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Abstract - In off-grid dwellings, proper energy management of different appliances, 

onsite generators and storage facilities is crucial to meet some monetary goals and 

environmental premises such as CO2 emissions and diesel consumption reduction. 

Nowadays, this task may be performed by home energy management systems, which are 

able to efficiently coordinate the operation of the different home assets to achieve some 

predefined goals. In such cases, the operation of thermostatically controlled appliances 

such as heating-ventilation-air conditioning systems, electric water heaters and freezers, 

plays a vital role as this kind of devices allow certain degree of flexibility. This way, some 

thermal premises (such as thermal comfort, frozen food conservation or hot water 

temperature set-point) can be relaxed in order to achieve other complementary goals. This 

work analyses this aspect by proposing a home energy management model which 

incorporates flexible operational modes of various typical thermostatically controlled 

devices. Various results are presented on a benchmark isolated home which counts with 

a diesel engine as backup generator. Results show that energy generated by the backup 

generator can be reduced by 15% by operating the thermal-based appliances in a flexible 

way, while other relevant indicators such as fuel consumption, fuel cost and CO2 

emissions can be also improved by 12%. Other relevant aspects such as the impact of the 

photovoltaic array size and storage capacity are also investigated. 
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Nomenclature 

Superscripts 

DEG  Diesel engine generator 

BES, dch/ch Battery energy storage in discharging/charging mode 

HVAC, h/c Heating-ventilation-air conditioning system in heating/cooling mode 

w, h/c  Hot/cold water 

EWH  Electric water heating 

Fr  Freezer 

app  Appliances 

PV  Photovoltaic 

air, in/out Indoor/outdoor air 

sp/db  Set-point/dead-band 

u/l  Upper/lower 

food  Food 

build  Building 

(∙)/(∙)  Maximum/minimum value of a variable or parameter 

Index(Set) 

𝑠(𝒮)  Scenario 

𝑡(𝒯)  Time 

𝑖(𝒩)  Element of the building (wall, window…) 

Parameters & Variables 

𝜋  Probability (pu) 

∆𝜏  Time step (h) 

𝜎  Fuel cost ($/l) 

𝑎, 𝑏  Fuel consumption coefficients (l/kW) 

𝜇  CO2 emissions coefficient (kg/l) 

𝛾  Penalty term ($) 

𝜂  Efficiency (pu) 

𝑚  Mass (kg) 

𝐶  Heat or thermal capacity 

𝑅  Equivalent thermal resistance 

𝛽  Inclination of the roof (º) 

𝐿1, 𝐿2, 𝐿3 Dimensions of the building (m) 

𝐴  Area (m²) 

𝑙  Thickness (m)  

𝜑  Thermal coefficient (J/(h ∙ m ∙ °C)) 
𝜌  Density (kg/m³) 

COP  Coefficient of performance (pu) 

DOD  Depth of discharge (pu) 

e2P  Energy-to-power ratio (h) 

𝜃  Temperature (ºC) 

𝜗  Solar irradiation (kW/m²) 

𝑣  Volume (gal) 

𝜉  Thermal dispersion (kW/ºC) 

𝑝  Power (kW) 

𝜅  Portion of appliances demand satisfied (pu) 



𝜀  Energy stored (kWh) 

𝑦 Commitment status of assets (Binary) 

1.- Introduction 

Even nowadays, around 725 million people do not have access to electricity supply 

through the world [1]. That is the case of some isolated and remote areas, where extending 

the grid network is unrealistic due to extreme cost and technical difficulties. In such cases, 

deploying onsite generators is frequently the unique mean to meet electrical demand in 

off-grid houses [2]. In this context, photovoltaic (PV) units are recognised as an effective 

way to provide electrical supply in off-grid installations [3] and achieve some 

environmental goals such as those established by the European Union [4]. However, 

meeting generation and demand in off-grid homes is normally very difficult due to the 

unpredictable and intermittent behaviour of PV-based generators. On the face of this 

situation, many end-users install backup units such as diesel engine generators (DEG), 

which ensures the continuous energy supply. However, the usage of these devices is 

normally expensive and pollutant [5]. Strong evidences demonstrate that storage facilities 

suppose an effective way to drastically reduce fuel consumption and better match the 

generation-demand balance in standalone dwellings [6]. However, efficient and effective 

coordination of renewable-based generators, backup units and storage facilities is a not 

trivial task that difficulty can be handled for residential customers by their own [7]. This 

fact has motivated the wide development of home energy management (HEM) systems 

in recent dates [8, 9], which are able to coordinate the operation of the different home 

assets to achieve some predefined goals. 

Some HEM programs have been specifically developed for off-grid homes. Hou and 

Augenbroe [10] developed a model predictive control for an off-grid home with PV and 

wind-based generators and a battery energy storage (BES) system. The objective was to 

control a heating-ventilation-air conditioning (HVAC) system in order to minimize the 



non-served load while the thermal comfort of users is kept within acceptable limits. The 

problem of optimal scheduling home appliances in off-grid PV-wind-BES home systems 

has been profusely studied by Tuktun and other authors in several references [11-13]. 

Several metaheuristic techniques were proposed for solving the problem of optimally 

scheduling a series of controllable appliances with the aim of reducing the operational 

cost of the system. Results revealed that operation cost can be reduced up to 22% by using 

HEM algorithms. A heuristic algorithm was proposed in [14] for appliances scheduling 

of an isolated PV-DEG-BES residential system. The developed approach aimed at 

increasing the system efficiency by scheduling some controllable appliances at hours with 

high PV penetration. Ogunjuyigbe et. al. [15] used the Modified Mild Intrusive Genetic 

Algorithm for optimally scheduling domestic appliances on the basis of priority rules with 

the aim of reducing the non-satisfied demand on an off-grid PV-BES domestic system. 

Results showed that up to 99.84% of home demand was successfully satisfied by using 

the developed algorithm without necessity of backup generation. In [16] a HEM program 

was developed for managing an isolated residential PV-wind-BES system, which counts 

with a fuel cell as alternative backup generator. The proposed HEM performed on the 

basis of fuzzy logic rules, with the objective of fully satisfying the home demand reducing 

the usage of backup generation at minimum. Results showed that energy injected by the 

fuel cell can be reduced up to 4% through a year. Some planning software incorporate 

deterministic management routines for coordinating self-generation and storage facilities 

in off-grid systems. Such is the case of the software HOMER Pro® [17], which has been 

used by some authors in [5, 18] for optimally design standalone wind-DEG-BES home 

systems. The authors in [19] considered the Clonal selection algorithm for developing an 

optimal appliances scheduling tool for common residential feeder, in which the user 

scheduling preferences are considered within the objective function. Bouakkaz, et. al [20] 



demonstrated that peak demand can be notably reduced in isolated dwellings by 

incorporating HEM scheduling routines. The authors in [21] developed a HEM program 

which is solved by using the Particle Swarm Optimization technique for energy saving 

on an off-grid PV-wind-DEG-BES home system. Up to 64% energy saved can be reached 

by means of the scheduling algorithm. Cho and Valenzuela [22, 23] developed a Mixed-

Integer linear optimization framework for HEM on an PV-BES isolated system. The 

studied approach takes into account priority operation of home appliances. Results 

revealed that BES sizing has a stronger influence on energy saving than PV array peak 

power.  

Space heating-cooling and water heating supposed ~79% of overall energy 

consumption in European Union households through year 2018 [24]. This data reveals 

the importance of thermostatically controlled appliances such as HVAC, electric water 

heaters (EWHs) and freezers on energy saving [25, 26]. For off-grid users, temperature-

controlled appliances offer even wider capabilities. Rightly, such devices can be operated 

in a flexible way, relaxing the user thermal requirements in order to improve other 

indicators such as monetary expenditure, diesel consumption or reliability. This fact was 

clearly noticed in [27], where the authors reported that storage needs of an isolated PV-

BES home system can be reduced up to 50% if thermal inertia of thermostatically 

controlled appliances is taken into account. Despite these evidences, to the best of our 

knowledge, the state-of-art HEM systems for isolated dwellings do not fully exploit the 

flexibility of temperature-based appliances. From our point of view, the following 

literature gaps are especially remarkable. 

 Although inertia of temperature-controlled appliances is correctly interpreted in 

[27], thermal characteristics of the building are not considered at all. 



 Thermostatically-controlled appliances are not considered in most HEM systems 

while those proposed in [10, 27] only operate them in a rigid manner, which does 

not allow to fully exploit their capabilities. 

 To the best of our knowledge, a comparative study among the most typical 

thermostatically-controlled appliances have not been carried out yet, in order to 

determine which one provides more flexibility and enables greater benefits in 

off-grid dwellings. 

This research develops a Mixed-Integer linear thermal models of the building 

comprising HVAC system, EWH and freezer which are integrated in a developed 

scenario-based HEM framework. Specifically, the main contributions which aim at filling 

the gaps listed above are:  

 The developed HEM framework includes a thermal model of the building, which 

serves to determine the indoor temperature as a function of the outdoor 

temperature and the constructive characteristics of the dwelling. 

 Two operational modes for thermostatically controlled appliances are proposed, 

by which these devices can be operated in either a flexible or non-flexible way. 

While the former operational mode is oriented to energy saving goals, the latter 

one pursues to satisfy the thermal comfort objectives of the home users. 

 Various results are obtained on a standard off-grid PV-DEG-BES house, which 

serve to illustrate the flexibility capabilities that temperature-controlled 

appliances can offer to enable a more efficient operation of standalone dwellings. 

Remainder of this paper is organized as follows. Section 2 overviews the off-grid 

HEM structure studied in this work. Section 3 details the flexible and non-flexible 

operational modes of several thermostatically controlled appliances proposed in this 

research. Section 4 describes the objective function of the proposed HEM system. The 



mathematical models of the home components are described throughout Section 5. 

Section 6 provides and explains various relevant results. Finally, this paper is concluded 

with Section 7. 

2.- Overview of the off-grid home system under study 

Isolated home systems typically involve a series of devices and components (see Fig. 

1), which are briefly described below: 

 Small renewable-generation: onsite generators on both off-, and on-grid homes 

are normally based on renewable sources such as wind and solar energy [28]. 

Generation of these units is normally subjected to unpredictable and stochastic 

behaviour of weather parameters. 

 Backup generation: off-grid homes normally incorporate a backup generator 

based on fossil fuels such as a DEG. Nevertheless, other kind of units have been 

considered like fuel-cells [16]. The backup generator ensures the continuous 

supplying of electrical energy to home loads.  

 Storage facilities: battery-, thermal-, or hydrogen-based storage facilities are 

frequently used in off-grid homes to manage with intermittent behaviour of 

renewable-based units. A typical operating cycle in PV-BES systems consists of 

charging the storage system during central hours, when PV generation is 

available, and injecting the energy stored during night [23]. 

 Conventional appliances: it refers to TV, washing machine, computers or 

whatever other typical device used for home inhabitants. It is assumed that such 

kind of appliances cannot be controlled, as them are operated under user decisions. 

 Thermostatically controlled appliances: this kind of appliances are controlled 

based on temperature set-points. Such set-points are typically set in thermostats 

and correspond with the desired temperature of different elements such as indoor 



air, hot water or frozen food. Typical examples are HVAC systems, EWHs and 

freezers. 

 HEM system: it is devoted on efficiently managing the different energy resources 

available in the home. A HEM system for an isolated dwelling should be able to 

optimally schedule the operation of generation units, storage facilities and 

controllable appliances in a coordinate perspective, with the aim of achieving 

some goals such as diesel consumption reduction. 

Henceforth, it is assumed that some necessary weather parameters (e.g. solar 

irradiation and outdoor temperature), can be day-ahead forecasted with sufficiently 

accuracy. These data serve as input for the HEM system, which performs a day-ahead 

optimal scheduling program for the onsite generator, storage systems and thermostatically 

controlled appliances deployed through the home. 

 
Fig. 1 Pictorial representation of a typical off-grid home system 

3.- Proposed flexible operational modes of thermostatically controlled appliances 

This paper is focused on thermostatically controlled appliances. As commented, this 

kind of devices are operated on the basis of temperature signals, which are sent by the 

HEM system. The main objective of the temperature-based appliances is to keep some 

thermal parameters within acceptable limits and as close to the temperature set-point as 

possible. However, in most cases these thermal requirements might be relaxed if other 



benefits are obtained as counterpart. In other words, the thermostatically controlled loads 

can be operated in flexible and non-flexible modes. Typically, the HEM system is capable 

to decide when a thermal device should be operated under each mode on the basis of user 

preferences. In this research, flexible operational modes of three common 

thermostatically controlled appliances (namely HVAC system, EWH and freezer) are 

developed. The introduced strategies are based on allowing wider operational ranges 

which are assumed not to be desired but acceptable yet for home users. The developed 

operational modes are illustrated in Fig. 2 and explained through the following sub-

sections. 

 
Fig. 2 Illustration of the principles of flexible and non-flexible operational modes of HVAC 

system (left), EWH (middle) and freezer (right) 

3.1.- HVAC system 

The main end of a HVAC system is to keep the indoor temperature within acceptable 

comfort premises. To this end, this appliance can be operated in heating and cooling 

modes as required. The HEM program sends a temperature set-point to the HVAC system, 

which corresponds to the desired room temperature. A dead-band is typically established 

around the set-point in order to avoid an undesirable frequent operation of the HVAC 

system [29]. In the developed HEM framework, it is assumed that the HVAC operational 

dead-band can be adjusted within a predefined range (maximum-minimum dead-band). 

Intuitively, thermal comfort is compromised as dead-band is made wider, however, a 

more flexible operation of the home system is expected since thermal constraints are 

relaxed. 

3.2.- EWH 



Under normal control premises, operational range of the EWH spans over a set-point 

and a maximum hot water temperature threshold, which is established for security [29]. 

In order to make the operational principle of the EWH more flexible, let us assume that 

home users may be willing to set the hot water temperature on some point below the 

specified set-point, which corresponds in this case with the most comfortable hot water 

temperature. Thus, operational range of the EWH would span from the established 

minimum temperature threshold to the maximum one. Obviously, some benefits should 

be obtained as counterpart as it is assumed that the lowest threshold does not suppose a 

comfortable, but acceptable yet, water temperature for home user applications such as 

shower and dish washing. 

3.3.- Freezer 

A freezer is used to maintain a temperature level that allows proper conservation of 

the food inside it. Normally, a freezer is operated over a narrow interval which spans from 

a minimum temperature to the specified set-point, i.e. the most adequate temperature for 

a proper conservation of the food inside the freezer. Nevertheless, this device could be 

operated in a more flexible way allowing the temperature varies from the established 

minimum temperature to a specific upper bound above the set-point. The allowable high 

temperature of the freezer would be assumed as non-ideal but suitable yet for food 

conservation [30]. 

4.- Objective function of the developed HEM system 

This section is devoted on describing the objective function of the developed HEM 

system. It responds to the benchmark off-grid smart home layout described in Section 2 

and encompasses the monetary expenditures due to fuel consumption besides penalty 

terms referred to thermal demands and non-satisfied demand. This way, flexible and non-



flexible operation of the thermostatically controlled appliances can be controlled and 

quantified, enabling their analysis. 

4.1.- Assumptions 

In the mathematical HEM model presented in sections 4 and 5, several assumptions 

have been considered. Firstly, degradation and maintenance costs of the BES and PV 

array are not taken into account. This simplification is assumable in most cases as the fuel 

cost is typically much more significant [29]. In addition, the inclusion of additional costs 

in the objective function of the HEM program may provoke undesirable behaviours as 

the DEG may be priority operated even when PV generation is available. Secondly, 

rectangular geometry is assumed for the building. Thirdly, when hot water is drawn from 

the EWH, then it is completely replenished by cold water. Finally, all the considered 

thermostatically controlled loads are assumed to be installed inside the house. 

4.2.- Objective function 

The developed HEM system is formulated as a scenario-based optimization approach. 

Several requirements are included in the objective function. On the one hand, the 

minimization of the fuel cost in which the system incurs due to DEG generation. 

Secondly, the possible drawbacks induced by non-satisfied demand are penalized. Last, 

some thermal needs and comfort requirements are quantitatively included. 

Mathematically, these objectives are jointly encompassed in a single-objective function 

with controllable penalty terms, which are devoted on weighting the importance of the 

different terms involved. The different 𝑐’s functions in (1) are the costs terms which 

compose the objective function. Firstly, 𝑐DEG denotes the monetary expenditures due to 

fuel consumption. Secondly,  𝑐HVAC, 𝑐EWH and 𝑐Fr are cost functions that aim at 

penalizing the non-compliance of thermal needs. The penalty term 𝛾Th in (1) serves to 

tune the importance given to thermal comfort. This way, the larger value of 𝛾Th, the more 



thermal comfort-oriented the HEM system is. Similarly, the term 𝑐app penalizes the non-

satisfied appliances demand. Assuming that the DEG is properly sized to satisfy the peak 

home demand, the penalty term 𝛾app in (1) can be fixed arbitrarily large if one desires 

that home demand was fully covered. With these considerations, the objective function 

for our proposal is given by: 

min
Φ
∑ {𝜋𝑠 ∙ (𝑐𝑠

DEG +
𝛾Th

3
∙ [𝑐𝑠

HVAC + 𝑐𝑠
EWH + 𝑐𝑠

Fr] + 𝛾app ∙ 𝑐𝑠
app
)}∀𝑠∈𝒮  (1) 

where 𝑠(𝒮) is the index(set) for scenarios; 𝜋 indicates the probability of each scenario; 

𝛾Th and 𝛾app are penalty terms for thermal requirements and appliances non-satisfied 

demand, respectively; and Φ is the vector of decision variables which is defined in this 

case as follows: 

Φ =

{
 
 

 
 𝑝𝑠|𝑡

PV, 𝑝𝑠|𝑡
BES,dch, 𝑝𝑠|𝑡

BES,ch, 𝑝𝑠|𝑡
HVAC,h, 𝑝𝑠|𝑡

Fr , 𝑝𝑠|𝑡
EWH,

𝑝𝑠|𝑡
HVAC,c, 𝑦𝑠|𝑡

BES,d, 𝑦𝑠|𝑡
BES,c, 𝑦𝑠|𝑡

HVAC,h, 𝑦𝑠|𝑡
HVAC,c,

𝑦𝑠|𝑡
DEG, 𝜅𝑠|𝑡, 𝜃𝑠|𝑡

HVAC,db, 𝜃𝑠|𝑡
EWH,db,u, 𝜃𝑠|𝑡

EWH,db,l,

𝜃𝑠|𝑡
EWH,db,u, 𝜃𝑠|𝑡

EWH,db,l, 𝜃𝑠|𝑡
w,h, 𝜃𝑠|𝑡

Fr , 𝜃𝑠|𝑡
air,in

}
 
 

 
 

; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (2) 

where 𝑡(𝒯) is the index(set) for time intervals; 𝑝 indicates power; 𝑦 is the commitment 

status of assets; 𝜅 indicates the portion of the actual appliances demand that is satisfied; 

𝜃 is temperature; ‘PV’ and ‘DEG’ make mention to PV array and DEG unit, respectively; 

‘BES, dch’ and ‘BES, ch’ refer to the BES in discharging and charging modes, 

respectively; ‘HVAC, h’ and ‘HVAC, c’ stands for the HVAC system in heating and 

cooling modes, respectively; ‘Fr’ and ‘EWH’ indicate the variables and parameters 

related to the freezer and EWH, respectively; ‘db’ means dead-band while ‘u’ and ‘l’ 

stand for ‘upper’ and ‘lower’, respectively; ‘w, h’ makes mention to the hot water; while 

‘air, in’ is referred to the indoor air. The different terms that compose the objective 

function are presented and explained below. 



For small-scale devices, the fuel consumption (in litres) of DEG units can be 

calculated as a function of the rated and delivered powers [5], as follows: 

𝐹𝑠
DEG = ∑ {𝑎DEG ∙ 𝑝𝑠|𝑡

DEG} + 𝑏DEG ∙ 𝑝
DEG

∀𝑡∈𝒯 ;  ∀𝑠 ∈ 𝒮 (3) 

where 𝑎DEG and 𝑏DEG are the fuel coefficients; and 𝑝
DEG

 is the rated power of the DEG 

unit. The expression (3) allows to calculate the daily monetary expenditures due to fuel 

consumption for the scenario 𝑠 by simply including the fuel cost 𝜎DEG, as follows: 

𝑐𝑠
DEG = 𝜎DEG ∙ 𝐹𝑠

DEG;  ∀𝑠 ∈ 𝒮 (4) 

Such cost functions which take into account thermal premises (e.g. ambient comfort 

and required temperature for proper conservation of frozen food) in the objective function 

are respectively formulated for the HVAC system, EWH and freezer, as follows. 

𝑐𝑠
HVAC =

∑ {𝜃𝑠|𝑡
HVAC,db}∀𝑡∈𝒯

𝒯∙𝜃
HVAC,db ;  ∀𝑠 ∈ 𝒮 (5) 

𝑐𝑠
EWH =

1

𝒯
∙ (

∑ {𝜃𝑠|𝑡
EWH,db,l}∀𝑡∈𝒯

𝜃w,h,sp−𝜃w,h
+
∑ {𝜃𝑠|𝑡

EWH,db,u}∀𝑡∈𝒯

𝜃̅w,h−𝜃w,h,sp
) ; ∀𝑠 ∈ 𝒮 (6) 

𝑐𝑠
Fr =

1

𝒯
∙ (

∑ {𝜃𝑠|𝑡
Fr,db,l}∀𝑡∈𝒯

𝜃Fr,sp−𝜃Fr
+
∑ {𝜃𝑠|𝑡

Fr,db,u}∀𝑡∈𝒯

𝜃̅Fr−𝜃Fr,sp
) ; ∀𝑠 ∈ 𝒮 (7) 

where ‘sp’ refers to set-point; whereas (∙) and (∙) indicate the maximum and minimum 

value of a variable or parameter, respectively. Rightly, the equations (5)-(7) aim at 

quantifying how far the observed indoor, hot water and freezer temperature are from their 

respective set-points over the time horizon 𝒯. Therefore, by the costs above, it is assumed 

that home users would desire that the thermostatically controlled appliances were able to 

maintain the temperature as close to the established set-points as possible. In fact, the 

equations (5)-(7) would be equal to zero if the temperatures are equal to their respective 

set-points ∀𝑡 ∈ 𝒯. This way, if the thermal requirements are perfectly compliance, the 

cost functions (5)-(7) do not have any impact on the objective function. 

Similar to (5)-(7), the cost function that measures the satisfaction due to appliances 

demand satisfied is given by: 



𝑐𝑠
app

=
∑ {1−𝜅𝑠|𝑡}∀𝑡∈𝒯

𝒯
;  ∀𝑠 ∈ 𝒮 (8) 

It is worth noting that (5)-(8) range from 0 to 1. Thereby, they can be straightforward 

quantified, making easier their qualitative evaluation. This is the reason why the three 

terms devoted on thermal demands are divided by 3 in (1). Thereupon, both the second 

and third terms in the objective function are ranged from 0 to 𝛾Th and 𝛾app, respectively, 

facilitating their tuning settings. 

5.- Modelling the home components 

While the previous section was devoted on defining the objective function of the 

developed HEM system, the component models are described throughout this section. 

These mathematical models are incorporated within the developed HEM framework as 

inequality/equality constraints. The developed flexible and non-flexible operational 

modes of the thermostatically controlled appliances are similarly described in Section 5.5. 

5.1.- Thermostatic model of the building 

Assuming rectangular geometry, both the equivalent thermal resistance of the house 

and the mass of air inside it can be calculated by using the equations (9) and (10), 

respectively [29]. 

𝑅build =
1

𝒩
∙ ∑ {

𝑙𝑖

𝜑𝑖∙𝐴𝑖
}∀𝑖∈𝒩  (9) 

𝑚air,in = 𝜌air ∙ (𝐿1 + 𝐿2 + 𝐿3 + tan(𝛽) ∙ 𝐿1 ∙ 𝐿2) (10) 

where 𝑖(𝒩) is the index(set) for building elements (walls, windows…); 𝑙, 𝐴 and 𝜑 are the 

thickness, area and thermal coefficient of each building element; 𝜌air is the density of air; 

𝐿’s are the dimension of the building; and 𝛽 is the roof angle. 

5.2.- Modelling the PV array 

The expected available solar generation is influenced by some weather parameters 

such as outdoor temperature and solar irradiation. Once these parameters are available in 



some manner, the maximum instantaneous power that a PV array could deliver can be 

calculated as follows [31]: 

𝜙𝑠|𝑡
PV = 𝑝

PV
∙ 𝜗𝑠|𝑡 ∙ {0.8 + 0.024 ∙ (𝜃𝑠|𝑡

air,out + 𝜗𝑠|𝑡 ∙ [33.8 − 37.5 ∙ 𝜂
PV] − 25)}; ∀𝑠 ∈

𝒮, ∀𝑡 ∈ 𝒯 (11) 

where 𝑝
PV

 is the rated power of the PV array; 𝜗 is the solar irradiance; ‘air, out’ refers to 

the outdoor air; and 𝜂 means efficiency. However, the equation (11) does not impose 

limits over the PV generation. In other words, the value of (11) may be higher than 𝑝
PV

. 

This issue can be clearly checked since the term that multiplies the rated power of the PV 

array in (11) may be occasionally higher than 1. In practise, solar inverters typically 

impose limits on the power that a PV array can give in order to avoid fast degradations or 

failure of components. This restriction is modelled by the constraint (12). 

0 ≤ 𝑝𝑠|𝑡
PV ≤ {

𝜙𝑠|𝑡
PV,   if 𝜙𝑠|𝑡

PV ≤ 𝑝
PV

𝑝
PV
,                   o. w.

;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (12) 

In (12), the power given by the PV array may vary from zero to its rated value. This 

is possible since this value is included as a decision variable in the HEM framework rather 

than a bound parameter. This approach aims at modelling a real-life situation, in which 

the delivered power of a solar panel may be fixed lower than the expected one (𝜙𝑠|𝑡
PV) if 

needed. Indeed, during hours with high PV production, may occur that solar generation 

cannot be totally exploited due to low demand and fully charged status of the storage 

facilities. In such circumstances, surplus energy has to be dissipated in dump loads [32]. 

5.3.- Modelling the DEG 

Typically, DEGs work within a specific range which is facilitated by manufacturers 

[33]. This principle is imposed by the constraint (13). 

𝑦𝑠|𝑡
DEG ∙ 𝑝DEG ≤ 𝑝𝑠|𝑡

DEG ≤ 𝑦𝑠|𝑡
DEG ∙ 𝑝

DEG
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (13) 

where 𝑝DEG is the minimum dispatchable power of the DEG unit. 



5.4.- Modelling the BES 

In this work, a conventional model for the BES is considered [31]. The maximum 

power that the BES can exchange with the home is limited by its capacity and energy-to-

power ratio [34], as said by the equation (14). The equation (15) models the state of charge 

of the BES, which is bounded by its capacity and the specified depth of discharge, as 

imposed by the constraint (16). It is assumed that charging and discharging processes of 

the BES are complementary, as forced by the equation (17). As customary (e.g. see [35]), 

the initial and final state of charge of the BES are forced to be equal to the total capacity 

of the battery bank by the constraint (18). 

0 ≤ 𝑝𝑠|𝑡
BES,𝑖 ≤ 𝑦𝑠|𝑡

BES,𝑗
∙
𝜀
BES

e2PBES
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯, ∀𝑗 ∈ {ch, dch} (14) 

𝜀𝑠|𝑡
BES = 𝜀𝑠|𝑡−1

BES + ∆𝜏 ∙ (𝑝𝑠|𝑡−1
BES,ch ∙ 𝜂BES,ch −

𝑝𝑠|𝑡−1
BES,dch

𝜂BES,dch
) ; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯\𝑡 > 1 (15) 

𝜀
BES

∙ (1 − DODBES) ≤ 𝜀𝑠|𝑡
BES ≤ 𝜀

BES
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (16) 

∑ {𝑦𝑠|𝑡
BES,𝑗

}∀𝑗∈{ch,dch} ≤ 1; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (17) 

𝜀𝑠|1
BES = 𝜀𝑠|𝒯

BES = 𝜀
BES

;  ∀𝑠 ∈ 𝒮 (18) 

where 𝜀 denotes the energy stored; ∆𝜏 is the time step; and DOD is the depth-of-discharge 

setting. 

5.5.- Thermostatically controlled appliances 

In this head, the flexible and non-flexible operational modes for the HVAC system, 

EWH and freezer are presented. It is assumed the power consumption of these devices 

may vary from zero (off) to their rated power in order to continuously control the 

corresponding temperatures. This is possible by means of modulating controllers which, 

contrarily to on/off control mechanisms, allow a smooth control of the energetic 

consumption [36]. Nowadays, this task may be effectively performed through smart 

thermostats/plugs [37, 38], which can be scheduled so that the necessity of manually 

operating the temperature-controlled devices is avoided. 

5.5.1.- Modelling the HVAC system 



In this research, a thermal resistance-based model of the building is used to determine 

the air indoor temperature at any time instant. This model, is naturally based on 

differential equations. Nevertheless, it can be linearized under some plausible 

assumptions [29, 39] in order to simplify the overall formulation. Thus, the indoor 

temperature is included as a variable in the problem and determined by the equation (19). 

Equation (19) yields the indoor air temperature as a function of the value at the previous 

time slot and a series of heat transfer effects (𝑞’s functions). Indeed, the second term in 

(19) stands for the temperature variation due to heat transfer from indoor to outdoor 

through home walls; similarly, the third term in (19) yields the temperature variation due 

to heat gain from outdoor to indoor; last, the fourth term indicates the variation of indoor 

temperature due to the action of the HVAC system. 

𝜃𝑠|𝑡
air,in = 𝜃𝑠|𝑡−1

air,in − 𝑞𝑠|𝑡−1
in→out + 𝑞𝑠|𝑡−1

out→in + 𝑞𝑠|𝑡−1
HVAC = 𝜃𝑠|𝑡−1

air,in −
∆𝜏

103∙𝑚air,in∙𝐶air,in∙𝑅build
∙

𝜃𝑠|𝑡−1
air,in +

∆𝜏

103∙𝑚air,in∙𝐶air,in∙𝑅build
∙ 𝜃𝑠|𝑡−1

air,out +
∆𝜏∙(𝑝𝑠|𝑡−1

HVAC,h−𝑝𝑠|𝑡−1
HVAC,c)

0.000277∙𝑚air,in∙𝐶air,in
∙ COPHVAC;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈

𝒯\𝑡 > 1 (19) 

where 𝐶air,in is the heat capacity of the air; and COPHVAC is the coefficient of performance 

of the HVAC system. 

As commented, the HVAC is devoted on keeping the temperature inside the building 

within comfortable limits. The equation (20) imposes that consumption of the HVAC 

appliances cannot be higher than its rated power. On the other hand, the constraint (21) 

forces heating and cooling modes of the HVAC system to be complementary processes. 

0 ≤ 𝑝𝑠|𝑡
HVAC,𝑗

≤ 𝑦𝑠|𝑡
HVAC,𝑗

∙ 𝑝
HVAC

;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯, ∀𝑗 ∈ {h, c} (20) 

∑ {𝑦𝑠|𝑡
HVAC,𝑗

}∀𝑗∈{h,c} ≤ 1; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (21) 

As commented, a dead-band is typically included in order to avoid frequent operation 

of the HVAC system, nevertheless, it is realistic to assume that the dead-band is upper 

bounded in order to avoid the indoor temperature takes unacceptable values. These 

conditions are modelled by the constraints (22) and (23), respectively. 



𝜃HVAC,sp − 𝜃𝑠|𝑡
HVAC,db ≤ 𝜃𝑠|𝑡

air,in ≤ 𝜃HVAC,sp + 𝜃𝑠|𝑡
HVAC,db;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (22) 

0 ≤ 𝜃𝑠|𝑡
HVAC,db ≤ 𝜃

HVAC,db
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (23) 

The model (19) requires the initial indoor temperature to be fixed. In this paper, it is 

assumed that the HVAC system is normally operated in a non-flexible manner. This way, 

indoor temperature can be maintained reasonably near to the desired set-point. Under 

these assumptions, the initial indoor temperature is forced to be equal to the HVAC set-

point as indicated the constraint (24). 

𝜃𝑠|1
air,in = 𝜃HVAC,sp;  ∀𝑠 ∈ 𝒮 (24) 

If the HVAC system is operated under the flexible mode described in Section 2, it is 

assumed that the home users are willing to let the indoor temperature varies according to 

(22) over the considered time horizon. In contrast, if the non-flexible mode is activated, 

the overall model should be consistent with (24) and, similar to the BES, the constraint 

(25) has to be imposed. 

𝜃𝑠|𝒯
air,in = 𝜃HVAC,sp;  ∀𝑠 ∈ 𝒮 (25) 

5.5.2.- Modelling the EWH 

As in the case of the HVAC system, the hot water temperature can be modelled by 

linearized differential equations. According to [29, 40], when the hot water consumption 

is zero, the hot water temperature inside the EWH may be determined by (26). Equation 

(26) is similar to (19) as the hot water temperature is modelled as a function of the value 

at the previous time step and a series of heat transfer effects. Thus, the second term in 

(26) reflects the temperature variation due to EWH operation; while the third term above 

stands for the heat transfer effect from the water tank to the home. 

𝜃𝑠|𝑡+1
w,h = 𝜃𝑠|𝑡

w,h + 𝑞𝑠|𝑡
EWH − 𝑞𝑠|𝑡

EWH→in = 𝜃𝑠|𝑡
w,h + 𝑝𝑠|𝑡

EWH ∙ 𝜂EWH ∙ 𝐶w,h − (𝜃𝑠|𝑡
air,in −

𝜃𝑠|𝑡
w,h)𝑒

(
−∆𝜏

𝑅w,h∙𝐶w,h
)
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯\𝑡 < 𝒯, 𝑣𝑠|𝑡

w,h = 0 (26) 



where 𝐶w,h and 𝑅w,h are the thermal capacitance and resistance of the water, respectively; 

and 𝑣w,h stands for the volume of hot water consumption.  

During those time steps in which the hot water consumption is greater than zero, the 

hot water temperature is calculated by (27). 

𝜃𝑠|𝑡+1
w,h =

𝜃𝑠|𝑡
w,h∙(𝑣

EWH
−𝑣𝑠|𝑡

w,h)+𝜃w,c∙𝑣𝑠|𝑡
w,h

𝑣
EWH ;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯\𝑡 < 𝒯, 𝑣𝑠|𝑡

w,h > 0 (27) 

where ‘w, c’ refers to the cold water; and 𝑣
EWH

 is the capacity of the EWH. Rightly, the 

equation (27) takes into account the temperature variation due to the volume of cold water 

that refills the tank. 

The EWH model is completed by upper bounding its power consumption to its rated 

value, as said the constraint (28). 

0 ≤ 𝑝𝑠|𝑡
EWH ≤ 𝑝

EWH
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (28) 

According to the non-flexible mode described in Section 2 for the EWH, the hot water 

temperature may vary from the EWH set-point to a specified upper bound. On the other 

hand, under flexible operability conditions, this constraint is relaxed and the EWH 

temperature may be eventually lower than the desired set-point but higher than a lower 

threshold yet. In this study, this operational principle is modelled by fictitious dead-bands. 

Thus, the equations (29) and (30) define the limits imposed over the hot water temperature 

under non-flexible and flexible operational modes, respectively. In order to be coherent 

to the premises described in Section 2, the modelled fictitious dead-bands have to be 

upper bounded by the constraints (31) and (32). Finally, similar to the HVAC system, the 

initial EWH temperature is set by the constraint (33) while (34) is only imposed under 

non-flexible operational principles. 

𝜃w,h,sp ≤ 𝜃𝑠|𝑡
w,h ≤ 𝜃w,h,sp + 𝜃𝑠|𝑡

EWH,db,u;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (29) 

𝜃w,h,sp − 𝜃𝑠|𝑡
EWH,db,l ≤ 𝜃𝑠|𝑡

w,h ≤ 𝜃w,h,sp + 𝜃𝑠|𝑡
EWH,db,u;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (30) 

0 ≤ 𝜃𝑠|𝑡
EWH,db,u ≤ (𝜃

EWH
− 𝜃w,h,sp) ; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (31) 



0 ≤ 𝜃𝑠|𝑡
EWH,db,l ≤ (𝜃w,h,sp − 𝜃EWH); ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (32) 

𝜃𝑠|1
w,h = 𝜃EWH,sp;  ∀𝑠 ∈ 𝒮 (33) 

𝜃𝑠|𝒯
w,h = 𝜃EWH,sp;  ∀𝑠 ∈ 𝒮 (34) 

5.5.3.- Modelling the freezer 

Similar to the other thermostatically controlled loads, the temperature inside the 

freezer can be modelled by linearized differential equations as in (36) [41]. In (36), the 

second term indicates the effect of the freezer operation; the second term yields the 

temperature variation due to the mass of flood that is extracted from the freezer; while 

the fourth term stands for the heat transfer from the freezer to the home. 

𝜃𝑠|𝑡+1
Fr = 𝜃𝑠|𝑡

Fr − 𝑞𝑠|𝑡
Fr − 𝑞𝑠|𝑡

food − 𝑞𝑠|𝑡
Fr→in = 𝜃𝑠|𝑡

Fr −
1

𝐶Fr
∙ Δ𝜏 ∙ 𝑝𝑠|𝑡

Fr ∙ COPFr −
𝑚𝑠|𝑡
food

𝑚
Fr ∙ (𝜃𝑠|𝑡

Fr −

𝜃food) −
1

𝐶Fr
∙ 𝜉Fr ∙ Δ𝜏 ∙ (𝜃𝑠|𝑡

Fr − 𝜃𝑠|𝑡
air,in); ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯\𝑡 < 𝒯 (36) 

where COPFr is the coefficient of performance of the freezer; 𝑚food stands for the mass 

of food consumption; 𝐶Fr and 𝜉Fr are the heat capacity and thermal dispersion of the 

freezer, respectively; and 𝑚
Fr

 is the total mass capacity of the freezer. On the other hand, 

the constraint (37) upper bounds the power consumption of the freezer. 

0 ≤ 𝑝𝑠|𝑡
Fr ≤ 𝑝

Fr
;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (37) 

Similar to the EWH, fictitious dead-bands strategy is used to model the operational 

modes of the freezer. This way, the constraint (38) is imposed for the non-flexible 

operational mode while (39) is contemplated under flexible operational principles. For 

remainder of the freezer model (40)-(43), the same principles explained for the EWH can 

be extended to this case. 

𝜃Fr,sp − 𝜃𝑠|𝑡
Fr,db,l ≤ 𝜃𝑠|𝑡

Fr ≤ 𝜃Fr,sp;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (38) 

𝜃Fr,sp − 𝜃𝑠|𝑡
Fr,db,l ≤ 𝜃𝑠|𝑡

Fr ≤ 𝜃Fr,sp + 𝜃𝑠|𝑡
Fr,db,u;  ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (39) 

0 ≤ 𝜃𝑠|𝑡
Fr,db,u ≤ (𝜃

Fr
− 𝜃Fr,sp) ; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (40) 

0 ≤ 𝜃𝑠|𝑡
Fr,db,l ≤ (𝜃Fr,sp − 𝜃Fr); ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (41) 

𝜃𝑠|1
Fr = 𝜃Fr,sp;  ∀𝑠 ∈ 𝒮 (42) 

𝜃𝑠|𝒯
Fr = 𝜃Fr,sp;  ∀𝑠 ∈ 𝒮 (43) 



 

5.6.- Home balance 

To complete the HEM model, a home energy balance contemplating non-satisfied 

demand is established as follows: 

𝑝𝑠|𝑡
DEG + 𝑝𝑠|𝑡

BES,dch + 𝑝𝑠|𝑡
PV = 𝑝𝑠|𝑡

BES,ch + 𝑝𝑠|𝑡
HVAC,h + 𝑝𝑠|𝑡

HVAC,c + 𝑝𝑠|𝑡
Fr + 𝑝𝑠|𝑡

EWH + 𝜅𝑠|𝑡 ∙

𝑝𝑡
app
; ∀𝑠 ∈ 𝒮, ∀𝑡 ∈ 𝒯 (44) 

6.- Case study 

Throughout this section, various results are presented and commented in order to 

illustrate the behaviour of the considered thermostatically controlled loads under the 

flexible and non-flexible modes described in Section 2, and analyse how these operational 

principles affect to the home operation. To that end, the HEM model developed in Section 

4 has been coded under Matlab R2019a environment, and solved with 30-min time 

resolution over a 24 h time horizon using Gurobi [42] on an Intel® Core™ i5-9400F 2.90 

GHz 8.00 GB RAM personal computer.  

6.1.- Input data 

The different parameters considered for simulations have been extracted from 

different references [5, 29, 35, 41] and are collected in Tables 1-7. Three scenarios 

(optimist, average, pessimist) with same probability are considered for PV generation 

which are plotted in Fig. 3. As seem, the scenario 1 can be considered optimist while the 

scenario 3 is the most unfavourable. The home appliances demand is shown in Fig. 4 

which is based on typical home demand profiles such as those reported in [43]. Fig. 5 

shows the hot water and food demand over the time horizon. To build these profiles, it 

has been taken into account that 10 and 3 litres are consumed on average in each shower 

and dish washing event, respectively [41]. On the other hand, it is assumed that breakfast, 

lunch, snack and dinner are the most significant ‘food events’ during a day. According to 



[41], 5 kg of food are consumed on average each lunch and dinner, while only 2 kg are 

ingested during breakfast and snack. 

Table 1 - Parameters of the PV array 

Parameter Value 

Peak power 1 kWp 

Efficiency 16.7% 

Table 2 - Parameters of the BES 

Parameter Value 

Capacity 2 kWh 

Energy-to-power ratio 4 h 

Charging/discharging efficiency 98% 

Depth of discharge 60% 

Table 3 - Parameters of the DEG 

Parameter Value 

Rated power 3 kW 

Minimum power 100 W 

𝑎DEG 0.08415 litre/kW 

𝑏DEG  0.246 litre/kW 

Fuel cost 2 $/litre 

CO2 emiss. factor 2.4 kg/litre 

Table 4 - Structural parameters of the building 

Parameter Value Parameter Value 

Length (𝐿1) 30 m Area of windows 1 m² 

Width (𝐿2) 10 m Wall thermal coeff. 136.8 J/(h ∙ m ∙ °C) 
Height (𝐿3) 4 m Window thermal coeff. 2,808 J/(h ∙ m ∙ °C) 
Roof angle 40º Thickness of walls 0.15 m 

Nº of windows 6 Thickness of windows 0.05 m 

Table 5 - Characteristics of the HVAC system 

Parameter Value 

Rated power 2 kW 

Coeff. of performance 2 

Set-point 23 ºC 

Heat capacity of the air 1.01 kJ/(kg ∙ °C) 
Max. dead-band 3 ºC 

Min. dead-band 0.5 ºC 

Table 6 - Characteristics of the EWH 

Parameter Value Parameter Value 

Rated power 2.1 kW Min. Temperature 40 ºC 

Efficiency 90% Cold water temperature 10 ºC 

Capacity 50 gallons 
Equivalent thermal 

resistance 

1.52 kW/ºC 

Set-point 45 ºC Heat capacity of the 

water 

863.4 kWh/ºC 

Max. Temperature 60 ºC 



Table 7 - Characteristics of the freezer 

Parameter Value Parameter Value 

Rated power 120 W Set-point -18 ºC 

Coeff. of 

performance 
2 Max. Temperature -15 ºC 

Capacity 170 kg Min. Temperature -22 ºC 

Thermal dispersion 0.000531 kW/ºC Heat capacity of the 

freezer 
0.000453 kWh/ºC 

Food temperature -1 ºC 

 
Fig. 3 Solar irradiation (upper) and outdoor temperature (bottom) considered in simulations 

 
Fig. 4 Appliances demand considered in simulations 

 
Fig. 5 Hot water demand and food consumption considered in simulations 

6.2.- Indicators 

To evaluate the impact of flexibility brought by thermostatically controlled 

appliances, some helpful indicators are considered. On the one hand, DEG energy 

generated, fuel consumption, fuel cost and CO2 emissions are respectively defined by 

(45)-(48). 

DEG energy = ∑ {∆𝜏 ∙ 𝜋𝑠 ∙ [∑ (𝑝𝑠|𝑡
DEG)∀𝑡∈𝒯 ]}∀𝑠∈𝒮  (45) 

Fuel consumption (litres) = ∑ {𝜋𝑠 ∙ 𝐹𝑠
DEG}∀𝑠∈𝒮  (46) 



Fuel cost ($) = ∑ {𝜋𝑠 ∙ 𝜎
DEG ∙ 𝐹𝑠

DEG}∀𝑠∈𝒮  (47) 

CO2 emissions (kg) = ∑ {𝜋𝑠 ∙ 𝜇
DEG ∙ 𝐹𝑠

DEG}∀𝑠∈𝒮  (48) 

On the other hand, it is well-known that lifecycle of a BES is strongly influenced by 

the total charging-discharging cycles completed through a year [34, 35]. For our case, this 

factor can be calculated as follows: 

Char/Dis BES cycles = ∑ {
𝜋𝑠∙∆𝜏

2∙𝜀
BES (∑ [𝑝𝑠|𝑡

BES,ch ∙ 𝜂BES,ch −
𝑝𝑠|𝑡
BES,dch

𝜂BES,dch
]∀𝑡∈𝒯 )}∀𝑠∈𝒮  (49) 

6.3.- Results 

6.3.1.- Influence of thermal requirements 

Firstly, it is analysed the impact of users’ thermal requirements (considered in the 

objective function by the penalty term 𝛾Th) on the flexible modes proposed for 

thermostatically controlled loads. To that end, it is considered that home inhabitants 

consider essential to fully satisfy the home demand. This way, let us assume that the 

penalty term 𝛾app has been set equal to 103 (it has been empirically observed that 100% 

demand is satisfied with these settings), while the thermal penalty term freely varies to 

study its influence. 

Thereby, Fig. 6 shows the total energy generated by the DEG considering flexibility 

on different thermal appliances. A base case in which all temperature-based devices are 

operated in a non-flexible way is also shown for comparison (‘None’). As expected, 

greater energy savings are observed for low values of 𝛾Th, since in this way the thermal 

requirements are very relaxed. The HVAC system provides the highest degree of 

flexibility, achieving an energy saving up to 15% w.r.t. the base case. The EWH also 

provides a certain degree of flexibility, achieving an energy saving of 10%. In contrast, 

the freezer hardly brought any benefit w.r.t. the base case. 

  



 
Fig. 6 Total energy generated by the DEG considering various thermal comfort levels and 

flexible modes of the different thermostatically controlled appliances (𝛾app = 103)  

In order to show how the flexibility of thermostatically controlled appliances affects 

to the diesel generation, Fig. 7 compares the scheduling result considering non-flexible 

and flexible operational modes of the HVAC system with 𝛾Th = 0. As seen in this figure, 

when thermal comfort requirements are relaxed, the HVAC system is largely operated 

from midday to evening, whereas this appliance is also scheduled during night and early 

morning for higher values of 𝛾Th. This circumstance forces to usually set the DEG at 

higher power values.  

 
Fig. 7 Scheduling result considering flexibility (upper) and non-flexibility (bottom) of the 

HVAC system with 𝛾Th = 0 in scenario 1 with 𝛾app = 103. In this figure, negative power 

means ‘to-home’ flow direction (generation) 

The other relevant aspects related with the DEG operation refer to the fuel 

consumption, fuel cost and CO2 emissions. Fig. 8 plots the value of these three variables 

for different levels of thermal comfort. As seen, these variables follow the same trending 

as all of them are proportional to the fuel consumption. The conclusions extracted for the 

results shown in Fig. 6 can be also drawn in this case. Indeed, notable benefits are 

observed when both the HVAC system and the EWH are operated in a flexible manner 



(up to 12% and 8% of reduction of all indexes w.r.t. the base case, respectively). On the 

other hand, the flexible operation of the Freezer seems not to offer any substantial benefit. 

 
Fig. 8 Total fuel cost (upper), fuel consumption (middle) and CO2 emissions (bottom) 

considering various thermal comfort levels and flexible modes of the different thermostatically 

controlled appliances (𝛾app = 103)  

Lastly, Fig. 9 analyses the total charging/discharging cycles completed by the BES. 

In this case, few differences are observed among the different studied cases. Thus, only 

0.1 cycles were completed in the base case or flexible operation of the freezer; while 

~0.25 cycles were demanded from the BES in the case of flexible operation of the EWH 

or flexible operation of the HVAC system with lax thermal requirements. 

 
Fig. 9 Total charging/discharging cycles required from the BES through a day considering 

various thermal comfort levels and flexible modes of the different thermostatically controlled 

appliances (𝛾app = 103) 

6.3.2.- Influence of the PV array sizing 

In this section, it is analysed how the peak power of the PV array impacts on the 

benefits brought by flexible operation of temperature-controlled appliances. To perform 

this study, it is assumed that thermal comfort is disregarded (𝛾Th = 0) as it supposes the 



most favourable scenario for energy management, while the home users are not willing 

to dissatisfy any demand (𝛾app = 103). 

Fig. 10 shows the value of some indicators for different PV array sizing. Regarding 

those indexes related with the operation of the DEG, same conclusions drawn in previous 

experiments can be also extended for this analysis. In other words, the benefits brought 

by the flexible operation of thermostatically controlled loads are kept regardless the PV 

array size. Nevertheless, it is worth mentioning that all the indexes are improved as the 

size of the PV array is increased. Indeed, the energy generated by the DEG is reduced up 

to 28% while the other indicators can be enhanced up to 24% by increasing the PV system 

peak power from 100 to 2,000 Wp. On the other hand, it is observed as the BES is further 

operated as the PV sizing grows. Rightly, up to ~0.5 cycles/day may be completed 

considering flexible operation of the EWH and a PV array peak power > 1.4 kWp.  

 
Fig. 10 Value of different indicators for different PV array sizing considering flexible modes of 

the different thermostatically controlled appliances (𝛾app = 103, 𝛾Th = 0) 

6.3.3.- Influence of the BES capacity 

Similar to the previous section, various experiments are carried out to analyse the 

impact of the total BES capacity. Same conditions are also considered in the experiments 

performed in this Section (𝛾app = 103, 𝛾Th = 0). Thus, Fig. 11 shows the value of 

various indicators for different BES sizing. As observed, those indicators related with the 



operation of the DEG scarcely vary with the BES sizing. Only in the case of flexible 

operation of the EWH, the different indexes are slightly improved (all indicators can be 

reduced by ~2% by increasing the BES capacity from 100 to 3,000 Wh). On the other 

hand, the total charging-discharging cycles completed by the BES is normally reduced as 

the capacity of the storage system grows. This is due to the BES presents the same 

charging-discharging operational cycle disregarding the storage capacity. Indeed, Fig. 12 

plots the scheduling result with a BES of 1 and 3 kWh. As seen, the BES is in both cases 

discharged during dawn while PV generation during central hours is exploited for 

charging the batteries. The main difference between the two analysed cases is the rated 

charging/discharging power, which according to (14) is proportional to the BES total 

capacity. 

 
Fig. 11 Value of different indicators for different BES capacities considering flexible modes of 

the different thermostatically controlled appliances (𝛾app = 103, 𝛾Th = 0) 

  



 
Fig. 12 Scheduling result for a total BES capacity of 1 kWh (upper) and 3 kWh (bottom) in 

scenario 1 under base case conditions (none flexibility, 𝛾app = 103, 𝛾Th = 0). In this figure, 

negative power means ‘to-home’ flow direction (generation) 

7.- Conclusions 

This work has analysed possible flexible operational modes for thermostatically 

controlled appliances in off-grid smart homes. Various experiments have been carried out 

on a benchmark building with different PV generation scenarios, in order to study how 

thermal comfort requirements, PV sizing and BES capacity influence on the benefits 

brought by flexible operation of temperature-based devices. More precisely we conclude 

that: 

 Clearly, the HVAC system and EWH provided more flexibility than the freezer. 

Indeed, flexible operation of the former allow to reduce up to 15% and 10% the 

energy generated by the DEG per day, respectively. Other related indicators are 

also improved, thus, fuel consumption, fuel cost and CO2 emissions may be 

reduced by 12% and 8% by operating the HVAC system and EWH in a flexible 

way. On the other hand, little benefits are obtained from the flexible operation of 

the freezer. 

 PV array sizing has a much more remarkable impact on the daily operation of the 

studied home than the BES capacity. Thus, the different indicators may be 

improved up to 28% by increasing the PV system peak power from 100 to 2,000 



Wp. In contrast, the impact of the BES capacity was just appreciable in the case 

of flexible operation of the EWH, improving the different indexes by ~2%. 

 The impact of the proposed operational modes on batteries degradation was not 

significant. However, this aspect makes more notable as PV array size increases. 

 In conclusion, the authors believe that the operational modes proposed in this paper 

may help to reduce the monetary expenditures of home users’ along to improve some 

environmental indicators. The benefits brought by the flexible operation of some 

appliances like HVAC systems or EWHs might be more remarkable in commercial or 

industrial buildings; and isolated communities, where a large number of appliances may 

be operated in a coordinated way. These points should be confirmed in future works. 
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