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ABSTRACT 13 

Grid operators and electricity retailers in Ireland manage peak demand, power system 14 

balancing and grid congestion by offering relevant incentives to consumers to reduce or shift 15 

their load. The need for active consumers in the home using smart appliances has never been 16 

greater, due to increased variable renewable generation and grid constraints. In this paper an 17 

aggregated model of a single compressor fridge-freezer population is developed. A price 18 

control strategy is examined to quantify and value demand response savings during a 19 

representative winter and summer week for Ireland in 2020. The results show an average 20 

reduction in fridge-freezer operating cost of 8.2% during winter and significantly lower 21 

during summer in Ireland. A peak reduction of at least 68% of the average winter 22 

refrigeration load is achieved consistently during the week analysed using a staggering 23 

control mode. An analysis of the current ancillary service payments confirms that these are 24 

insufficient to ensure widespread uptake by the small consumer, and new mechanisms need 25 

to be developed to make becoming an active consumer attractive. Demand response is 26 

proposed as a new ancillary service called ramping capability, as the need for this service will 27 

increase with more renewable energy penetration on the power system. 28 

 29 

KEYWORDS  30 

Ancillary services; demand response; fridge-freezer; price control strategy; smart grid. 31 

 32 

 33 

 34 

mailto:mmartinalmenta01@qub.ac.uk
mailto:dj.morrow@ee.qub.ac.uk
mailto:r.best@qub.ac.uk
mailto:b.fox@qub.ac.uk
mailto:a.foley@qub.ac.uk


 

2 

 

1. Introduction 35 

The term ‘smart grid’ has been introduced worldwide to mean the 21st century power system 36 

and the associated modernisation of power systems, with the deployment of information and 37 

communication technology to previously unmonitored parts of the distribution system, with 38 

the aim of using real time measurement to increase its efficiency. The stochastic nature of 39 

wind and other renewable generation, which is often out of synchronization with electricity 40 

consumption, increases the flexibility and reserve requirements of power systems [1]. The 41 

single electricity market (SEM) in Ireland is currently experiencing instantaneous wind 42 

penetration of more than 60% [2]. This creates a favourable scenario for the deployment of 43 

smart grids including energy storage systems [3] and demand response [4], due to the SEM’s 44 

size and scale, ambitious renewable energy targets [5], high levels of wind power and relative 45 

isolation, and the fact that it operates in two jurisdictions with different grid codes, policy 46 

targets and currencies. The SEM in Northern Ireland and the Republic of Ireland has a unique 47 

opportunity to lead the way in smart grid system introduction and development as a European 48 

test system. This has been recognised already by the European Union, and a large smart grid 49 

project has been allocated for Ireland under the Innovation and Networks Executive Agency 50 

as a project of common interest to lower wind curtailment, enhance grid control and establish 51 

a cross-border demand side management protocol [6]. 52 

 53 

Since liberalization, demand response involves the participation of loads in the commercial 54 

and industrial sectors [7]. However, residential demand response, which makes up a large 55 

proportion of electricity consumption, has not yet been developed in new liberalised markets. 56 

It is expected that within the context of a smart grid, consumers will actively participate due 57 

to the increased availability of pricing and usage data via smart meter interfaces [8]. The fast 58 

growing development in communication technologies is providing the opportunity needed for 59 

the consumer to play an important role in the smart grid. Therefore, it should more correctly 60 

be called demand side participation, as the consumer has choice in this liberalised 61 

environment. Many governments have smart meter targets. The United Kingdom (UK) has a 62 

target of installing smart meters in every home by 2020 [9]. Similarly, the Republic of Ireland 63 

is piloting a national trial of smart meters which commenced in 2009, with 6,500 consumers 64 

using different smart meter technologies [10].  65 

 66 
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This paper develops an aggregated smart algorithm to control the operation of multiple 67 

fridge-freezers within permissible temperature settings of the thermostat. The smart algorithm 68 

uses a price control strategy to quantify and value the benefits of demand side participation in 69 

the SEM in order to optimise wind power integration. The smart control algorithm is 70 

developed in MATLAB © and datasets from the SEM are used to model the test system. 71 

When there is high wind penetration on the system, such as in December 2014 when the 72 

average wind penetration was 27.1% [2], the day ahead wholesale electricity price fluctuated 73 

the most reaching values up to 500 €/MWh [11]. This study shows that demand side 74 

participation can play an important role by reducing the fridge-freezer demand during high 75 

electricity prices including those caused by inaccuracies in wind forecast and the variability 76 

of wind power. 77 

 78 

The paper is divided into six sections.  The future smart grid and demand response 79 

measurements are introduced in Section 1. In Section 2, a review of smart load in the context 80 

of smart grid is outlined. Section 3 explains the methodology developed to perform the 81 

research, describing the model of a single refrigeration unit followed by the aggregate model, 82 

the price control strategy implemented is then explained and the ancillary services in the 83 

SEM. Section 4 presents the results and analysis of the implementation of the control strategy 84 

on the Irish system demand, current ancillary services in the SEM are analysed to evaluate 85 

the ancillary service payments when demand side participation provides this service, and the 86 

concept of ramping capability is explored as a new ancillary service needed in high wind 87 

penetration systems. Sections 5 and 6 present the discussion and conclusions. 88 

 89 

2. Smart load in the context of smart grids 90 

Today’s grids are facing many challenges [1] associated with increased renewable power 91 

penetration (e.g. system balance, ramping and curtailment). Demand side participation is a 92 

scheme that can help to tackle these challenges and provide significant economic and 93 

environmental benefits. The participation of domestic loads of individual households can 94 

possibly reduce the stress on the local grid [12], creating value for the distribution network 95 

operator [4]. It has also been suggested that demand side participation could provide spinning 96 

reserve [13]. Schedulable-interruptible loads [14] using an external on/off signal would not 97 

significantly affect the consumer experience and performance of a domestic appliance. For 98 

example, the system would ensure food safety at all times and it would not apply demand 99 
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side participation when the door was open. The objective of demand side participation in the 100 

smart grid is to use these schedulable-interruptible loads to reduce peak demand, mitigate 101 

system disturbances, delay or avoid additional capital investment in new power plants and 102 

prevent excessive use of more expensive or less efficient power plants.  Some domestic 103 

appliances (e.g. fridge-freezers, tumble dryers and washing machines), electric heating and 104 

heat pumps [15] are considered schedulable-interruptible appliances, making them prime 105 

candidates to implement demand side participation.  106 

 107 

InterTradeIreland is a regional trade and business development agency which gives support to 108 

small businesses, with the aim of building networks and partnerships between Northern 109 

Ireland and the Republic of Ireland. Its study [16] mentions that small electrical appliances 110 

account for a maximum of 20% of the total Irish electrical market and this is currently a 111 

growing market. A forecast study has been carried out to assess the predicted consumption by 112 

schedulable-interruptible loads in Northern Ireland between 2012 and 2025 [14]. The study 113 

showed that the energy consumption of cold appliances is anticipated to be approximately 114 

10% of total domestic consumption by 2025, considering the low total demand forecast case 115 

projected by the System Operator for Northern Ireland (SONI) [5].  116 

 117 

Electric heating has previously been studied and proposed as a candidate for demand side 118 

participation. Fitzgerald et al. [17] showed the power system benefits from implementing 119 

direct load control in electric water heating in Ireland. Domestic appliances such as fridge-120 

freezers, chest-freezers and refrigerators are potential candidates because there is at least one 121 

of these appliances in every household and they possess thermal storage capabilities. Most 122 

researchers to date have focused on refrigerator loads [18-20] and domestic freezers [21], 123 

analysing the potential load-shifting effect and time of use tariffs to reduce power peaks. 124 

Short et al. [22] presented a study to provide frequency response to the power system using 125 

refrigerators. Specifically for fridge-freezers, many studies have focused on different 126 

operating factors such as the effect of ambient temperature, door opening and thermostat 127 

opening position [23], the use of different types of refrigerants [24] or the effect of different 128 

types in components of the refrigeration cycle [25]. The potential response from relevant 129 

responsive loads such as refrigeration and space heating has been analysed in a statistical 130 

manner [1]. The results indicate that the residential sector deserves attention as a potentially 131 

valuable demand side participation resource. 132 

 133 
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 134 

3. Methodology 135 

In this research a fridge-freezer with only one compressor is modelled because it is the most 136 

widely sold domestic appliance in the UK [26] and in countries with similar climates to 137 

Ireland. The thermodynamic cycle in the cooling circuit is a vapour compression cycle [27]. 138 

In this appliance the circulation of the refrigerant is driven by a compressor, which requires a 139 

motor and thus electrical energy. 140 

 141 

3.1. Model of a single fridge-freezer 142 

The model of a single fridge-freezer developed in [28] predicts the temperature in each 143 

compartment of the fridge-freezer based on heat transfer equations [27]. The model used in 144 

this study is a simplified model in which it is not necessary to know the detailed technical 145 

specifications of each component of the refrigeration cycle to obtain an accurate prediction of 146 

the temperature in each compartment and therefore an accurate prediction of the electrical 147 

power consumption. The model inputs are the dimensions of the fridge and freezer 148 

compartments, the compressor power consumption, coefficient of performance (COP) tested 149 

in extreme working conditions, thermal masses and thermal time constants of the fridge and 150 

freezer.  151 

 152 

The heat transfer equation for each compartment of the fridge-freezer is (1), which states that 153 

the heat transmitted to the thermal mass of the fridge-freezer compartment is equal to the 154 

convection heat losses, resulting from the temperature difference between the room and the 155 

compartment, minus the heat transfer from the refrigerant to the compartment. The 156 

conduction heat losses between the fridge and freezer are assumed to be negligible due to the 157 

insulation. 158 

 159 

−(mwcpw
+ macpa

)
dT(t)

dt
=

(Troom(t)−T(t))

Req
− Q     (1) 160 

 161 

where mw (kg) and ma (kg) are the mass of the water and air stored in each compartment, cpw
 162 

(J/kg°C) and cpa
 (J/kg°C) are the specific heat of water and air, Troom (°C) is the room 163 

temperature, Req (W/°C)  is the overall heat transfer coefficient, Q (W)  is the heat transferred 164 
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from the refrigerant to the compartment, and T(t) (°C) is the temperature in the 165 

compartments.  166 

The overall heat transfer coefficient is calculated from the thermal time constant (𝜏) using 167 

(2).The thermal time constant of the freezer compartment is referred to as ‘temperature rise 168 

time’ in the manufacturer technical specifications.  169 

 170 

Req =
(mwcpw+macpa)

τ
     (2) 171 

 172 

The variation of the room temperature throughout the day is simulated using a sinusoidal 173 

waveform (3). 174 

  175 

Troom(t) = Troom,mean + 2 sin (
2π

86400
t − 0.85π)    (3) 176 

 177 

where Troom,mean is the mean temperature during the day. Troom,mean is assumed to be 16°C 178 

during winter and 22°C during summer. In both cases the maximum temperature during the 179 

day occurs in the afternoon and a variation of 4°C in the room is assumed. Typically a fridge-180 

freezer is located in a household kitchen, which is generally a heated and relatively confined 181 

space.  182 

 183 

The power consumption of the compressor is modelled according to (4) [21], which includes 184 

a starting transient. 185 

 186 

 Wc = 0 𝑖𝑓 𝑡 < 𝑡0         187 

Wc = 16e
−(t−t0)

10 + Wc,spec  𝑖𝑓 𝑡 ≥ 𝑡0     (4) 188 

 189 

where t0 is the time in the cycle at which the compressor is switched on and Wc,spec is the 190 

specified compressor power. 191 

 192 

The coefficient of performance varies according to (5), which relates the working conditions 193 

to the specified COP (COPspec) and the theoretical COP (COPtheoretical) according to Carnot’s 194 

law. 195 

 196 
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COP = (
COP spec

COP theoretical
) ∙ (

Tc

Th−Tc
)    (5) 197 

 198 

where Tc corresponds to the temperature in the cold reservoir, in this case the freezer 199 

temperature, and Th corresponds to the temperature in the hot reservoir, in this case room 200 

temperature. 201 

 202 

The total heat transferred (Q) from the refrigerant to both compartments is obtained by 203 

relating the COP to the compressor power consumption (Wc) (6). The proportion of the heat 204 

transferred to each individual compartment is calculated taking into account the measured 205 

room and compartment temperatures. 206 

 207 

Q = COP ∙ Wc                (6) 208 

  209 

The flowchart to model a single compressor fridge-freezer is shown in Fig.1. The flowchart 210 

shows every step of the model which is run for a given time. The inputs to the model are 211 

initialized using the fridge-freezer technical specifications. The temperature of the room is 212 

calculated according to (3). The temperature in each compartment of the fridge-freezer is 213 

calculated by solving (1) in each subroutine. With both temperatures obtained the COP is 214 

calculated by solving (5). The power of the compressor is calculated using (4) and the 215 

temperatures and electrical consumption values are saved for further analysis. The thermostat 216 

limits vary depending on the control strategy being applied.  217 

 218 
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 219 

Fig. 1.  Flowchart of the single compressor fridge-freezer. 220 

 221 

3.2. Aggregate model 222 

The study uses a model to simulate each device and aggregates their individual behaviour to 223 

predict the demand of the aggregate load. The aggregate fridge-freezer model simulates a 224 

thousand units, the simulations have been performed considering different features of each 225 

unit depending on the scenario under study. The time span for cooling is not a fixed 226 

parameter [18-20], as it depends on the characteristics of the appliance and the thermal mass 227 

inside each cabin. Randomness following a standard uniform distribution has been added to 228 

the model with the objective of creating a more realistic solution, specifically to the 229 

temperature limits ±0.5°C, the overall heat transfer coefficient ±0.01W/°C and thermal mass 230 

that varies randomly between 17% to 31% of water equivalent volume inside each 231 

compartment. The results obtained are extrapolated to the forecast total population of fridge-232 

freezers to evaluate the impact of using this smart appliance application in Ireland. The total 233 
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population of fridge-freezers is estimated to be 2,700 thousands by 2020 calculated from [29-234 

30]. 235 

In coming years people will buy more efficient appliances as prices come down, but in 2025 236 

there will remain a significant number of fridge-freezers sold in the 2010’s due to the life of 237 

these appliances. The expected percentages of fridge-freezers in the UK projected to fall in 238 

each energy label class until 2030 are shown in Fig. 2 [31]. 239 

 240 

Fig. 2.  Expected percentage of fridge-freezers in the UK depending on the energy label class 241 

[31]. 242 

 243 

Fig. 2 indicates that by 2020 approximately 80% of fridge-freezers are expected to be A++ 244 

rated. The year to study selected is 2020 as the simulation inputs can be simplified. In the 245 

current study variation of device size is included but all are considered to be of the dominant 246 

energy rating. The Northern Ireland Statistics and Research Agency (NISRA) [29] has 247 

forecast the number of households by the number of occupants. This study assumes that the 248 

forecast for Northern Ireland applies also to the Republic of Ireland, for which no data are 249 

available. Fig. 3 shows the expected distribution of the number of occupants per households 250 

in Ireland.  251 
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 252 

 Fig. 3.  Expected percentage of households in Ireland depending on the number of 253 

occupants. 254 

 255 

It is assumed that households with one occupant have a small fridge-freezer, households with 256 

two or three people have a medium size fridge-freezer and that households with four or more 257 

people will have a large size fridge-freezer. The technical specifications of a fridge-freezer 258 

are summarized in Table 1, together with the overall heat transfer coefficient (Req). The 259 

overall heat transfer coefficient for the freezer compartment is given by the manufacturer and 260 

for the fridge compartment is obtained by running the model for one unit with the data 261 

provided by the manufacturer, allowing for a 5% error in the energy consumption. 262 

 263 

 264 

 265 

 266 

 267 

 268 
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 270 

 271 

 272 

 273 
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 275 

Table 1. Technical specification of A++ fridge-freezers of different size [32]. 276 

Size Small Medium Large 

Model KUL15A60GB KGV33VL31G KGE49BBI30G 

Energy class A++ A++ A++ 

Energy consumption 

(kWh/annum) 
140 219 255 

Storage vol. fridge (l) 108 192 301 

Storage vol. freezer (l) 15 94 111 

Temp. rise time (h) 10 23 44 

COP 1.02 1.3 1.05 

Comp. power (W) 75 80 90 

Req fridge (W/°C ) 1 1.3 1.4 

Req freezer (W/°C ) 0.28 0.87 0.62 

 277 

Fig. 4 shows the simulated freezer temperatures during four hours of the day for each fridge-278 

freezer model using the technical specifications given in Table 1. The compressor is shown to 279 

run more often when the device is smaller due to the lower temperature rise time and COP of 280 

the smaller device. 281 

 282 

 283 

Fig. 4.  Simulated freezer temperature for each model of fridge-freezer.  284 

 285 

 286 
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 287 

3.3. Price control strategy 288 

A price control strategy is proposed in this study. The control algorithm is designed to 289 

simulate a standard fridge-freezer thermostat, which maintains the freezer temperature 290 

between -23°C and -19°C and the fridge temperature around 5°C. At chosen periods the 291 

thermostat upper and lower temperature limits are varied according to the Ex Ante 1 (EA) 292 

system marginal price (SMP). The EA SMP is issued by the Single Electricity Market 293 

Operator in Ireland (SEMO) daily and it is calculated one day ahead using forecast data for 294 

the trading day [11]. Demand side participation in this study is designed to increase 295 

consumption during overcooling periods in order to reduce consumption during peak periods 296 

while maintaining food safety. Food safety is considered throughout the model, the 297 

restrictions of Tfreezer < −18°C and 3°C < Tfridge < 7°C are applied in the freezer and fridge 298 

compartments respectively. The temperature rise time is highly dependent on the amount of 299 

food present in the freezer. This is primarily due to the significant heat transfer resistance is 300 

in the food inside the compartment. Therefore the average temperature in each compartment 301 

of the fridge-freezer (combined air and water) has been modelled using the temperature rise 302 

time data provided by the device manufacturer, allowing for a 5% error in the energy 303 

consumption (kWh/annum). 304 

 305 

The length of the peak price period depends on the shape of the peak and its maximum is 306 

considered as 1.5 hours to avoid any possible mechanical damage for running the compressor 307 

more than necessary. Fig. 5a and b show the SMP on a typical winter/summer day. The 308 

threshold value chosen is 75% of the maximum EA SMP price. The algorithm of the control 309 

strategy analyses the shape of the peak, the peak price period starts one hour before the EA 310 

SMP peak if this EA SMP is greater than the threshold and the EA SMP after the peak. The 311 

peak period is the period between the symbols ‘o’ in Fig. 5. In first evaluations prior to this 312 

study  an overcooling period of 1.5 hours has been found that produces the desired effect of 313 

modifying system demand while not giving rise to significant disturbances caused by the 314 

devices returning to the standard limits. The end of the overcooling period is defined as 15 315 

minutes before the peak period starts. The overcooling period is the period between the 316 

symbols ‘x’ in Fig. 5.  However, when the EA SMP remains flat during the day, i.e. the EA 317 

SMP peak is less than 130% of the median of the EA SMP during the day, the overcooling 318 
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period occurs at the same time as the price valley period. The overcooling period starts 30 319 

minutes before the minimum EA SMP occurs: see Fig. 5b.  320 

 321 

 322 

     a 323 

 324 

     b 325 

Fig. 5.  SMP on a typical winter/summer day. 326 

a Overcooling and peak periods on a typical winter day (9th December 2013). 327 

b Overcooling and peak periods on a typical summer day (24nd July 2013). 328 

 329 

During the overcooling period the thermostat temperature limits are modified to maintain a 330 

freezer temperature between -25°C and -23°C, while to prevent freezing the fridge 331 

temperature is maintained above 3°C. During the peak period the limits are modified to 332 

maintain the freezer temperature between -18.5°C and -18°C and the fridge temperature 333 

under 7°C. The lower bound of -18.5°C has been introduced with the aim of controlling and 334 

reducing the consumption of the fridge-freezer during the peak period. Load shift could 335 
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introduce an undesired effect such as creating an unexpected peak. By maintaining a small 336 

bound in the thermostat, the compressor would be running for a very short, time keeping the 337 

consumption flat and avoiding peaks during the peak period. The aim of this control strategy 338 

is to avoid electricity consumption at high SMP periods.  339 

 340 

Fig. 6 shows the flowchart of the aggregate model using the price-based control strategy. The 341 

flowchart shows every step of the aggregate model which is run for a number of units. The 342 

model starts by initializing the inputs to the model. The model is run for a given time. EA 343 

SMP and the Ex Post Indicative (EP) SMP are obtained from the SMP 2013 data available. 344 

EP SMP is issued one day after the trading date. The standard temperature limits of the 345 

thermostat are set up, which are modified in the following subroutine based on the calculated 346 

peak price and overcooling periods using the EA SMP. Subsequently the size of the appliance 347 

is selected according to the expected percentage given in Fig. 3. Randomization according to 348 

a standard uniform distribution is applied to the temperature limits, overall heat transfer 349 

coefficient and thermal mass. A single unit is modelled and the electrical consumption of that 350 

device is saved for analysis. The process ends when the model runs for the number of units 351 

specified.  352 

 353 
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 354 

Fig.6. Flowchart of the aggregate model using price control strategy. 355 

3.4. Ancillary services 356 

Ancillary services in the power system are the services which maintain the power quality, 357 

security and reliability of the system. There is increasing interest in the utilization of demand 358 

side participation to address the integration of wind generation. Demand side participation 359 

can provide ancillary services to aid supply/load balance and also augment morning and 360 

evening ramping requirements [38]. 361 

 362 

Currently ancillary services in the SEM [34] are frequency regulation, reserve, reactive power 363 

support and black start capability. Analysing the current options of ancillary services, the 364 

ensemble of fridge-freezers could be considered as interruptible load, or short term active 365 

response (STAR), making the load available to the System Operator for short-term 366 

interruptions. Also it could provide Tertiary Operating Reserve 1 (TOR1) where the response 367 

times are 90 seconds to 5 minutes. TOR1 is provided in the SEM by thermal generation, but 368 

this paper proposes that the domestic appliances could provide part of this ancillary service. 369 
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The domestic appliances will respond to a signal from the system within 90 seconds and 370 

remain activated for at least 5 minutes, with the opportunity to be activated for a maximum of 371 

1.5 hours during the overcooling and peak periods if required.  372 

 373 

In the SEM the minimum demand side participation demand reduction capacity is 4 MW in 374 

the regulating power market [7]. In the electricity wholesale electricity market in Great 375 

Britain (BETTA) the minimum bid capacity is 3 MW as STOR [35]. Currently the SEM 376 

spends around 60 M€/year on ancillary services [36], i.e. 164,000 €/day. The operating 377 

reserve payments are calculated according to (7): 378 

 379 

Payment = Available SOR ∙ SOR Rate ∙ Trading Period    (7) 380 

 381 

where Available SOR (system operating reserve) is the available system operating reserve, 382 

and the trading period is considered to be 24 h/day.  383 

 384 

A recent study published by the System Operator in Ireland [37] suggested that there is a 385 

need for new ancillary services. An increase of ancillary service payments could reduce the 386 

overall system cost through preventing wind curtailment [38]. A new service called ramping 387 

margin is under study. Ramping margin tries to manage the uncertainty and variability in a 388 

system with high levels of wind penetration. Ramping margin is defined as an increase or 389 

decrease in MW demand that can be delivered with a good degree of certainty by a thermal 390 

generator or demand side participation during a time horizon and sustained for a period. 391 

Demand side participation could play an important role when the ramping capability of the 392 

thermal generation is not adequate. It is necessary to evaluate the ramping capability needed 393 

to accommodate wind generation, as the ideal situation is that the demand is balanced by the 394 

wind generation to avoid using expensive power plants. 395 

 396 

4. Results and analysis 397 

4.1. Selection of the time period for analysis 398 

The model is run for one typical week in winter and one typical week in summer to evaluate 399 

the effect of the proposed control strategy on the Irish system demand. These periods have 400 

been identified, after the analysis of the SMP during the whole year, because they contain 401 

contrasting patterns of more extreme variations in price, system demand and wind generation. 402 
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Fig. 7 shows the analysis of the EA SMP where the maximum, minimum and median value 403 

of the EA SMP have been calculated every month of the year 2013. The month of December 404 

shows the greatest variation between maximum and minimum EA SMP, while the minimum 405 

variation between maximum and minimum EA SMP occurs in June. However, this particular 406 

month is not chosen for analysis as on most days the price remains flat. Therefore, the month 407 

of July is chosen for analysis.  408 

 409 

 410 

Fig.7. Analysis of the SMP during the year 2013. 411 

 412 

Fig. 8a shows the SEM system demand and wind generation for the winter week from the 9th 413 

– 15th December 2013 [39], in which the average wind penetration is 35.4%. Fig. 8b shows 414 

the values on the summer week from the 22nd – 28th July 2013 [39], in which the average 415 

wind penetration is 5.3%. Both figures show the EA SMP and EP SMP. During the winter 416 

week the peak system demand is very clear, occurring around 17:30, thus the maximum EA 417 

SMP and EP SMP occur around this time. However, during the summer week the peak 418 

system demand is not as obvious as during winter. For this reason the maximum EA SMP 419 

and EP SMP may occur at different times and possibly not coincide with peak system 420 

demand. An EA SMP price value of more than 500 €/MWh is observed in Fig. 8a. Such an 421 

increase in price could be caused by inaccuracies in wind forecast error and wind variability, 422 

leading to a reduced EP SMP price at the time of peak demand.  423 

 424 
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 425 

a  426 

 427 

        b 428 

Fig. 8.  System demand, wind generation, EA and EP SMP in 2013 in Ireland. 429 

a Winter week (9th – 15th December 2013). 430 

b Summer week (22nd – 28th July 2013). 431 

 432 

In 2020 the system demand is assumed to be 10% greater than the equivalent day in 2013. 433 

According to EirGrid the demand is forecast to grow 2% each year [5] after the recovery of 434 

the economy in 2015. For this study SMP prices are assumed to remain the same. Fridge-435 

freezers are assumed to be A++, i.e. moderately efficient, and have the size range estimated 436 

from [33].  437 

 438 

4.2.  Application of the price control strategy 439 

Two different modes of control have been studied for the winter week: 440 

 Non-staggered. All the devices are given the same overcooling and peak period 441 

starting times in which to operate the control strategy. All the devices are in different 442 

stages of the cooling cycle when the overcooling and peak periods are initiated. 443 
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 Staggered. The starting time of the overcooling and peak periods for individual 444 

devices within the aggregate are distributed over a period of 30 minutes. Every minute 445 

the control strategy of a proportional number of devices is modified, i.e. for the 446 

simulation of 1000 units, 34 units are chosen to be activated every minute.   447 

 448 

Fig. 9a shows the effect of the non-staggered and staggered control modes on the system 449 

demand for the first day of the winter week analysed. Fig. 9b shows the demand difference 450 

due to the application of each control mode.  451 

 452 

453 
a       b  454 

Fig. 9.  Proposed modified system demand in Ireland on the first day of a winter week.   455 

a Unmodified, non-staggered and staggered modified system demand.  456 

b Demand difference due to the application of the control strategy. 457 

 458 

Subsequently the fridge-freezer operating costs are calculated and day ahead and real cost are 459 

compared. Day ahead cost (EA cost) and real cost (EP cost) are calculated using EA SMP 460 

and EP SMP respectively. For the non-staggered control mode the fridge-freezer operating 461 

EP cost is decreased by 8.9% compared to the fridge-freezer operating EP cost using no 462 

control strategy, as shown in Table 2. However, it was expected to decrease the operating 463 

cost by 11.8%, based on EA SMP. The percentages have been calculated using the EP cost 464 

for unmodified demand as a reference value.  As shown in Fig. 8a the maximum EP SMP 465 

does not always occur at the same time as EA SMP. For the staggered control mode the 466 

fridge-freezer operating EP cost is decreased by 7.6% compared to the expected reduction of 467 

12.5%. The aim of this control strategy is to avoid high SMP periods, defined in this study as 468 

peak periods. During the peak period for the non-staggered control mode the EP cost is 469 

decreased by 76.4% and for the staggered control mode the EP cost is decreased by 80.6%, 470 

because the load is shifted to other parts of the day. It is worth noting that load shifting in this 471 
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manner resulted in an increase of 1% of the energy consumed during the whole week in the 472 

non-staggered and staggered control modes.   473 

 474 

Table 2. EA and EP fridge-freezer operating cost and the percentage of change in fridge-475 

freezers operating cost during the winter and summer week.  476 

Week Control mode EA cost  EP cost 

  (€) (%) (€) (%) 

Winter  Unmodified -  595,172   

 Non-staggered 525,202   -11.8 541,958  -8.9 

 Staggered 527,617    -12.5 550,039  -7.6 

      

Peak period  

(winter) 

Unmodified -  97,074   

Non-staggered 26,747 -72.4 22,923  -76.4 

 Staggered 20,261 -79.1 18,839  -80.6 

      

Summer Unmodified -  595,310   

 Modified a 535,502 -10 591,906  -0.6 

 Modified a staggered 532,484 -10.6 593,008  -0.4 

 Modified b 543,210 -8.8 590,716  -0.8 

      

Peak period 

(summer) 

Unmodified -  50,563   

Modified a 28,181 -44.3 27,280 -46 

 Modified a staggered 18,152 -64.1 17,465 -65.5 

 Modified b 44,838 -11.3 40,077 -20.7 

High SMP periods might not occur at the same time as the peak system demand. The non-477 

staggered control mode creates a second peak, as shown in Fig. 9, when the devices revert to 478 

the standard thermostat settings. For the non-staggered control mode the maximum system 479 

demand in the peak period is decreased on some days but increased on others. The increase is 480 

undesirable; the demand can be modified by -53 MW to +5 MW. However, the staggered 481 

mode results in a more consistent peak reduction between -54 MW to -40 MW.   482 

 483 

The analysis in detail of the first day of the winter week presented in Fig. 9b shows that the 484 

power peak that occurs during the overcooling period in the staggered control mode is 40 485 
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MW smaller than in the non-staggered control mode, as shown in Table 3. Fig. 9b also shows 486 

how during the peak period the consumption is reduced by 55 MW and 50 MW in the non-487 

staggered and staggered modes respectively. The effect of staggering the devices offers a 488 

smoother fluctuation in the demand compared to the non-staggered control mode, a reduction 489 

of 30 MW. 490 

 491 

Table 3. Modified demand for the proposed control modes in the first day of the week.  492 

Period Control mode Modified demand (MW)  Peak return standard 

limits (MW) Overcooling 

period 

Peak period 

Winter  Non-staggered + 143 - 55 + 61 

 Staggered + 103 - 50 + 31 

     

Summer a non-staggered + 142 - 53 + 57 

 a staggered  + 98 - 53 + 31 

 b non-staggered + 7 - 53 + 124 

 493 

Two different modes of control have been studied for the summer week: 494 

 Control mode ‘a’. All the devices are given the same overcooling and peak period 495 

starting times in which to operate the control strategy. All the devices are in different 496 

stages of the cooling cycle when the overcooling and peak periods are initiated. 497 

 498 

 499 

 500 

 Control mode ‘b’. During the overcooling period the temperature limits of the 501 

thermostat remain as the standard temperature limits (-23°C to -19°C). All the devices 502 

are given the same peak period starting time in which to operate the control strategy. 503 

This control mode has been suggested because the variation of the SMP might not be 504 

significant during summer, meaning that overcooling the device during the 505 

overcooling period may not be appropriate.  506 

 507 

Fig. 10a shows the effect of the non-staggered control mode ‘a’ and ‘b’ on the system 508 

demand. Fig. 10b shows the demand difference due to the application of each control mode.  509 
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 510 

511 
a       b   512 

Fig. 10. Proposed modified system demand in Ireland on the first day of a summer week. 513 

a Unmodified, control mode ‘a’ and ‘b’ non-staggered and control mode ‘a’ staggered 514 

modified system demand.  515 

b Demand difference due to the application of the control strategy. 516 

 517 

For the non-staggered control mode ‘a’ the fridge-freezer operating EP cost is decreased by 518 

0.6% as shown in Table 2. However, it was expected to decrease by 10%. As shown in Fig. 519 

8b, the patterns of EP SMP and EA SMP may differ significantly. For control mode ‘b’ the 520 

fridge-freezer operating EP cost is decreased by 0.8%. For the staggered control mode ‘a’ the 521 

EP cost is decreased by 0.4%. During the peak period for the non-staggered control mode ‘a’ 522 

the EP cost is decreased by 46%, while for control mode ‘b’ the EP cost is decreased by 523 

20.7%. For the staggered control mode the EP cost is decreased by 65.5%. The load is shifted 524 

from the peak period to other parts of the day, incurring an increase of 0.3% in the energy 525 

consumed during the whole week in the case of control mode ‘a’ and in the case of control 526 

mode ‘b’ in a reduction of 0.5% of the energy consumed. The latter is a result of the device 527 

not being overcooled when not appropriate according to the control strategy definition, hence 528 

the average temperature in the fridge-freezer is greater compared to the standard working 529 

condition, leading to reduced consumption. 530 

 531 

The non-staggered control mode creates a second peak, as shown in Fig. 10, when the devices 532 

revert to the standard thermostat settings. For the non-staggered control mode the maximum 533 

system demand in the peak period is decreased on some days and increased on others. The 534 

demand can be modified by -23 MW to +57.1 MW. The staggered mode results in a peak 535 



 

23 

 

modification between -31 MW to +54.1 MW.  The increase in the peak of 57.1 MW occurs 536 

on the fifth day of the week because on that day the maximum EA SMP occurs much earlier 537 

than the EP SMP price, which occurs at the same time as the peak system demand and which 538 

coincides with the peak system demand as shown in Fig. 8b. Thus the implementation of the 539 

price signal control strategy could mean undesirable peaks during the summer, which would 540 

only be desirable if these occur at the same time as a wind generation peak.   541 

 542 

The analysis in detail of the first day of the summer week presented in Fig. 10b shows that 543 

the power peak that occurs during the overcooling period in the non-staggered control mode 544 

‘a’ is 135 MW greater than in the control mode ‘b’, as shown in Table 3. The staggered and 545 

non-staggered control mode ‘a’ comparison offers a reduction of 44 MW during the 546 

overcooling period. Fig. 10b also shows how during the peak period the consumption is 547 

reduced by 53 MW. The effect of non-staggering the devices in which the return to the 548 

standard limits of the thermostats offers a greater fluctuation in the demand comparing ‘a’ 549 

and ‘b’, an increase of 67 MW. The staggered and non-staggered control mode ‘a’ 550 

comparison offers a reduction of 26 MW during the return to the standard limits of the 551 

thermostat.  552 

 553 

4.3. Ancillary services evaluation 554 

Participants receive a capacity payment when they provide an ancillary service. For the SEM 555 

in the period 2014-2015 the SOR rates are shown in table 4. The average load of the 556 

aggregate fridge-freezer calculated is 58.42 MW. Assuming the ancillary payment rates 557 

remain the same as for the period 2014-2015, and if each fridge-freezer in Ireland provides 558 

TOR1 and STAR in 2020, the ancillary payment will be 14,077 €/day, i.e. 2,580 €/day due to 559 

TOR1 and 11,497 €/day due to STAR. This represents 8.4% of the total amount that the SEM 560 

spends on ancillary services.  561 

 562 

Table 4. Ancillary services aggregated fridge-freezer forecast payments. 563 

Type Available 

SOR 

(MW) 

SOR Rate 

(€/MWh) 

Trading 

Period 

(h/day) 

Ancillary 

service 

payment 

(€/day) 

Tertiary Operating 58.42 1.84 24 2,580 
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Reserve (TOR1) 

Short term active 

response (STAR) 

58.42 8.20 24 11,497 

 564 

Assuming each consumer receives the payment for providing ancillary services TOR1 and 565 

STAR, the reward would be 1.90 €/year. 566 

  567 

4.4. Ramping capability as a new ancillary service 568 

A pattern is observed by analysing the ramping rates from wind generation data published by 569 

the System Operator in Ireland in 2013 [33], for 15 minute and 1 hour time horizons, as 570 

shown in Fig. 11. The pattern indicates that the ramping capability needed in 15 minutes is 571 

typically half of the ramping needed in 1 hour. 572 

 573 

  574 

Fig. 11.  Ramping rate in wind generation data in 2013. 575 

 576 

Fig. 9 and Fig. 10 show that a price signal control strategy could modify the Irish system 577 

demand. The ramping rate in wind generation data shows that the highest ramping rates occur 578 

during December, which had a monthly average wind penetration of 28.4%, compared to 579 

July, which had a monthly average wind penetration of 6.6%. This study focuses on 580 

analysing the ramping capability during the winter week as the wind penetration is greater. 581 

For the non-staggered control mode the increase of the temperature limits of the thermostat 582 

during the peak period in the first day of the week results in a reduction of the 15-minute 583 

ramping capacity from 213 MW to 159 MW due to the system demand peak reduction. For 584 

the staggered control mode the 15-minute ramping capacity is reduced from 134 MW to 102 585 
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MW,  avoiding the use of power plants with high ramping rates as they tend to be more 586 

polluting and expensive to run. The temperature limits of the thermostat can also be reduced, 587 

allowing more wind on the system that might otherwise be curtailed. The results clearly show 588 

that the aggregation of fridge-freezers in Ireland has useful ramping potential.    589 

 590 

5. Discussion 591 

The potential to modify the system demand by applying a price control strategy using the 592 

energy storage of a fridge-freezer and its impact on cost savings have been quantified for the 593 

SEM power system in Ireland. During the winter week peak demand modifications of -54 594 

MW to +5 MW are achieved. A peak demand reduction of at least 40 MW is achieved when 595 

using a staggered control mode, assuring a peak reduction of at least 68% of the average 596 

winter refrigeration load. During the summer week demand modifications of -31 MW to 597 

+57.1 MW are achieved. Here it is more difficult to predict the modification, as the peak of 598 

the EA SMP may not occur at the same time as the peak demand. Overall refrigeration 599 

running costs could be reduced on average by 8.2% during a typical winter week and by 0.6% 600 

during a typical summer week. The study also shows an increase in appliance energy 601 

consumption of 1% during the winter week, an increase of 0.3% during the summer week 602 

using control mode ‘a’ and a reduction of 0.5% of the energy consumed using control mode 603 

‘b’ during the summer week, as the latter mode does not overcool the appliance during the 604 

valley periods.  605 

 606 

The current residential tariffs offered by electricity retailers are a barrier for residential 607 

customers to provide demand side participation. Maximum benefit from demand side 608 

participation will come from dynamic tariffs, because if the price varies over only a small 609 

range, the savings for consumers may not be sufficient to encourage demand side 610 

participation schemes. During the winter week EA SMP and EP SMP follow the same 611 

distribution, thus the day ahead market provides a reasonable solution. However, during the 612 

summer the prices are flatter and EA SMP may differ substantially from EP SMP, thus there 613 

are some days when it might be better not to apply the control strategy because there is 614 

insufficient reward. This is largely due to the fact that the SMP peak is greater in the winter 615 

than in the summer. In the winter week peak shavings are more predictable as the EP SMP 616 

peak occurs very close to the EA SMP peak. However, in the summer peak demand can be 617 
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increased by +50 MW which is clearly only desirable if peak demand occurs at the same time 618 

as a generation surplus, such as an increase in wind generation.  619 

 620 

The reward that each consumer receives as payment for providing the ancillary services 621 

TOR1 and STAR is calculated as 1.90 €/year. Clearly this reward seems insignificant, and 622 

some modification to the reward mechanism will be required if individual consumers are to 623 

be encouraged to play an important role as an aggregate consumer. It is anticipated that to 624 

attract significant buy-in, a payment of at least 25 €/year would be required, meaning that the 625 

current ancillary TOR1 and STAR payment rates would have to be 11 times the current rates. 626 

The dramatic increase is not expected in the near future, thus day ahead pricing could be the 627 

next step. The utility regulator in Ireland is currently working on a public consultation on 628 

demand side participation for the SEM applying day ahead price for industrial and 629 

commercial sectors only [10]. Hence TOR1 and STAR may be not be suitable for individual 630 

fridge-freezers to provide ancillary services, and perhaps some other mechanism entirely is 631 

required.  632 

 633 

The clearest benefit of a demand side participation is that winter peak demand can be 634 

reduced, especially with the staggered control mode. Application of the demand side 635 

participation scheme would reduce the required generation capacity. The result shows that 636 

less ramping capacity is required in 15-minute intervals during the winter week if the control 637 

strategy is implemented. Demand side participation has the additional benefit, compared to 638 

extra generation, of avoided network reinforcement. It is important that consumers offering 639 

demand side participation should benefit from a related capacity payment.  640 

 641 

This study has shown that aggregated domestic fridge-freezer demand is small compared to 642 

the total system demand, therefore the effect is likely to be small. However, this effect could 643 

be beneficial under certain circumstances, such as reducing the winter peak demand or 644 

reducing wind curtailment. It is proposed that future work will examine the opportunity for 645 

domestic fridge-freezer demand side participation in the SEM focusing on Northern Ireland 646 

using a unit commitment model to analyse wind curtailment and ramping, effects of grid 647 

constraints and ancillary services.  648 

 649 

6. Conclusions 650 
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This paper presents the results of an aggregated fridge-freezer price control strategy to 651 

quantify and value demand side participation savings in Ireland in 2020. A projected range of 652 

appliance sizes, allied to random variations in parameters, was used to simulate a population 653 

of devices.  654 

 655 

The potential to reduce the cost of the system demand using the energy storage of a fridge-656 

freezer has been quantified for a power system, i.e. the single electricity market in Ireland. A 657 

price control strategy has been developed based on the day ahead wholesale electricity price. 658 

The analysis shows that overall refrigeration running costs could be reduced on average by 659 

8.2% during a typical winter week and significantly lower during a typical summer week. 660 

The application of the control strategy caused the overall energy consumed by the devices to 661 

increase by 1% during the winter week and by 0.3% during the summer week. Optimization 662 

based on cost using storage will increase energy usage, as shown in the study. The proposed 663 

scheme should ensure that the cost benefits, CO2 emissions reduction and enhance system 664 

security. The scope for peak reduction is greatest in the winter week, when the peak is well-665 

defined. A peak reduction of at least 68% of the average winter refrigeration load is achieved 666 

consistently during the week analysed using a staggered control mode. While the generation 667 

capacity saving may be captured implicitly by peak wholesale prices, the network capacity 668 

saving is not. Thus it can be argued that consumers offering peak load reduction should 669 

qualify for additional rewards related to deferred network investment. 670 

 671 

The scope for using domestic refrigeration to provide reserve is also examined. It has been 672 

found that the current single electricity market payments are unlikely to justify provision of 673 

these ancillary services by the domestic sector. However, there may be scope for using 674 

refrigeration load as regulating reserve to provide ramping capability, especially as the 675 

demand for this service increases with growing renewable energy penetration. 676 

 677 

 678 

In conclusion, demand side participation can potentially reduce fossil fuel dependency by 679 

optimizing the combination of renewable energy resources and smart controls available to the 680 

self-informed customer. Future work will examine the opportunity for demand side 681 

participation in the SEM focusing on Northern Ireland using a unit commitment model.  682 
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