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Abstract Future smart grids will require an observable, controllable and flexible network architec-

ture for reliable and efficient energy delivery. The use of artificial intelligence and advanced com-

munication technologies is essential in building a fully automated system. This paper introduces

a new technique for online optimal operation of distributed generation (DG) resources, i.e. a hybrid

fuel cell (FC) and photovoltaic (PV) system for residential applications. The proposed technique

aims to minimize the total daily operating cost of a group of residential homes by managing the

operation of embedded DG units remotely from a control centre. The target is formed as an objec-

tive function that is solved using genetic algorithm (GA) optimization technique. The optimal set-

tings of the DG units obtained from the optimization process are sent to each DG unit through a

fully automated system. The results show that the proposed technique succeeded in defining the

optimal operating points of the DGs that affect directly the total operating cost of the entire system.
� 2016 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The smart grid and its promising features for a better intelli-
gent and automated energy infrastructure are under study in
several researches and projects [1]. Home automation (HA)

and home energy management (HEM) systems are one of
the main branches of the future smart grid [2]. Regarding
home automation, optimizing the operation of DG units

within the residential homes is a new face of home automation.
Nowadays, achieving coordination between the operation of
various DG units within the residential homes in order to sat-

isfy the customer’s needs and minimize operating cost is the
first desire of all homeowners. Due to the environment
pollution and lacking of energy resources, distributed renew-
able energy resources such as PV systems and FC units

are attracting more attention as alternative energy resources.
PV/FC hybrid generation system is one of the most effective
methods to make use of renewable energy sources [3]. The

power generated by a PV system is highly dependent on
climate conditions. Also, it is difficult to store the power gen-
erated by PV system for future use. To overcome this problem,

integration of a PV system with other alternatives DG such as
FC systems in order to maintain a reliable energy supply is an
encouraging solution [4].
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Figure 1 The general structure of the proposed system.
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The literatures presented a lot of researches that rely on
minimizing the total daily energy costs within the smart homes
based on advanced techniques. In [5], the author presented a

novel technique for determining the optimal output of FC sys-
tems supplying a residential loads in order to minimize the
total energy consumption. However, the authors built their

strategy based on a fixed assumed forecasted household
demand without considering the frequently changes in daily
load curve over the day. Thus, the uncertainty effect of the

forecasted demand has not been investigated.
The author in [6] presented an approach for reducing the

daily total operating costs of a proton exchange membrane
fuel cell (PEMFC) supplying a residential load under electrical

demand uncertainty. In order to minimize the total daily oper-
ating costs of the FC, a cost model is developed. This model
takes into account the various operational and technical con-

straints associated with the unit. The author used particle
swarm optimization approach to define the optimal outputs
of the FC. However, this research did not take into account

the methods of data collection and role of communication
technology to facilitate the implementation of this algorithm.

In [7], a two-phase approach to manage the daily operation

of PEMFCs for residential applications is presented. This
approach depends on two stages. The first performs offline
optimization processes for different load demands and electric-
ity and natural gas tariffs using a GA optimization technique.

In the second, the obtained results are used for offline training
and testing of ANN, which can be used on-site to define the
settings of the FC in the online mode.

In [8], an operational algorithm that maximizes the advan-
tages of all residential cogeneration systems is proposed, where
the technique is evaluated from the viewpoint of energy con-

servation and economic effectiveness based on the energy
demand characteristics.

This paper introduces a new approach to manage the oper-

ation of DG units within smart homes in order to minimize the
total daily operating cost and also to satisfy all home’s needs.
The proposed approach depends on a strong communication
infrastructure that enables the two way flow of information

between the consumers and the control centre and also remote
control of DG units and appliances within the smart homes [9].

The optimization problem is formulated as an objective

function that is solved using GA optimization technique.
The influence of changing purchased/sold electricity tariffs
on the optimal settings of the DG units is investigated in addi-

tion to highlighting the effect of using time-based tariff strat-
egy. Therefore, a simple comparison between applying a
fixed purchased tariff and a time-based purchased tariff is
introduced.
Figure 2 The electrical and thermal power flow through the

smart home.
2. The proposed system description

Fig. 1 represents the general structure of the proposed system.

The proposed system consists of four smart homes with each
home containing one PEMFC and one PV system with a cer-
tain capacity. Each home has its own electric and thermal

loads demand.
The FC and the PV systems are responsible for feeding the

electric loads of the home. The output power of the DGs may

be less than the home’s electric load, which is an economic
decision, where the remaining power can be purchased from
the grid. In certain periods, the output power of the DGs is
more than the home’s electric load, where the excess power

can be sold to the grid to achieve an economic profit. Each
home has one two-way smart meter that enables measuring
the electric energy purchased from or sold to the grid. The

thermal loads include water and space heating. The FCs pro-
duce thermal energy that is used to feed the thermal loads. If
the FC couldn’t satisfy the thermal loads of the home, the

remaining thermal power can be obtained by burning natural
gas from the utility. Regarding the possibility of interchanging
thermal power, the proposed system assumes that the homes
are separated into two groups. This assumption considers that

each group has homes that are close to each other and hence,
the interchange of thermal power is possible. On the other
hand, the two groups are assumed to be far from each other,

which prevents the interchange of thermal power between
them.

Fig. 2 illustrates the electrical and thermal power flow

through each smart home. In each home, two separate natural
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Figure 3 The general structure of the communication system.
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Figure 4 Thermal power and efficiency curves of a 3 kW fuel cell.
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gas smart meters are used. This is because most natural gas

companies offer different tariffs for natural gas usage, e.g. res-
idential, industrial or electricity generation. It is assumed that
each home has a home energy gateway (HEG). The HEG con-

troller includes a central hub that links smart meters, smart
home appliances, and smart devices such as FC and PV con-
trollers in the home area network (HAN) [10]. The controller

also collects and reports power usage data and enables two
way flow of information between the consumers and the util-
ity. The HEG allows every point of the smart home to be con-
nected and controlled from a central point. HEG can use many

communication technologies for wireless communication
within the home. The most recommended one is ZigBee tech-
nology [11,12]. The HEG links to a wide area network

(WAN) for remote control and monitoring through Internet
connection. Fig. 3 shows the general structure of the commu-
nication network of the proposed system.
3. FC/PV configuration

The two types of DG units used in this paper are PEMFC and
PV system. These two types will be discussed as follows.
3.1. Proton exchange membrane fuel cell

PEMFC is low-temperature type of FCs which can be used
safely in residential homes. It shows a great potential in hybrid
energy system applications [13]. PEMFC not only produces

electric energy, but also exhaust heat. The exhaust heat is cir-
culated via water, which can be used as hot water or a heating
medium such as floor heating or bath ventilations. The relation

between the thermal and the electric output power of the
PEMFC is shown in Fig. 4(a) [14]. The electric efficiency of
the PEMFC can reach 40%, while the overall efficiency can
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reach 80% if the output thermal power is used in water and
space heating to form a combined heat and power system
(CHP). In Fig. 4(b) the electric efficiency of the PEMFC is

illustrated. The concern of this paper is on the economic model
rather than the dynamic model. The rating of the FCs used in
this model was based on the maximum electrical load demand

of each home over one year. The ratings of the FCs used in this
paper are 2, 3, 5 and 7 kW for the four homes.

3.2. Photovoltaic system

The PV system is chosen in this paper to be the second DG
unit that contributes in feeding the electric load demand during

sunshine hours. About 40% of the home’s electric loads are
consumed during the sunshine hours [15]. The rest is consumed
during the night. The rating of the PV is selected in order to
cover the demand only during the sunshine hours, i.e. 40%

of the total electric load during the day. Any shortage in elec-
tric energy can be fed from the FC or from the electric grid
according to the economic benefits. Any excess of electric

power can be sold to the electric grid. The ratings of the PV
used are 0.5, 1, 2 and 3 kW. No storage devices are used in this
paper

4. Operation optimization of the hybrid PEMFC-PV system

The target of this paper is to determine the optimal operating

scenario of the FC units in combination with the PV system.
The optimal operation can reduce the total operating cost of
the DG units and also achieve an economic benefit for both
the customer and the utility. In this paper, the optimal settings

of the four homes are obtained simultaneously, rather than
defining the optimal operation of each home individually. In
another words, the optimal operation is set in order to reduce

the total daily operating cost of the four homes together as one
group. The following steps show the proposed procedure in
order to determine the optimal settings:

� HEG communicates with all home appliances in order to
receive and store the total electric and thermal loads during

the day.
� HEG sends this information periodically to the control cen-
tre in order to form a complete database of the consump-
tion of each home, which enables the control centre after

that to forecast the electric and thermal loads of each home.
� Before a new day begins, the control centre forecasts the
daily electric and thermal load curves for each home.

� The control centre receives the appropriate tariffs of
exchanging electricity between the grid and consumers
and the appropriate price of natural gas to supply the

FCs and residential thermal load from service vendors.
� The control centre receives the status of each DG unit in the
system, i.e., in service or out of service.

� Based on a predefined database, the control centre retrieves
the status of each DG unit within the four smart homes (i.e.
in-service units) and also all technical information about
these units.

� Based on the calculation of the daily radiation and ambient
temperature in this area, the control centre can estimate the
output electrical power of each PV system within the four

homes.
� The PV systems operate according to a maximum power

point tracking (MPPT) strategy in order to obtain the max-
imum possible power from the PV.

� Based on a proposed objective function, the control centre

performs the optimization process using GA optimization
technique to get the best settings of the FC units in order
to satisfy the customer needs and minimize the total daily
operating cost of the system.

� After getting the best settings of the FC units, the control
centre sends these settings to each FC controller within
the smart home through the HEG.

� The control centre repeats the above tasks periodically to
avoid any uncertainty and achieve high reliability.

� The control centre facilitates the two-way information flow

between customers and service vendors and displays energy
usage data to end users through their HEG and their home
smart meters.

5. Objective function formulation

The aim of this section was to formulate the objective function
needed to be optimized. Before introducing the proposed
objective function, many constraints associated with the bal-
ance of electric and thermal power within the system should

be presented.
The balance equation of the total electric power within the

proposed system can be written as follows:

Xn

i¼1

Ppv;i þ Pfcðelect:Þ;i
� � ¼

Xn

i¼1

Ploadðelect:Þ;i þ Pgrid;i

� � ð1Þ

where
n: Number of homes used in the proposed system.

Ppv,i: Electric output power produced by the PV system in
home ‘‘i” (kW).
Pfc(elect.),i: Electric power produced by the FC in home ‘‘i”

(kW).
Pgrid,i: Electric power purchased from (negative) or sold to
(positive) the grid by home ‘‘i” (kW).

Pload(elect.),i: Electric load demand of home ‘‘i” (kW).

On the other hand, the balance equation of the total ther-

mal power within the proposed system can be written as
follows:

Xn

i¼1

Pfcðtherm:Þ;i þ Png;i

� � ¼
Xn

i¼1

Ploadðtherm:Þ;i þ Pexcess ð2Þ

where
Pfc(therm.),i: Thermal output power produced by the FC in

home ‘‘i” (kW).
Png,i: Thermal power produced by burning natural gas in
home ‘‘i” (kW), used to feed the remaining part of thermal

loads that is not covered by the FC.
Pload(therm.),i: Thermal load demand of home ‘‘i”(kW).
Pexcess: The excess thermal power that can be stored in a

form of hot water or can be lost in a form of steam.

The daily operating cost ‘‘C(TOTAL)”, which has to be min-
imized, can be developed in terms of payments, for natural gas

needed to feed the FC and burners and purchased electricity
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from the grid, and incomes, from the sold electric power pro-
duced by the PV or FC systems, as follows:

CTOTAL ¼
Xn

i¼1

CNGFC;i þ CNGRL;i þ Cpurc;i � Csold;i

�

þ Co&mfc;i þ Co&mpv;i þ SCi

� ð3Þ
where

CTOTAL: The total daily operating cost of the whole pro-
posed system ($/day).
CNGFC,i and CNGRL,i: Daily cost of natural gas consumed

by the FC and burner, respectively, in home ‘‘i” ($/day).
Cpurc,i: Daily cost of purchased electricity by home ‘‘i”
($/day).

Csold,i : Daily income of the sold electricity by the home ‘‘i”
($/day).
Co&mfc,i : Daily operating and maintenance cost of the FC
in home ‘‘i” ($/day).

Co&mpv,i: Daily maintenance cost of the PV system at home
‘‘i” ($/day).
SCi : Daily start-up cost of the FC in home ‘‘i” ($/day).

The above terms in the objective function can be described
as follows:

CNGFC;i ¼ Tng–fc � DT
X96
J¼1

PJ;i þ Paux;i

gJ;i
ð4Þ

CNGRL;i ¼ Tng–rl � DT
X96
J¼1

maxðLth;J;i � pth;J;i; 0Þ ð5Þ

Csold;i ¼ Tel–s � DT
X96
J¼1

maxðPel;J;i � Lel;J;i; 0Þ ð6Þ

Cpurc;i ¼ Tel–p � DT
X96
J¼1

maxðLel;J;i � Pel;J;i; 0Þ ð7Þ

Co&mfc;i ¼ FCo&m � DT
X96
J¼1

PJ;i ð8Þ

Co&mpv;i ¼ PVo&m

365
� I:CPV;i ð9Þ

SCi ¼ €þ u 1� e
�Toff

s

� �
ð10Þ

where
Tng–fc: Natural gas tariff for supplying the FCs ($/kW h).

DT: Time duration between two sequential settings of the
FC (15 min).

PJ,i: Electrical power produced by the FC in home ‘‘i” at
interval ‘‘J” (kW).
Paux,i: Electric power (kW) required for auxiliary devices of
the FC, e.g. pumps, fans.

gJ,i: Electrical efficiency of FC in home ‘‘i” at interval ‘‘J”.
Tng–rl: Natural gas tariff for supplying the thermal loads ($/
kW h).

Lth,J,i: Thermal loads of home ‘‘i” at interval ‘‘J” (kW).
Pth,J,i: Thermal power produced by the FC in home ‘‘i” at
interval ‘‘J” (kW).

Tel–s: Tariffs of the purchased electricity ($/kW h).
Tel–p: Tariffs of the sold electricity ($/kW h).
Pel,J,i: Electrical power produced by the DG units in home
‘‘i” at interval ‘‘J” (kW).

Lel,J,i: Electrical load demand of home ‘‘i” at interval ‘‘J”
(kW).
FCo&m: Daily operation and maintenance constant of

PEMFC; 0.003$/kW h.
PVo&m: Annual maintenance constant of PV system,
0.12%.

I.CPV,i: Initial capital cost of PV system installed at home
‘‘i”.
PJ,i: Electrical power produced by the FC in home ‘‘i” at
interval ‘‘J” (kW).

€: Hot start-up cost.
€þ u: Cold start-up cost.
Toff: The time duration, where the unit is off (h).

s: The cooling time constant (h) of the DG unit.

Each DG unit has a number of constraints that restrict its

operation. Mathematically, minimization of the objective func-
tion (3) is limited by the following operational and technical
constraints:

Upper and lower capacity constraints:

Pmin 6 Pj 6 Pmax ð11Þ
Constraints of upper ramp rate:

Pðj;tÞ � Pðj;t�1Þ 6 DPu ð12Þ
Constraints of lower ramp rate:

Pðj;t�1Þ � Pðj;tÞ 6 DPD ð13Þ
where

Pmin, Pmax: The minimum and maximum limits of the gen-

erated power from FC.
DPu and DPD: The upper and lower limit of the ramp rates.
P(j,t) and P(j,t�1): The power generated at intervals ‘‘t” and

‘‘t � 1”.

6. GA-based optimization technique

In order to solve the proposed optimization problem and
obtain optimal settings of the DG units, a strong evolutionary

algorithm is needed such as GA. It represents an effective evo-
lutionary search algorithm that can search a population of
points in parallel. The GA optimization technique is selected
due to its ability to deal with models that comprise many con-

straints. Consequently, it shows a great success in getting the
best solution between different conflicting objectives [16].

The main implementation steps of the GA-based optimiza-

tion are summarized in the flowchart as shown in Fig. 5.
In this paper, a population of 384 chromosomes is ran-

domly formulated to represent the electrical output power

from the four FCs (i.e. 96 chromosomes for each FC) through
one day. It is assumed that the setting of the FCs is updated for
each 15 min. Each chromosome in the randomly created pop-

ulation is tested for violating the constraints. A suitable addi-
tional penalty cost is assigned to the chromosome if the
solution is infeasible.

The performance of each chromosome is evaluated by cal-

culating the total cost and then ranked depending on their cor-
responding costs. After that, a suitable fitness value is assigned
to each chromosome depending on the situation of this chro-

mosome within the population. The new generation is pro-
duced by means of two main processes: crossover and
mutation. The above procedure is repeated for many iterations



Figure 5 The main implementation steps of the GA-based optimization.

Table 1 Parameters of the GA-based optimization process.

Number of subpopulations 30

Number of individuals per subpopulation 100

Total population size 3000

Generation gap Insertion rate 0.9

Insertion rate 0.8

Probability of crossover 0.95

Probability of mutation 0.11

Maximum number of generations 1500

Number of generations between migration 50
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until the best solution is obtained. In this paper, the obtained
optimal settings of DGs, that represent the best solutions,

result from the optimization process after a number of itera-
tions. These optimal settings ensure a complete satisfaction
of customer’s needs at minimum operating cost. In order to

improve the quality of the obtained results, multi-population
structure is used. The use of subpopulation scheme and
multi-population structure, which improves the quality of the

obtained results, is also known as island scheme. The popula-
tion is divided into a number of subpopulations and each
forms an independent searching space. Thus, each subpopula-
tion is evolved individually over generations by a traditional

GA. According to this strategy, a number of individuals
migrate periodically between subpopulation to exchange infor-
mation between them. The amount of migration of individuals

and the pattern of that migration determine how much genetic
diversity can occur.

All the parameters of the GA used in this work are summa-

rized in Table 1.
7. Simulation results and discussion

In this section, the optimal settings of the DG units within the

four residential homes will be discussed. The optimization pro-
cess is carried out using 8 different electric and thermal load
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curves for the different four homes, i.e. each home has one
electric and one thermal load curve. The output of the above
mentioned PV system is considered in this section and it is

assumed to cover only 40% of the electric loads of the home.
In this study, different values of tariffs are used. The used

tariffs of purchasing or selling electricity and the tariffs of nat-

ural gas to supply the homes are assumed based on real values
for overall many countries [17]

The following tariffs in $/kW h are used as base values.

Tel–s ¼ 0:06 ð$=kW hÞ; Tel–p ¼ 0:14 ð$=kW hÞ;
O&M ¼ 0:003 ð$=kW hÞ

Tng–fc ¼ 0:07 ð$=kW hÞ; Tng–rl ¼ 0:05 ð$=kW hÞ
Fig. 6 shows the electrical and the thermal output power of

the 7 kW FC and also the electric output power of the PV array

located in home 1. It is obvious that the FC covers most of the
thermal load. Any excess thermal power is used to feed the ther-
mal loads of the neighbour’s house. The electric output of the

PV system is used first to feed the electric loads of the home
because the PV system works with MPPT mechanisms in order
to get the maximum power of available solar energy. If the elec-
tric output of the PV system and the FC is more than the elec-

tric load of the home, the excess power can be sold to the grid as
shown in the figure. The shortage in electric power can be pur-
chased from the grid in order to satisfy the load needs.

Fig. 7 shows the electric and thermal output power of the
5 kW FC and also the electric output power of the PV array
(2 kW) located at home 2. It is obvious that the FC thermal

output covers only a part of thermal load, while the other part
is fed from the excess thermal power imported from the neigh-
bour’s home or through burning natural gas from utility. Any
excess electric energy is sold to the grid. Any shortage can be

compensated by purchasing electric energy from the grid.
Fig. 8 shows the electric and the thermal output power of

the 3 kW FC and also the electric output power of the PV

array (1 kW) located at home 3. It is obvious from the figure
that the optimal settings of FC are to cover the thermal loads.
In order to cover all home’s thermal loads, it produced a great

amount of electric energy which covers the home’s electric load
and the excess power is sold to the grid. The excess power of
the PV array is sold to the grid.
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Fig. 9 shows the electric and the thermal output power of
the 2 kW FC and also the electric output power of the PV

array (0.5 kW) located in home 4. It is obvious from the figure
that the FC covers all electric loads except the interval between
18.5 pm to 19.5 pm where the economic benefits advice to pur-

chase the remaining power from the grid during this period.
The excess thermal power is used to feed the neighbour’s
home.

Fig. 10 shows the total electric and thermal output of all
FCs and all PV in the proposed system. It is obvious from
the figure that the FC covers all thermal loads for all homes.
The excess thermal power can be stored in a form of hot water

to be used later or it will be lost in the form of steam.
The total FCs capacity is 17 kW (electric) which means that

it can cover all the electric loads, but from an economic point

of view and based on the above mentioned tariffs; the settings
of the FCs shown in the above figures are the optimal settings
which minimize the total daily operating cost of the proposed

system.
After performing cooperation optimization process and

obtaining the optimal settings of each DG, the daily operating

cost of each home and the total daily operating cost of the
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Figure 10 Total electric and thermal output of all FCs and all

PV in the proposed system.

Table 3 A comparison between the daily operating cost of

each home before and after cooperation optimization process

and the net saving of each home.

Home 1 Home 2 Home 3 Home 4

CHOME ($) before

cooperation

11.45 8.62 4.38 2.7

CHOME ($) after

cooperation

10.39 8.01 3.78 2.11

Net saving ($) 1.06 0.63 0.6 0.59

Saving percentage (%) 9.25 7.29 13.69 21.85
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whole system must be calculated in order to compare between
using this methodology of optimization and the old methods.

Table 2 shows the daily operating cost of each home and also
the total daily operating cost of the whole system after per-
forming cooperation optimization process.

In order to show the role of the proposed methodology in

minimizing the total daily operating cost of the entire system
through cooperation optimization of DGs operation, a com-
parison between the daily operating cost of each home before

and after cooperation optimization process is introduced.
Table 2 Daily operating cost of each home and of the whole

system after performing cooperation optimization process.

Home 1 Home 2 Home 3 Home 4

Cpurc ($) 2.11 0.90 0.36 0.07

Csold ($) 0.57 0.89 1.21 0.61

CNGFC ($) 7.95 6.49 4.26 2.37

CNGRL ($) 0.72 1.42 0.27 0.23

Co&m ($) 0.18 0.15 0.10 0.05

CHOME ($) 10.39 8.01 3.78 2.11

CTOTAL ($) 24.29
Before cooperation optimization, it is assumed that each
home is fed through its own DG units only in cooperation with

the grid without any coordination between these DGs and the
other DGs at the neighbourhood’s homes. The NG is used to
feed the remaining part of residential thermal loads (water and

space heating) where no thermal power is shared between
homes. No electric or thermal power is shared between neigh-
bour’s homes. Table 3 shows this comparison and the net sav-

ing of each home.

8. Effect of changing tariffs on the optimal settings of FCs

Changing any tariff of the previously mentioned tariffs can
greatly affect the optimal setting of the DG units. This section
investigates the effect of changing each of purchased and sell-
ing electricity tariffs on the optimal setting of the DG units and

also on the total daily operating cost of each home.

8.1. Changing of purchased electricity tariff

In this section, three different tariffs of purchased electricity
from the grid are used. These tariffs are T1 = 0.05 $/kW h,
T2 = 0.09 $/kW h and T3 = 0.13 $/kW h.

It is assume that all other tariffs are constant and equal:

Tel–s ¼ 0:09 $=kW h; Tng–fc ¼ 0:04 $=kW h

Tng–rl ¼ 0:07 $=kW h; O&M ¼ 0:003 $=kW h

It is assumed that all loads are constant and the output
power of all PV systems is zero in order to focus only on the

effect of changing tariffs on the optimal settings of the FCs.
Fig. 11 shows the variation of the optimal settings of the
FCs with three different tariffs of purchased electricity for a

certain load curve. It is obvious from this figure that the opti-
mal settings of the FC are greatly affected by varying of the
purchased electricity tariff. As the purchased electricity tariff

increases, the FC output increases in order to cover all electric
load and avoid purchasing any electric energy from the grid.

In case of tariff T1 = 0.05 $/kW h, the output of FCs is
small since the cost of purchasing electricity from the grid is

less than producing electric power from FC. So from an eco-
nomic point of view, it is better for the home to purchase elec-
tricity from the grid than producing a large amount of

electricity from the FC.
In case of T2 = 0.09 $/kW h, in which the purchasing elec-

tricity tariff is equal to the selling of electricity, it is obvious

that as the purchasing electricity tariff increases, the output
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Figure 11 Effect of varying the purchased electricity tariff on the

optimal settings of the FCs for a certain load curve.

Table 4 Variation of total daily operating cost of each home

and of the whole system with the three different purchased

electricity tariffs.

Daily operating cost ($)

Tariff ($/kW h) T1 T2 T3

0.05 0.09 0.13

Home 1 7.63 8.14 8.87

Home 2 4.71 5.18 5.52

Home 3 2.42 2.47 2.54

Home 4 1.37 1.32 1.39

Total 16.13 17.12 18.31

0 4 8 12 16 20 24
0

1

2

3

4
FC (3 kW) in home 3 

Time (h)

E
le

ct
ri

ca
l p

o
w

er
 (

kW
)

load T1 T2 T3

0 4 8 12 16 20 24
0

0.5

1

1.5

2

2.5
FC (2 kW) in home 4

Time (h)

E
le

ct
ri

ca
l p

o
w

er
 (

kW
)

load T1 T2 T3

0 5 10 15 20
0

4

8

12

16

Total electric output of all FCs (kW)

Time (h)

E
le

ct
ri

ca
l p

o
w

er
 (

kW
)

Load T2 T3 T1

Figure 12 Effect of varying the sold electricity tariff on the

optimal settings of the FCs for a certain load curve.
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power of the FC increases in order to reduce the purchased
electricity from the grid and reduces the total operating cost.

In case of T3 = 0.13 $/kW h, the purchased electricity tariff
is high. All FCs work effectively in order to cover all electric
loads. In this case, the cost of producing electricity from the

FCs is much less than purchasing electricity from the grid.
As the purchasing electricity tariff increases, the optimal

settings of the FCs increase also to cover most of the electric

load and to maintain the total daily operating cost almost at
minimum available values. Table 4 shows the variation in
the daily operating cost of each home and the total daily
operating cost of the whole proposed system with the three dif-

ferent purchased electricity tariffs.

8.2. Changing of sold electricity tariff

The cost analysis is repeated using three different tariffs of sell-
ing electricity to the grid. These tariffs are T1 = 0.02 $/kW h,
T2 = 0.09 $/kW h and T3 = 0.13 $/kW h

It is assumed that all other tariffs are constant and equal:

Tel–p ¼ 0:16 $=kW h; Tng–fc ¼ 0:04 $=kW h

Tng–rl ¼ 0:07 $=kW h; O&M ¼ 0:003 $=kW h

It is assumed that all loads are constant and the output
power of all PV systems is zero in order to focus only on the

effect of changing tariffs on the optimal settings of the FCs.
Fig. 12 shows the variation of the optimal settings of the
FCs with the three different tariffs of the sold electricity.

Fig. 12 shows that the optimal setting of the FC is highly
affected by changing the sold electricity tariff.

As the sold electricity tariff increases, the FCs output

increases in order to maximize the income of selling electricity
to the grid. In case of tariff T1 = 0.02 $/kW h, each FC tends
to cover its load and also sell the excess power to the next
home in order to satisfy the proposed system needs and avoid

purchasing electricity from the grid. No electricity is being sold



Table 5 Variance of the total daily operating cost of each

home and of the whole system with the three different tariffs of

sold electricity.

Daily operating cost ($)

Tariff ($/kW h) T1 T2 T3

0.02 0.09 0.13

Home 1 10.24 9.33 6.72

Home 2 6.51 5.80 3.83

Home 3 3.62 2.59 0.97

Home 4 2.19 1.37 0.40

Total 22.56 19.09 11.92
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Figure 13 Time-based purchasing electricity tariffs used in case 1.
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Figure 14 Optimal settings of the FC through case 1.
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to the grid because the cost of producing more electric energy
from the FCs will exceed the income of the sold energy to the

grid.
In case of T2 = 0.09 $/kW h, as the sold electricity tariff

increases, the electric output of the FCs increases also in order

to increase the income of the sold electricity to the grid.
In case of T3 = 0.13 $/kW h, the FCs output increases in a

very rapid way such that each FC operates at its full rated

power. This means that at this tariff, or higher values, all
FCs will work with their full capacity to maximize the income
of the sold electricity.

Table 5 summarizes the variation of the daily operating cost

of each home and of the whole system with the three different
tariffs of the sold electricity. The results show that as the tariff
of the sold electricity increases, the operating cost of each

home decreases.

9. Customer’s comfort level

Nowadays, applying time-based tariff strategy or demand-side
management techniques within SG environment comes over
customer’s comfort and satisfaction of consumer’s needs.

The proposed technique of cooperation optimization of differ-
ent DG units avoids any load rescheduling or load shifting
techniques and, thus, ensures a high degree of comfort for

all customers. This is accomplished through the cooperation
of various DG units within the different residential applica-
tions in feeding the overall load. This cooperation makes the
electric grid covering all electric and thermal loads and also

providing a high reserve power, which can be used in critical
condition.

To emphasis this view, it is assumed that a time-based tariff

strategy for purchased electricity is applied over the proposed
system. Hence, the success of the proposed strategy in dealing
with this situation will be evaluated through satisfying all cus-

tomers’ needs with high degree of comfort.
Then, the proposed system has been studied under two

cases:

Case 1: applying a time-based tariff strategy for purchased
electricity.
Case 2: operating at a constant tariff of purchasing

electricity.

The study is performed only on the first home that contains

a 7 kW FC with zero output power from the PV unit. The
following tariffs in $/kW h are assumed to be constant for both
cases:

Tel–s ¼ 0:07; Tng–fc ¼ 0:07; Tng–rl ¼ 0:09; O&M ¼ 0:005

In case 1, time-based purchased electricity tariff is being

varied as in Fig. 13.
If the optimization process satisfied all load demands with-

out any load shifting or load rescheduling with minimum oper-

ating cost, then we can say that the cooperation optimization
process insures a high degree of comfort for customers.

The optimization process is performed and the desired opti-

mal settings are obtained. Fig. 14 shows the optimal settings of
the FC for this case.

In the interval from 12 pm to 19 pm, the purchased electric-
ity tariff increases and this is reflected on the optimal settings

of the FC in order to cover all electric loads without any pur-
chased electricity from the grid. In this period, there is no
excess of produced electricity since the selling electricity price

is not increased but only the purchased electricity tariff. For
the other intervals, in which the purchased tariffs are quiet
lower, the optimal settings are based on satisfying the load

needs and achieving minimum operating cost.
In case 2, a constant value of purchasing electricity tariff

along the day is used, which is assumed to be 0.12 $/kW h.
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Figure 15 Optimal settings of the FC through case 2.

Table 6 A comparison between the daily operating cost of

home 1 in the two cases.

Daily operating cost of home 1 ($)

Case 1 Case 2

Cpurc 0.21 0.28

Csold 1.22 1.01

CNGFC 6.53 6.57

CNGRL 0.05 0.04

Co&m 0.20 0.21

CTOTAL 8.21 8.11
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As in the previous case, the PV system is zero. The opti-
mization process is performed in order to obtain the optimal

settings of the FC as shown in Fig. 15.
Comparing the obtained optimal settings in case 2 with that

obtained in case 1 during the period from 12 pm to 7 pm, it is

observed that the electric output of the FC in case 1 is higher
than that in case 2. This means that the optimization process
increases the electric output of the FC in this period ‘‘in which

the purchasing electricity tariff is high” to avoid buying any
electricity from the grid at this period in order to minimize
the daily operating costs. In this case, the customer gets two
benefits, minimum operating cost and high comfort level with-

out load shifting or load rescheduling.
Table 6 gives a comparison between the daily operating

costs of home 1 in the two cases. The comparison shows that

there is a small difference in the daily operating cost in the
two cases. This means that when converting from the constant
purchasing tariff to the time-based tariff, the optimal settings

of the FCs are changed in order to maintain a minimum oper-
ating cost for the home and also the same comfortable condi-
tion for customers without any load rescheduling or priority
selection. The results show that the optimization process, not

only succeeded in satisfying all the load needs, but also with
minimum operating cost in spite of changing the method of
the tariff used.
10. Conclusion

The proposed technique, which optimizes the operation of the
DG units within the residential applications, shows a great suc-

cess in reducing the total daily operating costs of the residen-
tial system and satisfying the load needs. The simulation
results show that the optimal settings of the DG units are

greatly affected by the efficiency curve of each DG unit, pur-
chasing and selling electricity tariffs, natural gas tariffs and
the constraints associated with each DG unit. Changing the
values of purchasing or selling electricity tariffs affects the

optimal settings of the FC in such a way to maintain minimum
operating cost for each home. The results show a great success
for the proposed methodology in dealing with time-based pur-

chasing electricity tariffs. This success appears in satisfying all
the customers need with a high degree of comfort and also with
minimum operating cost without any load rescheduling. With

the aid of advanced communication technologies, implementa-
tion of the above proposed system in wide scale becomes more
easy and reliable.
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