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Abstract- This study involves evaluating the impact of a 

demand response program (DRP) on an extended 

residential energy hub (EH) operation that comprises a 

photovoltaic (PV) generator, a solar heat exchanger 

(SHE), and a battery energy storage system (BESS). 

Accordingly, a mathematical scheme is developed 

utilizing daily energy demands (including electricity, 

heating, and cooling) and time-varying energy prices to 

enhance energy efficiency and lower operating costs. Four 

scenarios are presented to examine how operational 

efficiency is influenced by solar energy technologies, 

BESS, and DRP. The intended problem has been 

programmed using the CPLEX solver within GAMS 

software. The overall findings reveal that the proposed 

model results in a notable decrease in operating costs. 

Moreover, the model seems appropriate for load traits in 

residential regions. 

 

Keywords: Residential Energy Hub, Battery Energy 

Storage System, Solar, Demand Response Program, 

GAMS. 

 

1. INTRODUCTION                                                                         

Energy demands are primarily based on thermal and 

electrical sources. Therefore, combining heat and 

electricity is a major evolution toward improving system 

efficiency and reducing costs by taking into consideration 

multiple forms of energy rather than relying solely on one 

[1-3]. Monitoring and controlling residential energy 

consumption is crucial in the smart home to minimize 

operational costs and environmental pollution [4-5]. 

Mostly, the EH optimization model of a residential area is 

designed to reduce consumers’ energy costs [6]. Recently, 

PV power generation systems and SHE have been widely 

developed due to environmental concerns [7-8]. In the last 

few years, some researchers have studied EH for different 

purposes and in the presence of various resources. The 

authors of [9] provide an operational model designed to 

optimize energy costs and pollution emissions for a 

residential home, utilizing PV and SHE instead of gas and 

electricity. 

This structure of the EH is not very pleasant for 

residential areas due to the climatic conditions of some 

areas, it is necessary to consider cooling demand for indoor 

air-conditioning in residential buildings. In this regard, in 

[10] energy costs of a residential building have been 

optimized taking into account the electrical, heating, and 

cooling demands. Apart from the high initial investment, 

the main disadvantage of solar systems is their dependence 

on solar power, which is highly non-linear and varies at 

different times of the day and in different seasons [11-12]. 

Therefore, solar systems do not have the ability to 

coordinate with the load on demand. Hence, storage 

systems offer a significant advantage to solar systems in 

terms of increasing their efficiency and reliability [13-14]. 

For example, in [13], an electrical energy storage system 

and PV are considered in the scheduling problem to 

minimize investment costs as well as environmental 

pollution. Efficiency from an economic perspective has 

also improved in ref [14] and the cost of purchasing energy 

in the system has decreased. Also, in [15-16], thermal 

storage along with electrical storage has been used to 

reduce application costs and improve system efficiency.  

The optimal management of a residential EH by 

considering a wind turbine (WT) as a renewable energy 

source (RES) is investigated in [17], in which the objective 

function contains the cost of energy exchanged with the 

distribution grid.  In [18] objective is to achieve an optimal 

compromise between the efficiency and the resilience of a 

bi-level residential EH considering uncertainties of RESs. 

A multi-objective optimization problem is formulated in 

[19] for the allocation of energy resources in the residential 

hub energy and the preparation of scheduling plans for 

equipment using energy alongside conventional classified 

equipment. In this research, the overall objective is to 

minimize both energy costs and convenience deviations. 

DRPs are defined as a practical and effective solution to 

change consumers' electrical energy consumption 

according to their electricity demand pattern [20-23]. In 

this regard, the authors of [24] and [25] have considered 

DRP for the EH, which has a significant reduction in 

operating costs. 
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A study is conducted in this paper to evaluate the 

optimal management of the extended EH by considering 

the demands of electricity, heating, and cooling in the 

presence of BESS, solar energies (PV and SHE), and DRP. 

Minimizing the overall energy cost of the system is the 

main objective function of the problem proposed. 

Moreover, the various practical constraints of the system 

and resources are of paramount significance in this study. 

The results depict the performance-enhancing of the 

proposed methodology for optimizing the total cost of the 

system and scheduling the optimal efficiency of all 

equipment within the residential EH. 

Section 2 outlines the detailed structure description of 

a residential EH and in the next section, the formulation of 

the problem is taken into account. Section 4, describes the 

proposed method and solving steps. In section 5, the 

simulation and the analyses of the scheduled method are 

demonstrated. Lastly, section 6 summarizes the findings of 

the present study and discusses the conclusion. 

 

2. STRUCTURE OF ENERGY HUB FOR 

RESIDENTIAL LOADS 

The overall EH structure is illustrated in Figure 1, in 

which energy storage, control, and conversion are used to 

connect various energy sources [26]. 

 

 
Figure 1. Energy hub topology 

 

The EH model is mathematically expressed using the 

Equation (1): 
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where, each factor of c indicates the relationship between 

input and output vectors. In other words, cab is the 

interconnecting component that illustrates the correlation 

between the ath input power and the bth output power; Lb, 

b = 1, 2, 3…, m and Pa, a = 1, 2, 3…, n are the output 

carriers and power inputs. 

The model of extended EH for residential areas load is 

indicated in Figure 2. In general, the EH structure includes 

input energies such as gas and electricity named Pg and Pe. 

Also, output energies, which are the same as electrical, 

heating, and cooling demands, are defined by Le, Lh, and 

Lc, respectively. 

The extended EH model consists of transformers, 

microturbine (MT), gas boiler (GB), photovoltaic panel, 

SHE, and BESS. The proposed topology utilizes air-

conditioners (AC) and absorption chillers (ACH) for the 

purpose of providing cooling to the residential area. 

Electricity is met by the MT, PV, and energy generated 

from the main grid. As it turns out, thermal energy is 

provided by SHE, GB, and MT. Also, cooling energy is 

provided by the ACH and AC. Thus, this is a flexible 

model in which conveys electricity, heating, and cooling 

energy can be easily shared between devices.  

 

 
 

Figure 2. Extended energy hub model for residential demands 

 

3. FORMULATION OF PROBLEM 

 

3.1. Objective Function 

There are two components to operating costs, which 

involve the consumption of electricity and heat on a daily 

basis, with the aim of minimizing the overall cost. Hence, 

a definition of the objective function can be found in the 

Equation (2). 
24

1
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In which Pe(t) and Pg(t) refer to electricity and gas 

received power as the inputs of EH at hour t. Additionally, 

Ce(t) and Cg(t) denote the prices of electricity and gas 

resources for hour t. 

 

3.2. Constraints 

 

3.2.1. Energy Balance Constraints 

Achieving energy balance using Equations (3)-(5) is 

crucial. 
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where, vAC(t), vMT(t), vACH(t) represent how much power is 

dispatched of electricity, gas, and heat conversion, Pch
BESS 

and Pdch
BESS are the BESS charging and discharging power 

at hour t, respectively. Moreover, Ppv(t) signifies the power 

generated by the PV at hour t; PSHE(t) is the amount of 

thermal energy produced by the SHE at hour t. In addition, 

ηge
MT and ηgh

MT are the efficiency indices of the MT in 

converting gas into electrical power and thermal energy; 

ηGB, ηT, ηh
ACH, and ηe

AC are the efficiency of GB, 

transformers, ACH, and AC, respectively. 

 

3.2.2. Power Constraints 

Energy purchased from electricity and gas networks 

can be limited by Equations (6-7), respectively. 
max0 ( )e eP t P   (6) 

max
0 ( )g gP t P   (7) 

where, 
max

eP  and 
max
gP  are the maximum amounts of 

electricity and gas that are permitted.  
 

3.2.3. Conversion Constraints 

The devices’ conversion limits at hour t are described 

by vAC, vMT, and vACH. These are state variables that indicate 

how much input power is being directed from the relevant 

devices. Constraints related to state variables are defined 

according to Equations (8)-(10). 

0 ( ) 1ACv t   (8) 

0 ( ) 1MTv t   (9) 

0 ( ) 1ACHv t   (10) 

 

3.3. Battery Modeling 

In Equations (11) and (12) the BESS charging and 

discharging formulation are provided. On the other side, 

during a specific period, the battery is not able to charge 

and discharge simultaneously. Thus, the constraint of 

Equation (13) is followed in which the binary variables of 

ub
t,ch, also ub

t,dch are associated with the battery state of 

charge and discharge.  

Moreover, the power limits of charging and 

discharging are described in Equations (14) and (15), 

respectively [27]. 
1 , ,t t ch t ch dch t dch

b b b bb bSOC SOC P P −= +  −   (11) 

min maxt
b b bSOC SOC SOC   (12) 

, , 1t ch t dch
b bu u+   (13) 

, ,
,max

t ch ch t ch
bb bP P u   (14) 

, ,
,max

t dch dch t dch
bb bP P u   (15) 

 

3.4. DRP Modeling 

The DRP applied in this study is a time-based model. 

It is intended to smooth the demand curve via an energy 

consumption shifting technique from on-peak to off-peak 

periods, thereby reducing the system operating costs. The 

time-based rate DRP is demonstrated in Figure 3 [28]. As 

modeled in Figure 3, by contributing to the DRP chosen, 

consumers may be able to shift only a particular percentage 

of loads to other hours. 
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Figure 3. The demand model related to the proposed DRP 

 

This concept is mathematically formulated in 

Equations (16) and (17): 

( ) (1 ( )) ( ) ( )DRP DDemand t DR t Demand t RD t= −  +  (16) 

( ) ( )

( ) ( ) ( )

D DRP

D

Demand t Demand t

DR t Demand t RD t

− =

=  −
 (17) 

According to Equations (18) to (21) the demand is not 

changed but shifted to another period of time. Equation 

(19) indicates that increasing demand must not exceed a 

particular proportion of the baseload. In addition, the 

percentage reduction or increase must be less than a 

specified amount determined by Equations (20) and (21). 
This study assumes a 20% percentage.  

1 1

( ) ( ) ( )
T T

D

t t

RD t DR t Demand t
= =

=   (18) 

0 ( ) ( ) ( )in DDemand t in t Demand t    (19) 

max( )DR t DR  (20) 

max( )in t in  (21) 

In the above, DemandD(t) is the anticipated load at hour 

t, DRmax and inmax are the maximum percentage of demand 

that can be diminished or augmented. RD(t) represents the 

demand reduction rate. Demandin(t) is the maximum 

amount of demand allowable. in(t) is the proportion of the 

maximum amount of increasable demand. DemandDRP(t) is 

the demand after DRP. Moreover, DR(t) refers to demand 

reduction value. 

 

4. PROPOSED METHOD 

The proposed model for EH is solved using the CPLEX 

solver of GAMS software. The model is represented 

simply and briefly as a flowchart in Figure 4. 

 

5. SIMULATION 

 

5.1. Scenarios 

In order to assess solar energies, BESS, and DRP 

impacts and advantages, on the optimal management of 

EH, four case studies have been investigated, as Table 1. 
 

Table 1. Summary of the understudied cases 
 

Scenario Base EH Solar BESS DRP 

1     

2     

3     

4     
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Figure 4. Problem solution steps in GAMS 

 

5.2. Database 

Figures 5 and 6 show demand curves for electrical, 

heating and cooling sections as well as PV and SHE output 

power, respectively. Moreover, Figure 7 shows the 

electricity and gas prices, where the gas price is set fixed. 

The parameters of efficiency are given in Table 2, also the 

amounts of 
max

eP  and 
max
gP  are considered 5 MW and 3 

MW, respectively. 

 
Table 2. Efficiency data 

 

ge
MT gh

MT GB T h
ACH e

AC 

0.4 0.5 0.88 0.95 0.9 0.85 

 

 
 

Figure 5. Electricity, heating, and cooling demand on a particular day  

 

 
 

Figure 6. Power properties of SHE and PV on a particular day 

 

5.3. Simulation Results of Scenarios 

The electricity and gas input to the EH are shown in 

Figures 8-11 for 4 different scenarios. According to Figure 

8, it can be said that the electrical energy has its highest 

amount of 2.25 MW during peak time (at 7 PM). Thus, the 

rest of the energy is supplied by MT, so it leads to high 

demand for natural gas.  

 
 

Figure 7. Price characteristics of electricity and gas 

 

Its highest value is approximately 3 MW (at 9 PM). MT 

and GB operate in terms of parameters such as the hourly 

prices of electricity and gas, the ratio of energy needed for 

both electricity and heat demand as well as the 

effectiveness of the conversion process. For this reason, 

gas utilization steadily increases post-7 PM to cater to the 

demands of both heating and cooling. 

According to the obtained curve in Figure 9, the 

amount of electricity and gas purchased in this scenario has 

decreased compared to one. Relative to the initial scenario, 

the demand for electrical power at 13 PM decreased from 

1.48 MW to 1.23 MW, because at 13 PM, the highest 

potential and capacity of PV and SHE was reached. One 

can easily see that the consumption of natural gas from 6 

AM to 19 PM is declined and in this way, environmental 

pollution is also reduced. It is obvious that the result is due 

to the generation of PV and SHE in this period. 

Consequently, it has been discovered that the inclusion of 

solar energy in EH systems result in a significant 

enhancement in their overall performance compared to 

scenario 1. 

In scenario 3, due to the presence of BESS, the amount 

of energy purchased from the electricity network increased 

from 1 to 7 AM. That is because of the charging of BESS 

in this period, in which the electricity price is low. But on 

the contrary, the BESS provides power to the electrical 

load during high demand through discharging in which the 

electricity price is high, and that is why the total cost of 

energy is improved. Thus, it can be concluded that energy 

storage equipment holds a promising role in load balancing 

and load change.  

As illustrated in Figure 11, due to the EH participation 

in the DRP, electrical demand decreased during peak hours 

and increased during low-load hours. As a result, the DRP 

has resulted in an increase in electricity purchases during 

low-cost hours, compared to case studies 1, 2, and even 3. 

In contrast, the amount of electricity purchased for the EH 

has decreased significantly during the high-price hours. 

Hence, DRP alleviated power consumption peak 

timeframes so that the electricity demand curve was 

significantly improved.  

The EH operating cost for the four case studies is 

summarized in Table 3. Also, the cost savings of each item 

compared to the first item are presented in the same Table. 

According to Table 3, the fourth scenario has the lowest 

total energy cost. In this regard, the EH, which includes 

SHE, PV, BESS and DRP, yields more desirable results 

and efficiency rather than the other three scenarios. 

Read of data and variables 

Read of energy prices and equipment specifications of energy hub 

Modeling the objective function and constraints  

Solving the problem to find solutions by solver CPLEX  

Calculating the required parameters such as total energy costs, 

electricity and natural gas energy, BESS charging and discharging 
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Figure 8. Electricity and gas power in scenario 1  

 

 
 

Figure 9. Electricity and gas power in scenario 2  

 

 
 

Figure 10. Electricity and gas power in scenario 3  

 

 
 

Figure 11. Electricity and gas power in scenario 4  

 

Figure 12 shows the charge and discharge values of 

BESS for comparison scenarios 3 and 4, where the curve's 

positive and negative values signify BESS discharge and 

charge, respectively. In scenario 4, due to the consideration 

of the DRP and the demand shift from peak hours to low 

load hours, the BESS participation has decreased in this 

period compared to the previous scenario. 

 

 
 

Figure 12. The BESS charger and discharger power 

 
Table 3. Energy costs in 4 different scenarios 

 

Scenario 1 2 3 4 

Overall energy 

costs ($) 
5813.164 5047.588 4801.706 4556.118 

Total benefit ($) -------- 765.576 1011.458 1257.046 

 

6. CONCLUSION 

The present study evaluated an efficient scheduling 

technique for a residential EH. EH consists of electricity, 

heating, and cooling demands, and the electricity purchase 

is based on the time-varying price. The impact of solar 

energy technologies, BESS, and DRP on the operational 

costs of EH is demonstrated through a variety of scenarios. 

To examine how solar energy influences the optimal 

functioning of the EH, PV and SHE are considered. Solar 

resources decreased the operating cost by 13.169% 

compared to the EH base case (without BESS and DRP). 

In addition, the presence of BESS leads to a reduction in 

operating costs by 17.399%. Finally, with the participation 

of the EH in DRP, the electric demand curve became 

smoother, resulting in a reduction in operating costs by 

21.624%. To conclude, the proposed EH could have a 

significant impact on operational efficiency based on its 

structure and components. 

This study focuses only on the electrical section's DRP. 

Because its main objective is to compare the overall costs 

of the system after incorporating BESS and DRP into the 

system. However, by developing advanced technologies, it 

is easily feasible to utilize a variety of energy storage 

systems in all sectors. This will increase renewable energy 

penetration and help achieve the decarbonization target. In 

future work, we aim to design a multi-energy system that 

includes an integrated DRP (IDRP) and different 

stationary and mobile energy storages to improve its 

technical, economic, and environmental criteria. 
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