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Abstract—Energy scarcity at homes is becoming a critical
issue due to exponential growth of energy consumption by
numerous smart home appliances. Renewable energy sources
help to reduce the pressure of grid operation, enabling Smart
Home Energy Management System (HEMS) using Internet of
Things (IoT) devices. In this paper, we have developed policies
for parsimonious renewable energy management using smart
IoT devices. With the help of Exponential Weighted Moving
Average (EWMA), an HEMS predicts energy production and
consumption. The results of the prediction decides whether to sell
or purchase energy following it is in energy surplus or deficit,
respectively. Our energy budget management follows max-min
fairness algorithm. The performance evaluation of our proposed
system shows that significant performance improvement in terms
of monetary expense and user utility can be achieved compared
to state-of-the-art works.

I. I NTRODUCTION
Recently exponential growth of energy consumption by
diverse home appliances has caused energy crisis at homes.
Modern smart home appliances possess small computation
and smart metering facility and connecting with each other
and with a central controller they create an internet of things
(IoT). These IoT devices even consume more energy for
providing the processing and communication facilities. As a
result the Renewable Energy sources (RES) have become an
indispensable alternate solution to the energy crisis problem.
However energy production from RESs (e.g. solar, wind, biogas etc) varies over time and the home users often experience
energy deficit or surplus. Therefore enhancing the utilization
of produced energy and guarantee user satisfaction is a challenging problem in this domain.
A good number of works in the literature have explored
the problem of home energy management for IoT enabled
smart devices with the help of Home Energy Management
System (HEMS). However, most of the works make effort to
take decisions on optimal energy purchase and reduce energy
usage through efficient appliance scheduling. The authors in
[1] optimize the energy usage of IoT enabled home appliances
considering both consumption and generation of energy from
RESs. None of the existing works have considered the capacity
limitation of storage system, which may lead to situations
where optimal energy purchase decisions might become infeasible.
Since energy production from the RESs varies over time [2],
[3], a HEMS needs to purchase or sell energy at times when it

experiences energy deficit or surplus, respectively. Accuracy
in prediction of energy production from multiple renewable
energy sources and consumption from different IoT devices
are very crucial for making these decisions judicially. Again,
energy produced from RESs are accumulated in a storage with
fixed capacity. Therefore, a suitable policy establishment that
will decide to purchase or sell energy at a given time considering users demand for home appliances while maintaining a
good level of user satisfaction is a challenging problem.
However, establishment of such an energy management
policy for IoT devices in real life is quiet challenging since
the purchase and selling rates of energy varies at different
hours of a day. Prices vary for variable demand and supply at
different periods of a day. Therefore, minimization of energy
cost exploiting the energy time-of-use (ToU) price is another
major consideration for a suitable energy management policy.
Ample researches have proposed smart HEMS for efficient
regulation of IoT enabled devices. An agent based model
on HEMS was given in [4]. Various detail pricing schemes
were considered in [2] to encourage consumers for scheduling
their home appliances. In [5] a novel traversal-and-Pruning
(TP) algorithm was presented for energy scheduling. However,
all of these works provide an energy scheduling system
neglecting the energy production uncertainties in RESs. Again
optimization of home power consumption based on power line
communication (PLC) has been studied using Zigbee [1]. Although they have used the RES, optimal storage management
in respect of energy purchase and selling maintaining user
satisfaction has not been provided. In our work a dynamic
and optimal decision making methodology for buying and
selling energy has been provided by taking into account user
satisfaction, storage limitation and energy purchase rate at
different time slots.
In this paper, we have considered multiple HEMS connected
to each other through Area Energy Management System
(AEMS). HEMS predicts energy production and consumption for each time slot using Exponential Weighted Moving
Average (EWMA). Based on this prediction HEMS detects
energy surplus or deficit. It distributes the total budget among
the timeslots using max-min fairness distribution. It purchase
energy at energy deficit slots within this distributed budget.
Load shifting from one slot to another is performed while
purchasing energy considering user satisfaction and purchase
rates. The major contributions of this work can be summarized
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as follows,
• Defined optimal energy threshold using weighted average
of the previous time slot data.
• Distribution of monetary budget for different time frame
has been performed using max-min fairness algorithm.
• Developed Parsimonious Renewable Energy Management
Algorithm (PREMA) that optimally takes decision on
purchasing energy.
The rest of the paper is organized as follows. State-of-the-art
works on HEMS along with their contribution and limitations
have been presented in section II. Section III provides the
system architecture of smart energy management systems.
Efficient energy management system considering the limitation
of the storage systems and variability in energy production and
consumption has been discussed in section IV. In section V,
we measure the system performance of our proposed energy
management model and compare the results with the sateof-the-art works. Finally, section VI concludes the paper and
offers insight for further works.
II. R ELATED W ORKS
A large number of existing works on Home Energy Management System (HEMS) have investigated ways to minimize
the electricity cost and guarantee user comfort in terms of
preferred home temperature. A smart home infrastructure has
been provided in [6] where the smart meter receives the cost of
electricity from the usage of appliances. Smart metering was
used in [2], [3] to reduce the electricity cost and minimize
power loss. Their proposed system also helps in distributing
quality power, i.e., supply complying with the necessity.
The authors in [7] have considered the Heat Ventilation and
Air Condition (HVAC) system among different loads of the
house. A novel Traversal-and-Pruning (TP) algorithm has been
used to find optimal day-ahead schedules for thermostatically
controlled household loads. The schedules have also been
designed in [5] considering both payment and comfort settings
of the users. The authors in [8] have formulated a practical optimization model to schedule the home appliances under Time
of Use (TOU) electricity prices. A novel energy management
approach for smart homes has been proposed in [9]. Their
proposed approach combines a wireless network, based on
Bluetooth low energy (BLE) for communication among home
appliances to develop a home energy management (HEM)
scheme. A novel smart home architecture based on Resource
Name Service (RES) was given in [10]. However none of the
above works have taken renewable energy based system into
consideration.
In [11], a green home energy management system has
been proposed that can show energy usage profile of home
appliances. It also provides a comparison on energy usage
among the same kinds of home appliances. On the other hand,
[12] presents a home energy management controller that uses
a compendious and generalized optimization methodology.
It minimizes energy cost while preserving user’s comfort
level. A smart home with an HEMS and multi agent system
including demand response (DR) enabled load models has

been fabricated in [13]. Authors in [7] describe a PLC-based
HEMS that can monitor and provide information of energy
consumption patterns and can control appliances intelligently.
The works presented above do not cogitate about renewable
energy and develop any model that can demonstrate trade-off
between energy production or purchase and user comfort.
Dynamic Pricing (DP) mechanism has been applied to both
conventional home agent system and smart home agent system
and the performance gain of the systems are compared in [4].
In this paper, an agent based model has been presented to
evaluate the HEMS in residential demand-response implementation. Smart meters control all household appliances. Various
pricing schemes have been given to encourage consumers for
scheduling their home appliances at times with low purchase
rate that will save energy, reduce cost and help grid operation.
In [14], a smart energy distribution and management system
(SEDMS) has been proposed which operates through interaction between a smart energy distribution system and smart
monitoring and control system. This work considers integration of a new renewable energy system with dynamic pattern
based intelligent service. It also monitors the information about
power consumption, user situation and surroundings.
Out of all existing systems, [1] is the most similar to
our approach. However, there are a few structural and elementary differences between the two. First, in [1] only an
architecture was proposed that study energy generation and
expenditure based on ZigBee and PLC including renewable
energy. Whereas it does not develop any mathematical model
that can estimate the amount of production and expenditure in
a time schedule. Second, it only mention about the correlation
between energy generation and weather information, but does
not explain how to predict energy production based on this
correlation. Third, it proposes remote energy management
server (REMS) that can just calculate the energy usage for
home appliances and develop energy usage pattern for the
subscribers. However, it does not consider the energy saving
limitations of storage devices and trading mechanisms in case
of energy deficit and surplus. Finally, a decision making
system has been designed in this work for regulating home
appliances based on user preference and cost that ensures user
satisfaction level.
III. S YSTEM M ODEL
TABLE I
N OTATIONS USED IN THIS PAPER
Parameters
T
Rb
Ptd
Ctd
α
F
δ
Ψdt
St

Value
Set of all time slots
Set of Energy purchase rates
Energy production at time slot t on day d
Energy consumption at time slot t on day d
Weight parameter
Fairness index
Budget allocation duration in days
purchasable energy
Storage at time slot t
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Modern smart homes are adorned with renewable energy
sources such as solar energy, wind mill, Bio Gas etc. In this
work, we have considered that there are n number of sources
of renewable energy in a home and the set of all source is given
by N . In the context of solar, energy production gets higher
as the day goes on. It reaches the highest pick at 11am and
the production curve goes down slowly after 1pm in a typical
sunny day. Energy generation is high at this time duration.
Moreover we can assume that, production of energy from
other renewable sources also follow a particular pattern which
change gradually over time.
We divide the 24-hour period of a day into time scheduling
slots of equal length and the set of all slots in a day is denoted
as T = {1, 2, 3, . . . , T }. Notations used in this paper are
summarized in Table I.
Each smart home contains a home server that regulates the
intelligent energy management activities of the smart home
[1]. Components of inter- and intra-smart home intelligent
energy regulation is performed with the help of the following
energy management servers.
1) Home Energy Management System (HEMS) HEMS is
the home energy controlling decision maker. The HEMS
uses Prediction Manager to estimate the amount of
energy that will be produced from different RESs and
consumed from the home appliances in a time slot
t ∈ T . The Energy Production Controller in HEMS
communicates with the RESs and collects production information. It can regulate the RESs and also collects the
energy storage information. Energy Consumption Controller operates the home appliances. It turns on/off the
appliances based on user preferences, energy availability
and the energy consumption rate of the appliances.
The data taken from different devices are collected,
processed and stored with the help of Data Aggregator
and Information Database. Device Table keeps track of
the home appliances, their energy consumption rate and
their state in any slot. Fair Usage Manager calculates the
fair share of the monetary budget each slot t ∈ T should
get from the total budget allocated for a T . The lower
level components provide support for communication
with appliances and with AEMS and contribute to the
smooth operation of HEMS.
2) Inter Home Connection System (IHCS)nearest homes
within an area are connected through IHCS and all the
IHCSs are connected with a central AEMS. Neighboring
HEMS can buy or sell energy through IHCS based on
the decision made by the AEMS.
3) Area Energy Management System (AEMS) An AEMS
can monitor and communicate with all HEMS within
an area through IHCS. If a home server produces extra
energy, it can sell the additional energy to the AEMS. In
cases, a home server needs extra energy, it determines
whom to purchase energy exploiting the connectivity
support provided by the IHCSs.
Fig.1 depicts the inter-connection among the system com-

ponents.

Fig. 1.

System Architecture

IV. S MART E NERGY M ANAGEMENT S YSTEM
In an area, every smart home has its own production unit.
Analyzing previous data, a smart home can predict the amount
of energy P̂td that can be generated in a time slot t ∈ T
through HEMS. User allocates budget in currency for energy
to be used in a long duration of time. Using this information,
the HEMS decides how much energy the smart home can
store and sell or borrow. In this section, we first predict the
amount of energy that can be produced and the amount that
can be consumed at the beginning of a time slot. We then
make decision on energy purchase plan for the users based
on this energy budget, production and consumption. Finally,
we develop an algorithm that will make decision for buying
energy prudently.
A. Prediction of Energy Production and Consumption
In this paper, we have predicted the amount of energy
which can be generated from various RESs in a particular
time slot. We have calculated the average power generation for
each time slot in a day using exponentially weighted moving
average (EWMA). At the beginning of a particular time slot we
can assume that, generation of power in that slot will follow
the average energy generation for each source of the same
slot from previous day. Estimated energy generation for each
source n ∈ N at time slot t ∈ T can be given by
d−1
d−1
d
P̂n,t
= αn P̂n,t
+ (1 − αn )Pn,t

(1)

Therefore, the total energy generation is the summation of the
energy generated from all N RESs
P̂td =

n
∑

d
P̂n,t
.

(2)

n=1

Here, P̂td−1 represents average power generation at time slot
t from source n ∈ N . However the solar energy generation
in a slot changes due to the variation of daylight-duration and
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the position of the sun at different seasons of the year. Energy
generation from all the other sources also changes with time.
Here αn is a weighted parameter for source n ∈ N . The value
of αn depends on the weather condition and the production
behavior of the energy source. Calculation of the value of αn
is another research challenge.
Similarly, the energy consumption for time slot t is estimated as follows,
Cˆtd = β Cˆtd−1 + (1 − β)Ctd−1

(3)

Here β is a weighted parameter and its value depends on user
energy usage pattern. Cˆtd represent average consumption for a
particular smart home. Cˆtd−1 is the consumption for time slot
t of previous day d − 1 which is calculated from smart meter
connected with appliances through HEMS.
B. Energy Storage Calculation
At the beginning of a month or for a long duration user
provides a monetary budget M to be used in δ days for
purchasing energy. Then the monetary budget for a time slot
t can be given as
F=

M
δ × |T | − σt

(4)

At starting of every time slot t we can reckon the value of
storage S using following equation.
d
d
St = max(0, St−1 + Pt−1
− Ct−1
)

(5)

The value of minimum storage threshold Ldt is determined
from the weighted average ratio of production and consumption for all time slots within k

d
d
Ĉ d
2×Pt−1
Ĉtd
k−1 Ĉt+1

+ · · · + k1 P̂t+k
); Ptd > 0

d
d
 k+1 ( P̂td + k P̂t+1
t+k
Ldt =


 2 ˆd k−1 ˆd
1 ˆd
otherwise
k+1 (Ct + k Ct+1 + · · · + k Ct+k )
(6)
Here k is called as load shifting window that indicates up
to which time slot load can be shifted. Its value is determined
based on duration of the time slot and user preference on load
shifting. Ldt indicates the amount of energy that should be in
the storage so that, chance of energy purchasing is minimum.
Considering both the stored energy St and estimated safe
minimum storage threshold Ldt , the amount of energy required
to purchase at time slot t can be determined as
Ψdt = min(0, (Ptd + St ) − Ldt )

(7)

C. Energy Management and Load shifting
Entire energy budget allocated for duration M has been
divided among all time slots in a fair manner based on the
energy demand using max-min sharing policy. Since there
are |T | time slots, each time slot t ∈ T requires a portion
of energy budget Ψdt . The allocation of the energy budget
proceeds as follows:
• Allocate energy budget equally among all users.

•
•
•

if Ψdt < M/(T × rt ) then purchase Ψdt where, rt
represents energy purchase rate at time slot t ∈ T .
Allocate the remaining energy budget M − Ψdt equally
among the remaining time slots.
Repeat the procedure until t = |T | or energy budget = 0.

Algorithm 1 Parsimonious Renewable Energy Management
Algorithm
INPUT: Rb : Set of energy buying rates, F: Fairness index
OUTPUT: Φt : Buy amount at time slot t ∈ T , µt : balance
transfer
t
1. calculate P̂d using equation (1)
t
2. calculate Ĉd using equation (3)
3. for i = 1, . . . , k do
4.
calculate St+i using equation (5)
5. end for
d
6. calculate Lt using equation (6)
d
7. calculate Ψt using equation (7)
d
8. if Ψt > 0 then
9.
while Ψdt > 0 do
10.
rt = min(Rb )
11.
j = argmin(Rb )
12.
Ψdt = min(Ψdt , (F + µt ) × r1t )
13.
if Sj + Ψdt + Φj ≤ Smax then
14.
Φj = Φj + Ψdt
15.
µj = µj + Ψdt × rt
16.
F = F - Ψdt × rt
17.
Ψdt =0
18.
else
19.
Ψdt = Ψdt - (Smax -(Sj +Φj ))
20.
µj = µj + (Smax -(Sj +Φj ))× rt
21.
F = F - (Smax -(Sj + Φj )) × rt
22.
Φj = Smax -Sj
23.
end if
24.
Rb =Rb -Rjb
25.
end while
26. end if
M
27. M = M − ( δ×|T |−(σ −1) − F )
t
28. calculate F using (4)
The steps of prudent energy purchase by the HEMS has
been summarized in Algorithm 1. First, energy production and
consumption for time slot t ∈ T is predicted and the storage
at the beginning of the slot is calculated. Then, using the
previously calculated production P̂td and consumption Cˆtd , an
energy threshold Ldt is formulated. Using the updated storage
value Std , we can determine energy surplus or deficit state by
comparing Std with Ldt value.
In case of energy deficit, necessary amount of energy can
be purchased in any slot inside load shifting window k.
While purchasing energy, optimal energy budget and storage
constrain, Smax >= Std needs to be ensured. A slot within
k is selected which have the minimum rt value. If there
are sufficient capacity in the storage device at slot with
minimum rt , the required energy is fully purchased in that
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slot. Otherwise, another slot is selected within k to purchase
the rest amount of energy. The amount of energy that could
be bought in slot t ∈ T is determined using Max-min Fairness
Scheduling.

We define the utility of buying energy as a function of buying
cost BC and the response time t within k.

V. P ERFORMANCE E VALUATION

In which U0 is the maximum utility that indicates user don’t
require to buy any energy from other HEMS. Γ1 and Γ2 are
coefficients. Γ1 /Γ2 or Γ2 /Γ1 is known as marginal rate of
substitution in economics, denoting the rate at which the user
willing to give up buying cost Bc in exchange for response
time slot without any satisfaction change.
Budget Consumption: The Budget consumption by different
smart-home Energy management algorithm has been calculated for each time slot. The total budget consumption for a
period is then obtained from the summation of budgets used
in each slot within that period. The consumed total budget is
then divided by total allocated budget.

We have used trace driven simulation to evaluate our
proposed Parsimonious Renewable Energy Management Algorithm (PREMA). The simulation data for energy production
from different sources are collected from [15] and [16]. We
evaluate the execution of our PREMA using MATLAB. Then,
we compare the performance of PREMA with Smart Home
Including Renewable Energy (SHIRE) [1]. We also compare
our work with another version of PREMA having storage
capacity of 50KW. We have considered two versions of
PREMA namely PREMA-v1 and PREMA-v2 while evaluating
the performance having storage capacity of 100KW and 50KW
respectively. In our simulation model we consider a smart
home consisting of HEMS in a particular area connected with
AEMS. Duration of each time slot t ∈ T is considered to be
60 minutes.

U = U 0 − Γ1

(8)

C. Simulation Result
The results obtained by performance evaluation of different
smart home algorithms have been shown in Fig.2 - Fig.4.
100

A. Simulation Environment

TABLE II
S IMULATION PARAMETERS
Value
24
1hour
2000tk
12
3 − 10
100
U0
5
0.9
0.1

B. Performance Matrices
Utility: In our simulation environment, we model the customer satisfaction based on the utility theory in economics.

PREMA-v1

90

PREMA-v2

80
Budget consumption (%)

A Simulation environment is considered where a smart
home is equipped with house-hold appliances. Energy consumption of the appliances are considered in such a way that
reflects the house-hold energy consumption of the day-to-day
life. For example, lights are considered to be turned on from
6pm to 6am. Whereas fan are considered to be running 24
hours at a stretch. Energy production from different sources
has been estimated using the trace data. We have considered
that the PREMA system have the control to turn an appliance
on or off after user presses the switch. The price of each unit
of electricity is considered in the interval [3, 10] depending
on the availability of energy and user demand. We have also
considered that, energy can be sold to the AEMS at any time
whenever the stored energy crosses Ldt .

Parameters
Number of slots in each day
Time slot duration
Monetary Budget (M )
Number of home appliances
Electricity price per unit
Maximum Storage Capacity
(Smax )
Maximum Utility (U0 )
Load shifting window (K)
(Γ1 )
(Γ1 )

Bc
t−1
− Γ2
F
k

SHIRE

70
60
50
40
30
20
10
0

5

10

15

20

25

30

Time (in days)

Fig. 2.

Budget consumption for varying time of operations

Fig. 2 depicts the budget consumption of different smart
home energy management algorithms with time. The figure
reveals the fact that, as the time of operation increases, budget consumption increases proportionally. However, PREMA
system incurs lower consumption compared to SHIRE, because energy purchase in PREMA is performed at slots
with lower purchase rate within the load shifting window.
Again, PREMA-v1 experiences a better budget consumption
compared to PREMA-v2 because of having higher storage
capacity.
Fig. 3 shows again the budget consumption for energy
purchase by the smart home energy management algorithms.
The figure reflects that, budget consumption increases linearly
with the amount of energy purchased. However, since PREMA
system buys energy at time of lower energy rates, it can
reduce the budget consumption for buying the same amount
of energy compare to state-of-the-art works. PREMA-v2 even
works better as it can store more energy considering the energy
requirement of the future slots of load shifting window.
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wastage, helps power grid to save energy resources without
compromising user satisfaction.

PREMA-v1
PREMA-v2

90

SHIRE

80
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