditure method.  The expenditure 
method considers a household to be in energy poverty, if said household spends more than 10% of 
overall household income on energy services.  This metric can “give an incomplete picture of energy 
poverty” as households living in deprivation may not be able to afford to spend 10% of their income 
on energy, thus living in inadequately heated homes, and who are not captured by the expenditure 
method; moreover, more affluent households may spend over 10% of their income on energy costs 
[91].  The objective method for calculating fuel poverty models the level of fuel expenditure required 
by a typical household to keep their home heated to the levels recommended by the World Health 
Organisation and compares this to household income in an attempt to calculate exposure to energy 
poverty;  considered in the Government of Ireland’s “Spending Review 2020 - Social Impact 
Assessment - SEAI Programmes Targeting Energy Poverty” [91] to be a more robust assessment for 
energy poverty and  thus the figure used in this research hypothesis.  

2.2 Wind Curtailment Allocation Model

2.2.1 Preliminary model boundary parameters
While EWH aggregation schemes exist in other counties, as stated in Section 1, no residential demand 
response scheme is operational in Ireland.  For this initial feasibility study, the allocation of curtailed 
wind energy is based on the following preliminary boundary parameters:

1) Only wind curtailed between 10pm and 7am overnight is applied, the rationale for targeting 
overnight curtailed wind initially is as follows:

a. >70% of curtailment happens during night-time hours (see Fig. 1).
b. Night-time use-of-system charges are ¼ of day-time use-of-systems charges;

i. meaning any rebate applied to account for the household meter, turning with the 
application of redeployed electrical energy, relating to SNSP limits and 
synchronous plant base-load costs will be minimised, and, for the same reason

ii. if an aggregator, focused on fuel-poor householders seeks contributions from energy 
generators and suppliers, contributions will go further during night-time hours as the 
electricity price is lower, meaning the aggregator will be able to provide a higher subsidy 
against night-time tariff rates – to render the delivered energy free or at a significantly 
lower than retail cost.

c. In favour of day to night load shifting, market participants and Ireland’s Commission 
for Regulation of Utilities (CRU) will be more supportive of scheme targeted for night-
time hours initially.

d. Simplifies water consumption profiles as little draw-off is universally reported across 
all hot water consumption studies across regions during night-time hours.

2) A minimum activation period 30 minutes and multiples thereof is applied at each 3kW 
immersion to limit excessive relay switching and to coincide with the available data and 
electricity market trading intervals.

3) Each immersion remains energised across multiples of 30 minutes so that, if possible, only 
one relay activation and deactivation signal is necessary from the aggregator while individual 
households receive as much useful hot water as possible when allocated energy [48].

4) As detailed in Section 2.1.1.2, each household is allocated up to 6 half-hour time periods 
receiving 9kWh to almost meet the national daily average hot water consumption figure of 
9.63kWh [46] at 60oC. The model allocates 1.5kWh of energy to as many household 
immersions as possible in a 30-minute period, it hence prioritises households who have 
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already received an allocation so as to provide a household with a full tank and hence a useful 
amount of hot water periodically.

5) Step 4 ensures that the tank is ‘scalded’ to reduce the risk of legionella growth. 

2.2.2 Wind allocation methodology
Facilitating an articulation of the wind allocation model methodology, Table 2 illustrates the potential 
allocation of wind curtailment to 200,000 Irish households overnight (10pm to 7am) on a randomly 
chosen night of the 12th of January 2019, each half hour in this sample allocation table may be 
explained as follows:

 10pm to 10:30pm: it is seen that wind curtailments of 92MWh occurred which divided by 
1.5kWh per immersion equates to sufficient energy for 61,322 household DHW immersions 
(92000kWh/1.5kWh).  

 10:30pm to 11pm: there was only enough energy to deliver 1.5kWh (1 allocation) of energy 
to 5,488 homes. 

 11pm to 11:30pm: no curtailment occurred and thus no energy was allocated.
 11:30pm to 12pm: there was sufficient energy for 77,033 homes, therefore 55,834 

households received a second allocation, 5489 receive a third allocation while 15,710 (77,033-
61322) received an allocation of wind energy for the first time, noting in Table 2 that homes 
identified from;

o 1 to 5,488 have availed of power for three 30-minute periods, 
o 5,489 to 61,322 have availed of power for two 30-minute periods, 
o 61,323 to 77,033 have been supplied with energy for the first time.

 12:00am to 1:00am: any available energy was allocated in a similar manner to that described 
for the previous time periods.

 1:30am to 2am: it is seen that the homes identified from 1 to 5,488 no longer receive energy 
having already received the maximum of 6 allocations as noted by the allocation count at the 
base of the table. It is worth noting that even though there is sufficient energy at this time for  
212,286 homes, households identified from 5,489 to 200,000 (or up to the total households 
within the identified aggregation) received energy. 

 2:00am to 4:00am: available wind curtailment was allocated to the remaining homes until 
they each have been provided with 9kWh or 6 allocations of 1.5kWh of renewable electricity.

 4:30am to 6:30am: even though significant energy was available this was left unused as all 
200,000 homes in the identified aggregation have been provided with their maximum 
allocation.

On the night of January 12th, more than 200,000 smart hot water cylinders would need to be available 
to avail of curtailed night-time wind energy available on that particular night, conversely, as shown in 
Table 3 on the night of January 3rd, 2019, when there was relatively low curtailment only 24,590 homes 
would receive excess wind allocations with none receiving 6 allocations or 9kWh equating to a full 
tank of hot water. 

To establish the capacity of night-time curtailed wind energy to heat domestic hot water tanks, the 
redeployment of night-time curtailed wind energy was modelled for various populations of consumers 
until it was observed that all of the available night-time curtailed wind energy available in 2019 was 
utilised as detailed in Section 3: Results & Analysis.
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Table 2 
Potential allocation of curtailment to 200,000 homes overnight on 12th January 2019.

Time Curtailment 
[MWh]

Potential 
Households [-] Household Allocations and Identifiers

22:00 92.0 61,322 1 5,488 5,489 61,322
22:30 8.2 5,488 1 5,488
23:00 0 0 
23:30 115.6 77,033 1 5,488 5,489 61,322 61,323 77,033
00:00 210.5 140,321 1 5,488 5,489 61,322 61,323 77,033 77,034 140,321
00:30 259.2 172,791 1 5,488 5,489 61,322 61,323 77,033 77,034 140,321 140,322 172,791
01:00 275.6 183,700 1 5,488 5,489 61,322 61,323 77,033 77,034 140,321 140,322 172,791 172,792 183,700 
01:30 318.4 212,286 5,489 61,322 61,323 77,033 77,034 140,321 140,322 172,791 172,792 183,700 183,701 200,000 
02:00 323.0 215,357 61,323 77,033 77,034 140,321 140,322 172,791 172,792 183,700 183,701 200,000 
02:30 346.6 231,058 77,034 140,321 140,322 172,791 172,792 183,700 183,701 200,000 
03:00 397.6 265,079 140,322 172,791 172,792 183,700 183,701 200,000 
03:30 427.3 284,835 172,792 183,700 183,701 200,000 
04:00 462.1 308,044 183,701 200,000 
04:30 455.1 303,414
05:00 447.6 298,430
05:30 449.3 299,564
06:00 440.3 293,555
06:30 460.0 306,668

Allocation Count 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Table 3 
Potential allocation of curtailment to 200,000 homes overnight on 3rd January 2019.

Time Curtailment 
[MWh]

Potential 
Households [-] Household Allocations and Identifiers

22:00 0 0
22:30 0 0
23:00 0 0
23:30 0 0
00:00 0 0
00:30 0 0
01:00 0 0
01:30 0 0
02:00 29.3 19,524 1 4,064 4,065 19,524
02:30 36.9 24,590 1 4,064 4,065 19,524 19,525 24,590
03:00 6.1 4,064 1 4,064
03:30 0 0
04:00 0 0
04:30 0 0
05:00 0 0
05:30 0 0
06:00 0 0
06:30 0 0

Allocation Count 3 3 2 2 1 1
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3 Results & Analysis

Fig. 7. Utilised overnight wind curtailment for various ‘smart’ hot water cylinder installations.

3.1 Nightly allocation of curtailed wind energy

Fig. 8 illustrates the number of nights by aggregation set in 2019 within which a full allocation of 9kWh 
of wind curtailment may have been provided to a household within that set. Referring to Fig. 8 
between:

 1 and 1,000 households received a full allocation on 122 nights;
 1,001 and 5,000 households received a full allocation on 108 nights; 
 5,001 and 10,000 households received a full allocation on 104 nights; 
 and so on until it is apparent that the larger populations only received a full allocation for a 

few nights of the year, for example 500,001 and 600,000 installations  received a full allocation 
for only 14 nights or 11% of the nights in which wind curtailment was present, while for a 
population set of greater than 900,000 (specifically 901,118), these households received a full 
allocation for only one night of the year - coinciding with the Christmas holiday period 
occurring on Sunday, 29th December 2019 when presumably strong winds and less industrial 
activity led to significant curtailment. 
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Fig. 8. Nights with a full allocation (9KWh) of energy for various population sets.

Following from Fig. 8, Fig.’s 9 (a&b) illustrate nightly allocation of curtailed wind energy for the 
maximum aggregation of 901,188 (based on 2019 figures) to a minimum aggregation of 1000 
dwellings.

When 901,188 are aggregated, only 7% of the annual hot water demand is met (see Fig. 7), while 
234GWh of curtailed wind (73% of curtailed wind in 2019), normally wasted, is utilised. Fig. 9a 
illustrates that when households within this aggregation are allocated energy, they would be provided 
with a full allocation of 6 half-hours or 9kWh of electricity, meaning a full tank of hot water for 82% of 
the nights they were allocated power under the scheme.  

Whereas, if 1,000 households are aggregated and referring to Fig. 9b, 32% of the hot water demand 
could be met, while 1GWh of curtailed wind (0.3% of curtailed wind energy in 2019) would be 
redeployed, with households within the aggregation receiving a full tank of hot water for 90% of the 
122 nights (101 nights) they were allocated power. 
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Fig. 9. Utilised energy and distribution of half-hourly allocations 

It can be concluded therefore, that under an aggregation scheme distributing normally curtailed wind 
energy as a service, that when individual households are allocated energy, they will typically (≥82%) 
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households aggregated. This can be attributed to the fact that the model parameters ensure, where 
possible, that immersions in an individual household remain energised until a full allocation has been 
received along with the phenomenon of when instances of wind curtailment typically occur, they 
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3.2 Weekly allocation of curtailed wind energy

As this research has a focus on impacting households at risk of fuel poverty, the analysis progressed 
to a pragmatic assessment of the extent to which a full tank of hot water can be provided for at least 
one night of the week so that important cleaning, bathing, and hygiene tasks within each home can 
be catered for on a weekly basis. The benefit of which might be much more apparent to fuel poor 
households who are known to limit hot water use [86].  The results of the Wind Curtailment Allocation 
Model are thus assessed to observe the frequency at which households receive at least one full tank 
of hot water for the 46 weeks of the year when curtailment was observed (Ref Fig. 6).  As shown in 
Fig. 10, it is seen that the smallest (N=1000) population set received a full allocation for 45/46 (97.8%) 
weeks, whereas the largest population set (N=901,188) received such an allocation for 6/46 (13%) 
weeks that curtailment was available.  

This latter observation should not be confused with Section 3.1/Fig. 8 which showed that there was 
only one night of the year when a full allocation could be delivered to the largest population set, 
because within a weekly timeframe there are seven nights in which to provide households with a full 
allocation of energy on at least one night of the week. For example, in the week beginning the 3rd of 
February 2019 there was curtailment on six of seven nights with the potential to provide energy to 
over one million cylinders. 

Thus, if a roll-out of such technology is to be considered to the larger population sets from say 500,000 
households and beyond, not only would they receive a small proportion of their annual hot water 
demand (≤12% in Fig. 7) these households would only receive at least one night with a full allocation 
of energy for less than a third of the 46 weeks in which curtailment occurred (≤32.6% in Fig. 10). 
Whereas if less households, say 5,000, are targeted, they would receive almost a third of the annual 
hot water demand (31% in Fig. 7) and at least one night with a full allocation of energy for 44/46 weeks 
(95.7% in Fig. 10) in which curtailment occurred.  Therefore, there is a greater observable effect on 
hot water provision for individual householders if less installations are aggregated.  

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4566515

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



19

Fig. 10. Weeks with at least one full overnight allocation of wind curtailment.

3.3 Economic and Environmental Analysis

The Irish householder is estimated to consume 3,515kWh of energy annually to heat hot water [80].   
Referencing Table 3, this costs the Irish householder an averaged €284/annum emitting an average of 
702kg/CO2 depending on heating system and fuel choice.  There were 1.86M occupied dwellings in 
Ireland in 2022 [94], therefore the total energy cost borne by the citizens of Ireland amounts to €529M 
while the carbon emissions associated amount to 1.3MtCO2/annum. Table 3 also details, as a function 
of aggregation size and hence percentage of hot water load met (cross reference Fig. 7), DHW fuel 
costs and resultant carbon emissions per household at the prevailing SNSP of 75%.  It is seen that 
household cost and CO2 emission savings are modest, ranging from;

 6% or €16/38kgC02/annum at the maximum aggregation size of 901,188 dwellings to 
 20% or €57/136kgCO2/annum at an aggregation of 100,000 dwellings.

Lowering averaged household DHW bills from; 
 €284/annum to €278/annum, at the maximum aggregation, and 
 €284/annum to €227/annum at an aggregation of 100,000 households.  

It must be again highlighted here, that the model assumes a standardised water profile, assuming 
householders can afford to heat hot water in the first place, it is known that in fuel-poor homes, 
householders limit generation of hot water to limit financial outlay, therefore there might be no 
savings realised as water is not being heated in the first instance, this is a limitation of this work that 
will be refined in future research.
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'SMART' HOT WATER CYLINDER INSTALLATIONS

Fuel Poor aggregation set received a full 
allocation 15/46 (33%) weeks or once in 
every 3 weeks 

Largest population received such
an allocation for 6/46 (13%) weeks 
that curtailment was available. 

Smallest population set received a full allocation 
for 45/46 (97.8%) weeks
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Table 3   Energy Cost and CO2 emissions associated with delivered and deployed domestic hot water as a function of aggregation size (cross-reference Fig. 7) 

2020 2030 2050

% c/kWh gCO2/ kWh € kgC02 32€    100€  265€  € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02 € kgC02

Day 9% 22 324.5 773€  1141 37€    114€  302€  712€   961 761€   1105 178€ 241 190€ 277 142€ 192 152€ 221 93€  125 99€  144 64€ 87 68€ 100 50€ 68 53€ 78

Night 2% 10 324.5 352€  1141 37€    114€  302€  290€   961 339€   1105 73€  241 85€   277 58€  192 68€  221 38€  125 44€  144 26€ 87 30€ 100 20€ 68 24€ 78

25% 7.02 204.7 247€  720 23€    72€    191€  185€   540 234€   684 46€  135 59€   171 37€  108 47€  137 24€  70 30€  89 17€ 49 21€ 61 13€ 38 16€ 48

Coal 4% 5.98 340.6 210€  1197 38€    120€  317€  149€   1017 198€   1161 37€  254 49€   290 30€  203 40€  232 19€  132 26€  151 13€ 91 18€ 104 10€ 71 14€ 81

Peat 5% 7.09 355.9 249€  1251 40€    125€  332€  188€   1071 237€   1215 47€  268 59€   304 38€  214 47€  243 24€  139 31€  158 17€ 96 21€ 109 13€ 75 17€ 85

21% 5.98 257 210€  903 29€    90€    239€  149€   723 198€   867 37€  181 49€   217 30€  145 40€  174 19€  94 26€  113 13€ 65 18€ 78 10€ 51 14€ 61

Biomass 13% 5.96 25 209€  88 3€      9€      23€    148€   197€   52 37€  49€   13 30€  39€  10 19€  26€  7 13€ 18€ 5 10€ 14€ 9

Solar 6% -€   -€   -€   

Geo 15% 10 162.25 352€  570 18€    57€    151€  290€   390 339€   534 73€  98 85€   134 58€  78 68€  107 38€  51 44€  69 26€ 35 30€ 48 20€ 27 24€ 37

1 284€  703 €7 €22 €180 226€   545 273€   669 57€  136 68€   167 45€  109 55€  134 29€  71 35€  87 20€ 49 25€ 60 16€ 38 19€ 48

100,000 28€    70 €2 €7 €19 23€     55 27€     67 6€    14 7€     17

200,000 57€    141 €4 €14 €37 45€     109 55€     134 9 22 11 27

461,000 131€  324 €10 €32 €86 104€   251 126€   308 14€  33 16€  40

700,000 199€  492 €16 €49 €130 159€   382 191€   468 14€ 34 17€ 42

901,188 256€  633 €20 €63 €168 204€   491 246€   603 14€ 34 17€ 43

1,860,000 529€  1307 €42 €131 €346 421€   1014 507€   1244

Shadow Price 
Carbon/1000kgCO2

Houshold 
Cost and CO2 

emissions
Fuel cost and CO2 

emissions

20%

Cost and CO2 emissions saving realised from redeployment of excess wind to heat hot water
% Water load

SNSP 75% SNSP 95%

100% 25% 13% 7%

SNSP 75%SNSP 95% SNSP 75% SNSP 95%

9%

SNSP 95%SNSP 95% SNSP 75%

Fuel

Energy Cost and associated 
CO2 emissions

Electricity 

Natural Gas

Total (in 
millions) for 

various 
aggregrat-ions

per household

3515

SNSP 75% SNSP 95%

Solid Fuel

Oil

Renewables

SNSP 75%

Average 
DHW fuel 
costs and 
CO2 
emissions 
per 
household

Household cost and CO2 emission savings are modest, 
ranging from 6% or €16/38kgC02/annum at the 
maximum aggregation size of 901,188 dwellings to 20% 
or €57/136kgCO2/annum at an aggregation of 100,000 
dwellings.
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While the fuel cost is typically paid for by the householder, the ‘cost’ of associated carbon emissions 
is borne by the state and the citizen. The shadow price of carbon acknowledges the cost to society 
that carbon emissions create in the form of climate change, air pollution, and other adverse effects 
sometimes called "externalities". The shadow price of carbon is a theoretical or assumed cost per 
metric tonne of carbon emissions used to better understand the potential impact CO2 emissions by 
monetising (costing), the negative impact of environmental emissions [95, 96]. Values for the shadow 
price of carbon are outlined in a public spending code for Ireland [97]. According to this code, the 
shadow price of carbon should be based on the estimated futures price of CO2 equivalent derived from 
the EU Emission Trading Scheme (EU ETS) [98]; values for produced carbon are €10 per tonne by 2020, 
€35 per tonne by 2030 and €100 by 2050 were recommended [96]. However, a 2019 review of carbon 
pricing carried out by the Irish Government found that the EU ETS failed to price carbon optimally 
from its perspective and consequently proposed an increase of the shadow price to €32 per tonne by 
2020, €100 per tonne by 2030 and €265 by 2050 [96]; it is these shadow prices that are used to 
estimate the ‘cost’ of carbon emissions associated with average annual domestic hot water production 
associated with the 1.86M occupied dwellings in Ireland as €42M rising in 2022, rising to €131M in 
2030 and €346M in 2050 (see Table 3).  At an aggregation level of the fuel poor (461,000), and referring 
to data in Table 3, a potential carbon cost saving to the state of €1M in 2022 [0.033MtC02 x €32/tonne 
at 75% SNSP], rising to €4M in 2030 [0.4MtC02 x €100/tonne at 95% SNSP] and €10.6M in 2050 
[0.4MtC02 x €265/tonne at 95% SNSP] might be realised through redeploying overnight curtailed wind 
energy to heat water in vulnerable households in Ireland.

The economics of using wind curtailment to displace energy and carbon emissions from conventionally 
fuelled hot water systems, assessed in Table 3, are depicted in Fig. 10 for various sample population 
sizes at current (75%, 2022) and future (95%, 2030) SNSP’s noting that synchronous power in Ireland 
is typically met by gas fuelled generators with an associated emission factor of 0.2 kgCO2/kWh , and 
at an estimated cost of €7c/kWh (based on wholesale electricity prices in Ireland in 2019 [58]). 

      Note: Trendlines added for illustration purposes only
Fig. 10. Potential displaced cost (to Irish householder) and CO2 emissions (in millions) from dispatch-down powered EWH 

for various aggregations

It is again seen that as the percentage of hot water load met decreases with increasing aggregation 
size (due to excess wind being a finite resource), and that the aggregated household cost and CO2 
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savings offset through redeploying excess wind to heat hot water tails off at higher to maximum 
aggregations.  For instance, and referring to Table 3 and Fig. 10, and at the prevailing (2023) SNSP of 
75% the displaced fuel cost to the householder at an aggregation size of 100,000 households is €5M 
while the carbon offset is estimated at 14MtCO2.  If the aggregation size is increased circa 5-fold, to 
461,000 representing the fuel-poor population in Ireland, the displaced fuel cost rises by 280%, from 
€5M to €14M and the amount of carbon displaced rises by 236%, from 14MtCO2 to 33MtCO2.  If the 
fuel poor aggregation size is roughly doubled, increasing to 901,188 dwellings, representing an 
additional 440,188 dwelling to the scheme and matching the amount of wind dispatched down in 
2019, the displaced fuel cost would remain at €14M, while displaced carbon would rise by only 3%, 
from 33MtCO2 to 34MtCO2.  The explanation for this is, while a larger number of tanks are being 
heated, they are heated less often, again because dispatch-down, as a resource, is finite.  Therefore, 
when sustainability matchmaking, there is an optimum aggregation size wherein near maximum levels 
of dispatch down and carbon are offset concurrent with scheme participants receiving the maximum 
benefit, in this case hot water, from participating in the scheme.  This is key finding of this research.  
Optimum aggregation size will alter depending on wind capacity, SNSP limits, and penetration of 
renewables into the grid. Referring to Table 1, the dispatch-down figure reduced from 1909GWh in 
2020 to 752GWh in 2021, this is because 2021 was a less windy year than 2020 and SNSP limits 
transitioned from 65% to 75% in the same year. Notwithstanding year-to-year variations, it is 
important to note that dispatch-down due to energy balancing forecasted to rise significantly in line 
with greater penetration of wind energy targeted by Irelands ambitious climate policy [7, 13].  

Finally, considering payback on the technology enabling household participation in an EWH scheme; 
the cost of install for the largest aggregation possible in 2019 (901,188) is estimated at €222/device 
resulting in a total cost of €200M that would have a simple payback of 14 years.  If the fuel-poor 
population were aggregated (461,000) the theoretical payback would reduce to 6.4 years.  

4 Discussion

It was found that while the use of domestic hot water as an energy store at scale is capable of 
eliminating all overnight curtailed wind energy in 2019, the value proposition in the form of ‘free’ hot 
water to the householder diminishes as more tanks are aggregated. Notwithstanding the relatively 
small saving to the individual householder, it is understood that those in fuel poverty limit use of hot 
water and therefore the receipt of a free tank of hot water weekly may be a significant boon to those 
who cannot afford to heat water in the first instance.  Fuel poverty affects lone parents, women, 
people of colour and the elderly the most and can therefore be seen as a consequence of, and 
contributor to, injustices linked to gender, ethnicity and age. Lone parents, overwhelmingly women, 
and their children, are at a higher risk of fuel poverty than all other cohorts of society.  It is 
hypothesised that the receipt of a weekly tank of hot water could become ‘bath night’ for these 
households. It is also hypothesised that there may be meta benefits arising from a provision for ‘free’ 
hot water such as positive feelings arising from inclusion in green initiatives/aggregation scheme or 
through relief of having one less challenge to overcome.  Furthermore, it may be possible that these 
citizens become active actors in the energy system, this could be facilitated through push notifications 
sent to householders when there is a curtailment event. Such notifications could result in a change in 
behaviour. For example, the householder might wait to receive an alert to have a ‘bath night’ thereby 
changing behaviour to match supply of renewable energy thus allowing for greater accommodation 
of VRE, enhanced generation adequacy, while creating potential for deferred or avoided network 
investment. Such outcomes are very much in line with the ambitions of the EU 2019 Clean Energy 
Package of using flexibility in grid planning as an alternative to system expansion, while allowing the 
effective and non-discriminatory participation of residential customers. Thus, in summary, while, at 
larger aggregations, the monetary savings from a household perspective are not significant, 
cumulatively, and as shown in Fig. 10, the cost and resultant CO2 savings to and from the residential 
sector-at-large are very significant.   Therefore, a balance must therefore be struck between impacting 
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the quality of life for citizens in fuel poverty and the objective of reaching the furthest behind first vs 
the potential carbon benefit realisable by society-at-large along with the carbon cost savings realisable 
by the state that could be potentially diverted into energy infrastructure. To summarise, as shown in 
Fig. 11, the value proposition of EWH aggregation as a flexible system asset to the 

 householder or citizen must be balanced against the value to the
 State, in support of meeting requirements of article 32 of the EU Clean Energy Package in 

enabling householders to become actors in the energy system, while creating a citizen-owned 
energy system that reduces the impact of fuel poverty, enabling a just transition, while 
reducing reliance on imported fossil fuel and resultant carbon taxes; to the

 Climate, through facilitating greater penetration of VRE, reducing waste and hence reduced CO2 levels; 
and ultimately to the 

 Grid, by offering inter alia frequency control during high wind conditions along with the creation of new 
markets.

Fig. 11 Value nexus of a shared, low-cost, flexible system asset capable of eliminating wind wastage 

While this study highlights the value nexus of a shared, low-cost, flexible system asset capable of 
eliminating wind wastage, further research is required to establish, as shown in Fig. 11, the nexus 
between a valuable level of demand and frequency control from say, the perspective of Ireland’s TSO, 
to facilitate a greater penetration of VRE and an increase in SNSP limits, along with the resultant 
carbon that could be potentially offset at grid level, that will likely favour, as more disaggregated 
demand load is available, a larger aggregation, versus significantly reducing the impact of fuel poverty 
at a household level which this study shows to favour a smaller aggregation.  

From the perspective of the ‘state’, favouring a ‘grid’ over the ‘a fuel poor citizen first’ approach, does 
not, on the face of it, support a just transition as much as taking a ‘fuel poor citizen first’ approach 
might, notwithstanding the state must balance supporting a just-transition, and reaching the furthest 
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behind first, while, as required by Article 32 of the EU 2019 clean energy package, allowing market 
access for all, not just fuel-poor, householders to create new markets.  The state seeks also to reduce 
dependence on imported fossil fuel, as well as using demand flexibility to reduce investment required 
in energy infrastructure.  It is evident thus, that more research is required to establish an optimum 
solution/aggregation in an Irish, but also social context.  

The results of this study are in line with Agbonaye et. al., [99] who explored the value of demand 
flexibility for managing wind energy constraint and curtailment in Northern Ireland, finding that the 
optimum aggregation size and household savings varied based on whether constraint or curtailment 
was the primary control parameter, further making the point that there could be other competing 
uses for excess wind such as the production of green hydrogen for industrial use, grid-scale storage 
and district heating schemes.  Agbonaye et. al., [17], in a different study, highlighted that households 
at risk of fuel poverty do not have capital to invest in heat pumps, photovoltaics and batteries etc. 
while electrification of heat and transport is likely to result in increased network costs, 
disproportionately affecting vulnerable households; concluding that it makes sense to prioritize the 
use of flexibility from vulnerable consumers so that they don’t get left behind in the transition to clean 
energy. Agbonaye et. al., [19] went on to develop a methodology for identifying vulnerable 
neighbourhoods along with a flexibility prioritisation framework that ensures a fair distribution of 
flexibility opportunities.

As no country’s energy provision is the same, the optimum solution will also vary country by country, 
for instance, in South Africa, EWH contributes up to 40% of a households total energy consumption 
[100], and as the households in South Africa rely almost exclusively on electricity for energy, EWH 
constitutes 30% to 50% of grid load at peak times, accounting for 7% of the country’s daily energy 
requirements [33].  Since 88% of the country’s electricity is generated from burning coal, the 
environmental water heating footprint is substantial [33].  Thus, each country needs to balance a 
different set of parameters to determine an optimum aggregation size for “sustainability 
matchmaking” [40], in other words, linking of renewable energy sources to a demand load.

Across Europe, water heating load accounted for 17% of energy consumption in households in 2012 
[38]. Due to their energy storage characteristics, EWHs are considered ideal candidates for demand 
response [101] and it is proven that EWH aggregation schemes are useful for frequency regulation and 
power balancing [102-104] and thus control strategies or techniques for EWHs have received 
considerable academic attention in recent years [40]. Mabina et. al 2021 [40] reviewed traditional 
rule-based, model-based and ‘model-free’/predictive machine Learning (ML) based control methods 
concerned with the application of demand response to control EWH, focusing particularly on studies 
that sought to provide ancillary grid balancing services supporting an increase in VRE in power 
systems.  The majority of rule and model-based studies reviewed in [40] focused on controlling a single 
parameter, such as minimising peak load [105-112] or frequency control [62, 113-115], with one study 
focused on increasing the integration of wind [39].  Studies that sought to control multiple (two to 
three) parameters generally employed a ‘model-free’ ML control strategy.  Multiparameter ML studies 
sought to control, (i) load shifting and peak load reduction [109],  (ii) voltage and load reduction [116], 
as well as (iii) frequency regulation, load shifting and peak load reduction [117].  Mabina et. al., 2021 
[40] concluded that while ML methods are faster and more accurate than model or rule-based 
methods, essential to load management and provision of ancillary services in the power system, none 
of the ML methods reviewed presented a solution that fully provided ancillary services under high 
penetration of renewable sources, highlighting that more research is required in this trending area, 
specifically;

i. ML models for energy optimization and scheduling of EWHs in a smart buildings and smart 
grids providing power system ancillary services, 

ii. an aggregate EWH load model that can be used to analyse potential capacity reductions in a 
renewable grid, and
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iii. for load-shifting models that shift EWH load from low renewable resource and high demand 
periods to high renewable resource and low demand periods. 

In conclusion, it is interesting, to this study, that none of the EWH studies reviewed seek to maximise 
the benefit to the householder as a control parameter and so this area is highlighted as a topic for 
future research.  

5 Future Research and limitations of this study

For reasons stated in section 2.2.1, wind curtailment between 7am and 10pm was excluded, future 
research should account for the remaining quarter (27%) of wind curtailment observed during the 
hours of the day not considered in this work. This will necessitate hot water use during the day to be 
better understood, particularly for fuel-poor households, and given that no such data exists for Irish 
households, and that the focus of this research is on overnight curtailed wind only, households were 
allocated up to 9kWh of wind curtailment, and while this is approximately the average daily hot water 
consumption of Irish homes, the reality is that some will require less, others more, on a given day, and 
others may not have a large enough cylinder to receive all of this energy at any one time.  As stated 
previously, this broad approach will be refined; 

i. when hot water consumption patterns for Irish households are published by the ESRI [79], or 
more ideally, as the focus is on fuel-poor dwellings specifically,

ii. on EnergyCloud pilot data, when published.
Once measured data for Irish households, ideally fuel-poor Irish households, is available, profiles can 
be generated using a multi-parameter methodology as defined by Ritchie et. al, 2021 [33], or with 
next generation  machine learning methodologies proposed  by Mabina et al., 2021 [40] and Bakker 
et al., 2008 [75] that might be used to predict, with knowledge of the expected weather and the 
previous day’s heat profile, the water demand for the following day. Notwithstanding the model 
limitations, this study demonstrates that sustainability matchmaking of dispatch-down to obtain more 
services is worthy of greater study and that refinement of this first-round exploratory model is 
merited. 

Understanding how hot water is consumed in fuel poor households will allow an aggregator to better 
understand the extent and times in which vulnerable households can benefit from and indeed use 
wind curtailment allocated to them for hot water and indeed other purposes, throughout the day, and 
across the year. It is important that there is need for such energy within the home and that these 
householders are aware of their provision before any hot water cools and their allocation is wasted – 
at point of use within the home rather than at the wind turbine where it is curtailed currently.  It is 
thus important to establish if householder preferences can be accommodated within refinements to 
the allocation model. If householders are afforded the option to stipulate the days in which they are 
most likely to utilise a full allocation, then there is greater potential for the normally curtailed energy 
to be utilised. Similarly, it may be advantageous to ascertain if smaller allocations and/or with 
increased frequencies may be stipulated by householders – for example, sufficient energy for a quick 
shower rather than enough for a bath which may not take place. The practicalities of accommodating 
such preferences could be assessed within a pilot trial by way of survey or via communication 
platform(s) between householders, the nominated aggregator for the trial and the grid operator(s). 
The same platform and perhaps an in-home display will be necessary to communicate to householders 
that they have received an allocation of energy and that they should therefore consume their hot 
water before it cools.

Future research should also establish a methodology that ensures that the allocation model respects 
limitations of the electricity grid so that it does not constrain the network or indeed overload 
connections to housing estates or apartment blocks. Constraints may materialise if the roll-out of 
smart hot water cylinders accounts for a significant proportion of households across the state. While 
local networks may be overloaded if the allocation model directs too much energy in their direction. 
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On the other hand, geospatial housing data could facilitate alleviation of constraints if dispatch-down 
is redeployed local to the constraint.  It is therefore important that concurrent to the equitable 
distribution of energy, the allocation model accounts for the geographical spread of installations.

Further study is also recommended to establish any social or meta benefits perceived by the 
householder on receipt of a ‘free’ tank of hot water and inclusion in such a ‘green’ aggregation 
scheme.

6 Conclusion and Policy Implications

Dispatch-down has traditionally been viewed as a “bad” thing, in terms of wasted energy, this research 
presents a case as to how advantages can be taken of dispatch-down, an increasing resource, to obtain 
more services benefitting society.

This study finds that all of wind energy curtailed currently can be redeployed into electro-thermal hot 
water storage, concluding that domestic hot water cylinders offer a currently underutilised large scale, 
dispersed and ubiquitous micro-capacitance which can readily provide some of the needed flexibility 
to electrical grids, facilitating higher levels of VRE, along with ready market access for residential 
consumers.  

It is shown in this study that redeploying all excess renewable energy, currently wasted, to heat hot 
water in homes, through the addition of low-cost controls on pre-existing infrastructure, had the 
unutilised potential to realise an averaged €256M saving to the Irish householder-at-large and to 
offset 633tCO2 in 2019, realising a potential shadow carbon cost saving to the state of €6M in 2022, 
rising to €20M in 2030 and €162M in 2050; but while the use of domestic hot water as an energy store 
at scale is capable of eliminating all overnight curtailed wind energy (233GWh) in 2019, the value 
proposition in the form of ‘free’ hot water to the householder diminishes are more tanks are 
aggregated, indeed at the maximum scale of aggregation, households would only realise a 7% saving 
on their fuel bill.

A key finding of this research is that when sustainability matchmaking, there is an optimum 
aggregation size wherein near maximum levels of dispatch down and carbon are offset concurrent 
with scheme participants receiving the maximum benefit, in this case hot water, from participating in 
the scheme.  Optimum aggregation size will alter depending on wind capacity, SNSP limits, and 
penetration of renewables into the grid and will therefore vary from country to country.

As this research has a focus on impacting households at risk of fuel poverty, analysis progressed to a 
pragmatic assessment of the extent to which a full tank of hot water can be provided for at least one 
night of the week so that important cleaning, bathing and hygiene tasks within each home can be 
catered for on a weekly basis aka ‘bath night’. The benefit of which might be much more apparent to 
fuel poor households who are known to limit hot water use.  It was found that fuel-poor households 
in Ireland could be provided with a ‘free’ full tank of hot water for 1 in every 3 weeks, capturing almost 
90% of overnight curtailed wind energy in 2019 saving a theoretical €29 (10% of their bill) and €14M 
across the fuel-poor aggregation, realising a potential carbon cost saving to the state of €327K in 2022, 
rising to €1.3M in 2030 and €10.3M in 2050, simultaneously  reducing the impact of fuel poverty while 
empowering such households in helping the state deliver on emissions and climate policy 
commitments. 

Considering the primary infrastructure is already in place in most Irish households, and that the 
secondary, enabling, infrastructure is a low-cost retrofit solution. The solution proposed in this work 
is readily deployable and thus the significant and increasing dispatch-down resource should not 
continue to go unutilised.  It is recommended that national policies be put in place to mandate use of 
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dispatch-down to provide new services and that in the interest of a just-transition and on reaching the 
furthest behind first, that fuel-poor households be aggregated to benefit initially.  Due to privacy laws, 
it is not known publicly which houses are at risk of fuel poverty, therefore such an initiative would 
have need to be coordinated at government level to include the Commission for Energy Regulation, 
the transmission operator, distribution operators, social housing providers as well as energy suppliers 
and wind generators.

Future research is required to assess the potentials and economics of benefiting the fuel-poor 
householders to a greater or lesser degree vs benefiting society-at-large with the potential to offset a 
higher level of environmental emissions along with carbon cost savings, the savings of which can be 
potentially invested in energy infrastructure. Further research is also required to refine the wind 
allocation model developed in this exploratory study.
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