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ABSTRACT  

 

Improving energy efficiency is becoming increasingly critical to reduce the energy 

consumption and to solve the environmental crisis. The following capstone report describes a 

mixed-integer linear programming optimization algorithm to minimize the peak demand at the 

micro grid level and to reduce the cost function in a smart home environment. The optimization 

method takes into account the time varying electricity price and the varying energy demand 

peaks to determine the most suitable time to use home appliances. The algorithm is further used 

to compare the energy cost reduction results with and without the use of renewable resources and 

more precisely photovoltaic modules.  In addition, the sizing of a photovoltaic system is 

implemented to achieve further efficient energy optimization and appliance scheduling. An 

honors component is also introduced to determine the economic viability of including 

photovoltaic modules and energy storage resources. Finally, the results obtained demonstrates 

the efficiency of the mixed-integer linear programming method to achieve the appliances’ 

optimal scheduling and to reduce the daily electricity cost.  

 

Keywords: linear programming method, smart home, energy, scheduling, photovoltaic  
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1. Introduction  

 
1.1.       General Context  

Ensuring the energy transition from fossil fuel to renewable energies is amid the 

biggest challenges of the 21st century. The actual energy situation and the future 

previsions are very alarming because of the increase of energy demand does not satisfy 

the sustainability objectives. Indeed, according to the International Energy Agency (IEA), 

the world demand of energy was estimated to be 12 Giga-ton equivalent of petroleum 

(GTEP) in 2010 with a 13% use of renewable energies. In 2035, the world energy 

demand is estimated to increase to 17 GTEP with an 18% use of renewable energy [1]. 

Morocco has to face the same energy challenges and to become less dependent on fossil 

fuels. In fact, crude oil, oil products and coal accounted for 81.7% of its energy source in 

2013 [2]. It is in this context that Morocco launched a national strategy to reduce its 

dependency on external energy resources. Morocco aims at producing 52% of its energy 

from renewable sources by the end of 2030. This national strategy represents the first 

pillar to make our country more sustainable and more efficient in terms of energy. 

However, many other parameters need to be considered to increase our energy yield. In 

order to preserve the environment and to prevent climate change, we do not only have to 

find more sustainable ways of generating electric power, but we need also to optimize our 

consumption of energy. Therefore, it is imperative to develop smart grids and to 

modernize the electrical power system. The issue can also be tackled at the micro-grid 

level by looking at the consumption of individual homes to minimize it and make it more 

sustainable.  

1.2.        Previous Work  

Many former capstone projects focused on energy management in smart homes 

environment and the use of renewable energy resources, and laid the ground for this 

project. The most recent one was done by “Salim El Kohen” on “Real Time Electricity 

Pricing Based on Utility Maximization for Smart Homes”. It aimed at implementing a 

quadratic algorithm to minimize the electricity price taking into account the on-peak and 

off-peak periods and the price fluctuation. Another aspect of his project was to maximize 

the utility function, which describes the level of satisfaction and happiness of the end user 
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regarding the services provided by the electricity supplier. Another interesting project 

realized by “Fatima Ezzahra Barnicha” on “Monitoring and Control of Appliances Using 

an Arduino Based Network in the Context of a Mircro-grid” focused on giving the users 

their energy consumption and energy saving measures. The stated goal was to better 

manage the use of renewables in a smart home environment and monitor the energy 

consumption of the home appliances using an Arduino. The analysis showed that the 

management system improves the energy efficiency, but its high cost makes it difficult to 

implement in a Moroccan context. Finally, the project realized by “Sofia Ait Bellah” on 

“An Arduino Based Wireless System” incorporates the same monitoring and control 

elements using an Arduino, but includes in addition loading algorithms. It aimed at 

implementing a new home energy management system composed of many smart plugs 

and a gateway to optimize the use of energy.  

1.3.           Project Objectives and Methodology  

In order to respond to the ever increasing energy demand and to reduce the 

environmental impact of energy generation, smart optimization models need to be 

implemented. The optimization of energy resources can be tackled by improving the 

energy efficiency at the micro-grid level. The object of this capstone is to develop an 

efficient system to minimize the energy consumption in a smart home environment and to 

reduce the cost function using a mixed integer linear programming method (MILP). The 

linear model considers the energy consumption patterns of home appliances with respect 

to a time varying electricity price, and a photovoltaic system used to achieve further 

efficient schedule plans. To better minimize the electric power demand, the sizing of the 

photovoltaic modules is implemented to optimize the energy generation from the 

renewable energy resources. 

The project will be divided into three main parts. The first one is the scheduling 

optimization by minimizing the residential electricity bill without any renewable energy 

source. It supposes that the energy is only provided from the grid. The second part is to 

schedule the use of electric appliances considering a photovoltaic system. In addition, the 

model can be formulated depending on how to manage the surplus of energy from the 

photovoltaic modules. The results from the two parts will be used to compare the impact 
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of the photovoltaic system usage in a smart home environment. The last part will be 

about the sizing the photovoltaic panels to further enhance the efficiency of the PV 

energy generation. This latter estimates the peak power, chooses appropriately the type of 

the PV modules and optimizes the orientation considering the shading and the weather 

conditions. The mathematical model used to describe the optimal scheduling and the cost 

function will be implemented using the software Matlab, and the sizing study will be 

realized using the software PVSYST and Meteonorm.  

Reducing the environmental impact of energy generation and making efficient use of 

renewable energy sources is critical, but one needs also to consider the cost associated 

with such a project. The honor requirement of this capstone project is to set its economic 

viability by realizing a multidisciplinary study in which the depreciation period of the PV 

modules will be determined. A literature review describing the different methods of 

budgeting techniques including the net present value method, internal rate return method 

and payback period method, will be realized. This has the purpose of finding the most 

fitted depreciation method given the set of constraints associated with the project. 

Moreover, a financial study is realized by determining the cost of the PV modules, and 

the saving made by the PV installation yearly. Also, the present value of money, inflation 

and engineering economics will be considered to implement a financial study.   

1.4.              STEEPLE Analysis 

The STEEPLE analysis is a strategic decision making tool in which the societal, 

technological, environmental, ethical, political, legal and economic factors are taken into 

account. This strategic planning tool allow to consider the effect that has a project on the 

micro-environment and access its strengths and weaknesses.  
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Figure 1.4: STEEPLE Analysis 

 

 

 

 

•The demographic growth of the world population leads to a higher demand on the 
energy resources and a higher electricity consumption

•The optimization algorithm is an efficient method to redefine the behavior of the user 
toward energy consumption by adequately scheduling the use of the home appliances. 

Societal 

•The continuous enhacement of technology makes the algorithms easier to be 
implemented in more and more innovative software.

•The access to technology has become easier and has given rise to more innovation and 
competition. 

Technology

•Reduce the environmental impact of energy generation and the ecological footprint on 
our planet. 

•Promote the use of renewable energies and sustainability to preserve and protect our 
environment. 

Environment 

•Avoid the waste of energy and promote responsability toward the environement. Ethics

•Reduce the energy dependency of Morocco.

•Orient the energy policy toward the use of renewables. Political 

•The Moroccan government is setting new energy policy guidlines to promote renewable 
energies. The 58-15 law project gives the possibility of selling the surplus of energy from 
renewable sources to the ONEE.Legal 

•The implementation of the optimization algorithm along with the sizing of PV modules 
reduce the electricity bill and generate revenues when the surplus of energy is sold. Economic
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2. Literature Review  

 
2.1.      Smart Grids and Smart Homes  

The smart grid system is considered to be the next generation of electric power grid. 

The word smart associated with it comes from the fact that it uses “a two-way flows of 

electricity and information to create a widely distributed automated energy delivery 

network” [3]. More specifically, the smart grid is a technologically enhanced traditional 

power grid incorporating feedbacks from the grid subscribers using smart meters and 

remote control to improve the energy efficiency. It is characterized by three main 

subsystems:  

 Smart infrastructure system: manages the two way flow of electricity and 

information between the provider and the end user. It responds to the feedback 

from the environment to control the electric generation and the energy 

consumption.  In some countries, it also regulates the use of renewable energy 

and more specifically solar panels at the micro-grid level to inject the surplus 

of energy back to the grid. The infrastructure can also benefit from the use of 

electric vehicle to avoid peak loads.  

  Smart management system: is the set of communication and metering 

technologies which enable the two way flow of electricity. It is used to collect 

the feedback data from the consumer and the amount of renewable energy 

used to maintain the supply and demand balance.  

 Smart protection system:  is the subsystem amid the smart grid that prevent 

failure, short circuits, and security breach. Moreover, it provides the grid 

system reliability analysis and preserves users’ privacy [4].  

The advantages of the smart grid system are mainly to improve the mechanisms of the 

electricity market for the best interest of the subscribers and to minimize the network cost 

while ensuring the same quality of services. In addition, the system aims at enhancing the 

reliability and efficiency of the power network, at facilitating the use of the renewable 

energy resources and at shaving the peak load periods.  
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       On the other hand, smart homes have the potential to create synergy with smart grid 

to improve the energy yield. A smart home is defined as an automated environment, in 

which the user is able to remotely control electric appliances to increase comfort and to 

save energy. It incorporates a smart network and a smart load in addition to sensors and 

actuators. Moreover, smart homes generally includes a Home Energy Management 

System (HEMS), which optimizes the use of energy and gives the users feedback about 

their electric consumption [5]. The HEMS incorporates and manages three subtasks:  

 Optimization scheduling: find the most suitable time to use electric 

appliances considering the electric pricing fluctuation and the peak loading. 

It aims at minimizing the wasted energy and the electricity bills, while 

maintaining users’ comfort.  

 Control and automation: the design of microcontroller-based systems to 

control the HEMS interface and monitor the use of appliances and their 

consumption. This can be done using heuristic optimization methods, search 

algorithm and control using LabView.  

 Communication: manages the wireless network part by providing dynamic 

information about the home energy consumption based on power line 

communication. A ZigBee interface is a perfect example of such 

communication system.  

This capstone project focuses on the optimization scheduling part of the HEMS. It is 

implemented using a mixed integer linear programming method in conjunction with 

photovoltaic modules and energy storage resources.  

2.2.           Optimal Scheduling  

Optimal scheduling is used in people’s everyday life to organize a sequence of 

tasks and activities. It is also applied in various applications and industries to enhance 

their organizational patterns and increase their efficiency. For instance, it is used in 

financial engineering to regulate the pricing of assets under many different operational 

constraints imposed by the stock market. It is implemented to simulate the switching 

boundaries of the assets based on a stochastic impulse control framework [6]. 

Furthermore, optimal scheduling can be applied to computer science to manage the 
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priority of each task performed by a computer system. The scheduling algorithm in the 

computers is divided into three main operation. The first one is the long term operation, 

which is initiated when a new process or task is created. The medium-term operation 

involves stopping or resuming processes by swapping them in and out of the CPU 

memory. The last operation is the short term one, which involves a more frequent 

scheduling to determine the task to execute [7]. Many other applications apply the 

scheduling method, but this paper focuses on applying this concept specifically to the 

electric appliances in a smart home environment. It aims at determining the most suitable 

time for an appliance to be used given its power and the hourly fluctuation of the 

electricity price.  The scheduling is implemented using a mixed integer linear 

programming method.   

2.3.                 Linear Optimization Programming Techniques  

Linear optimization techniques are widely used to solve engineering problems by 

minimizing or maximizing an objective function. Indeed, many concrete problems can be 

expressed as a linear program and be efficiently solved by an algorithm. For instance, 

optimizing the time it takes to go from Casablanca to Rabat can be found using linear 

programing methods. In linear programing, all functions and constraints are related to a 

variable 𝑥 with the form 𝑎𝑇𝑥 + 𝑏 . These linear optimization techniques can be divided 

into three main types: continuous, integer and mixed-integer. The continuous linear 

method optimizes variables that are generally real numbers. It is solved using algorithms, 

which generate iterated values of the variables until a solution is found [8]. The integer 

programming method is similar to the continuous one, but includes an additional 

constraint that states that some or all the optimization variables need to be integers. The 

programming technique used in this paper is the mixed integer one. It is characterized by 

the fact that it combines continuous and discrete variables. Mathematically speaking, the 

mixed integer technique search for a vector 𝑥 that maximize or minimize an objective 

function under a set of constraints [9]. The formal mathematical expression is given in 

equation (1).  

                          𝑚𝑎𝑥,min 𝑐𝑇 𝑥               (1) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑒𝑑 𝑡𝑜 𝐴𝑥 ≤ 𝑏   
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2.4.                     Photovoltaic Modules  

 A photovoltaic module is a set of panels or cells, which are used to generate 

energy from the sun’s rays through the photovoltaic effect. Indeed, the PV modules 

directly transform sun’s energy to direct electric current using doped semiconductors 

present in the cells. The PV cell is made of a thin layer of silicon of a 0.3 mm thickness 

and a surface area that ranges from 100 to 225 𝑐𝑚2 [10]. The cell can be considered as 

a current generator as seen in figure 2.  

 

 

Figure 2: PV Cell Circuit [10-1] 

The circuit is constituted of a diode in parallel with two resistances in series. The 

current I at the terminals is equal to the current 𝐼𝑔 generated by the photovoltaic effect 

minus the diode current 𝐼𝑑 and the current through the resistances. The two resistances 

in series represents the internal resistance to the generated current flow, and depends on 

the impurities and the thickness of the PN junction of the semiconductor material.  

The solar panel yield or efficiency is relatively low and equals approximately 15%. The 

incident solar energy is distributed as follow:  

 15% is used to generate the electric current. 

 3% is lost due to solar reflection and shading. 

 23% is lost because of the photons that have an insufficient wave length to 

release electrons. 

 30% is lost because of the photons that exceed the wave length threshold. 
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 8.5% is lost due to the recombination of the free charge carriers.  

 20% is lost due to the electric gradient in the PV cells.  

 0.5% is lost due to the resistances, which account for the conduction losses [11].  

Moreover, the silicon crystalline photovoltaic modules are the most used one and are 

subdivided into three main types: mono-crystalline, polycrystalline and amorphous. 

Their respective characteristics are summarized in table 1 [12]. This type of energy 

generation is highly dependent on many factors, which include: the solar irradiation, the 

temperature, shadings and the efficiency of the PV cells.  

PV Cell Mono-crystalline 

 

Polycrystalline 

 

Amorphous 

 

Advantages -High efficiency rate 

 (15-20%). 

-Space efficient.  

-Longest life time (30 

years).   

-Good performance at 

low light conditions.  

-Simpler and cost less. 

-Less silicon waste.  

-Life time of 25 years 

-High efficiency (13-

16%). 

 

 

 

-Lower cost. 

-Attractive for large 

scale applications. 

Drawbacks -Expensive.  

-Break down in cases of 

shading and dirt.  

-High silicon waste. 

-Lower heat tolerance.  

-Low space efficiency. 

-Less aesthetic.  

-Low output of 

electric power.  

-Low efficiency        

(5-9%). 

Market Share 43% 47% 10% 

Table 1: Types of PV Modules 
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3.    Optimal Scheduling of Smart Homes Energy Consumption                                                   

3.1       Residential Power Management  

  In order to reduce the electricity price and make better use of the energy provided 

by the grid, one has to control the power consumption patterns of electric time shiftable 

appliances in a smart home environment. An appliance is defined as time-shiftable 

when its power consumption time can be shifted to a preferred working period. To 

minimize the electricity cost, a residential power management system is implemented 

through the optimal scheduling of home appliances. A schedule plan is realized in 

which the power usages of the different appliances is arranged to match the times of the 

day where the electricity price is minimum.  

Let an appliance set G be defined as 𝐺 = {1,2,3, … . , 𝑛} where 𝑛 represents the total 

number of time-shiftable appliances, and let a vector 𝑝𝑖,𝑗, which represents the power 

consumption of the 𝑖𝑡ℎappliance in a time slot j ∈ 𝐻 = {1,… ,24} be defined by 

equation (2). 

 𝑝𝑖,𝑗 = ( 𝑝𝑖,1,  𝑝𝑖,2, … . . ,  𝑝𝑖,24) ∈ 𝑅24, for 𝑖 ∈ 𝐺 & 𝑗 ∈ 𝐻         (2) 

The power consumption  𝑝𝑖,𝑗 have to be included within a certain range defined by the 

standby power 𝛼 and the maximum working power 𝛽. The standby power, also called 

vampire power, refers to the small amount of electric power consumed by the 

appliances while they are switched off. The maximum working power defines the 

maximum energy that an appliance can consume over a period of time. The 

consumption constraint is formulated in equation (3).  

    𝛼𝑖,𝑗 ≤  𝑝𝑖,𝑗 ≤  𝛽𝑖,𝑗   ∀ 𝑗 & 𝑖 ∈ 𝐺               (3) 

3.2           Electricity Price Fluctuation Methods  

   Before defining the mathematical model based on a mixed integer linear     

programming method to implement the optimal scheduling of home appliances, 

different electricity price fluctuation scenarios are considered. Indeed, the electricity 

market is regulated by different prices depending on the economic conjuncture and 

the energy policy of a given country. In Morocco, a revolution and liberalization of 
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the electricity market is on its way. Until now, the market has been dominated by the 

National Office of Electricity and Water (ONEE) that regulates the production, 

transmission and distribution of electricity. The ONEE operates as a single buyer of 

energy that purchases and distributes the electricity produced by other independent 

companies. The tariffs for the residential power (low voltage clients) are constant 

throughout the day and change depending only on the category of consumer 

(industry, residential area, agriculture) [13]. Moreover, the national office can operate 

on a bi-daily electricity tariffs for medium and high voltage users. This kind of 

pricing method could also be implemented for low voltage usage and for a smart 

home context. In countries such as Germany where the power markets are more 

competitive, the electricity price evolves dynamically. An hourly electricity price is 

often used and it would be interesting to theoretically apply the same dynamic pricing 

method to the Moroccan energy market. Therefore, I chose to consider three different 

methods of price fluctuation namely: constant electricity price, bi-daily electricity 

price fluctuation and hourly electricity price fluctuation.  

 Constant electricity price: the tariff does not change over time for residential 

usage. The defined electricity cost value named ‘cost1’ is 0.105$/KWh. It is 

given by a 1 ∗ 24 matrix such as:  

𝑐𝑜𝑠𝑡1 = 0.105 ∗ 𝑜𝑛𝑒𝑠(24,1) 

 Bi-daily electricity price fluctuation: the electricity cost is divided into a night 

and day tariff. The defined electricity cost value named ‘cost2’ is equal to 

0.09$/KWh from 6pm to 5am, and is equal to 0.11$/KWh from 5am to 6pm. 

 Hourly electricity price fluctuation: the tariffs are dynamic and fluctuate 

hourly depending on the energy generation, consumption and the peak hourly 

loads. The defined electricity cost value named ‘cost3’ is given by the 

following 1 ∗ 24 matrix:  

𝑐𝑜𝑠𝑡3 = [0.09,0.08,0.08,0.09,0.1,0.1,0.08,0.1,0.11,0.11,0.11,0.11, 

                      0.11,0.11,0.09,0.1,0.12,0.11,0.12,0.11,0.12,0.11,0.12,0.11] 

The graph below implemented using the software Matlab summarizes the different     

electricity price fluctuation methods.     
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                              Figure 3: Electricity Price Fluctuation Methods 

 

3.3             Minimization of the Residential Electricity Bill 

The optimization of the residential electricity bill is realized using a mixed integer 

linear programming method. The optimization method is implemented to schedule the 

usage time of five different appliances with different daily power requirements. The 

electric appliances chosen in a typical smart home environment are summarized in table 

2. A scenario is considered for the power consumption patterns for the sole purpose of 

simulating the scheduling experiment. Other preferred working hours and appliances 

patterns could be considered for further experiments. The five appliances are also 

considered to be power-shiftable, which implies that the optimization can arrange power 

usages in different hours while ensuring the total energy supply. 
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Appliances Type Daily Power Energy consumption Patterns 

Heater 1 Time and 

power shiftable 

1100 W Preferred hours:  

7am-9am: 300Wh,10am: 200Wh 

Washing 

Machine 

Time and 

power shiftable 

500 W Preferred hours:  

12pm: 500Wh 

Iron Time and 

power shiftable 

400 W Preferred hours:  

9am: 500Wh, 1pm: 300Wh 

Dishwasher Time and 

power shiftable 

400 W Preferred hour:  

12pm-2pm: 400W 

Heater 2 Time and 

power shiftable 

800 W Preferred hour:  

9am: 500Wh, 2pm: 300Wh  

                Table 2: Appliances and Power Consumption Patterns 

 

Moreover, three different optimal scheduling scenarios are implemented depending on 

the electricity price fluctuation method used. The mathematical model used to describe 

the programming method is based on a set of discrete variables, which need to be 

optimized through the minimization of an objective function. This function is linearly 

dependent to the decision variables under a set of given constraints.  

Let the summation denoted as ∑ 𝑝𝑖,𝑗𝑖∈𝐺   represents the non-negative required power of all 

five appliances for a time slot j, where 𝑛 = 5 and 𝐺 = {1,2,3,4,5} since only five 

appliances are considered. The objective function, which represents the residential 

electricity bill for a day in our case, is given by multiplying the electricity cost that vary 

according to the fluctuation method used by the appliance power consumption as seen in 

equation  (4).  

                        ∑ 𝑐𝑜𝑠𝑡𝑗,𝑠𝑗∈𝐻 ∑ 𝑝𝑖,𝑗𝑖∈𝐺 = ∑ 𝑐𝑜𝑠𝑡𝑗,𝑠
𝑇𝑝𝑖𝑖∈𝐺                   (4) 

Where the value of  𝑠 = {1,2,3} represents which method of electric price fluctuation is 

used. The optimization objective based on the MILP method can be formulated as follow:  

                                  𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑐𝑜𝑠𝑡𝑗,𝑠
𝑇𝑝𝑖𝑖∈𝐺                               (5) 
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3.3.1 Method 1: Optimization with a Constant Electricity Price 

If the electricity price remains constant throughout the day, there would be no need to 

use a mixed-integer programming model because the appliances can be scheduled at any 

time of the day. The value of the objective function is left constant and is given by 

equation (6).  

                           ∑ 𝑐𝑜𝑠𝑡𝑗,1
𝑇𝑝𝑖𝑖∈𝐺 = 0.105 ∗ ∑ 𝑝𝑖,𝑗𝑖∈𝐺                      (6) 

Based on the power consumption pattern given in table 2, the following scheduling 

graph was obtained using Matlab.  

 

Figure 4: Scheduling of 5 Appliances Given Constant Price 

 

The objective function was found to be equal to 0.336$ for a constant electricity price. 
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3.3.2 Method 2: Optimization with a Bi-daily Electricity Price 

A bi-daily electricity price change implies that the night and day tariffs are different. 

The purpose of the optimization in this case is to determine the most suitable time for 

the appliances to be used to reduce the electricity bill. The optimization in this case 

remains relatively simple because the appliances power need merely to be shifted to 

the daily hours where the cost is lower namely from 6pm to 5am. The user 

satisfaction is not considered in this case since the only aim is to minimize the cost. 

The objective function becomes ∑ 𝑐𝑜𝑠𝑡𝑗,2
𝑇𝑝𝑖𝑖∈𝐺  and the optimal scheduling can be 

seen in figure 5.  

 

                                Figure 5: Scheduling of 5 Appliances for a Bi-daily Electricity Price Fluctuation 

The objective function was found to be equal to 0.288$ for a constant electricity 

price. It is less than the observed price for a non-optimized scheduling given a 

constant electricity cost.  
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3.3.3 Method 3: Optimization with an Hourly Electricity Price Fluctuation  

In this case, we consider that the electricity price fluctuates every hour. The 

optimization scheduling requires the use of the MILP in the Matlab simulation and 

the addition of scheduling constraints. The optimization function is given by a 5*24 

matrix as seen in equation (7).               

                   ∑ 𝑐𝑜𝑠𝑡𝑗,3
𝑇 ∗ 𝑝𝑖𝑖∈𝐺 =

𝑐𝑜𝑠𝑡1,3

𝑐𝑜𝑠𝑡2,3

𝑐𝑜𝑠𝑡3,3
.
.
.

𝑐𝑜𝑠𝑡24,3

∗

[
 
 
 
 
𝑝1,1 𝑝1,2 𝑝1,3 . . 𝑝1,24

𝑝2,1 𝑝2,2 𝑝2,3

𝑝3,1 𝑝3,2 𝑝3,3

𝑝4,1 𝑝4,2 𝑝4,3

𝑝5,1 𝑝5,2 𝑝5,3

. . 𝑝2,24

. . 𝑝3,24

. . 𝑝4,24

. . 𝑝5,24]
 
 
 
 

                

                                    =

[
 
 
 
 
𝑐𝑜𝑠𝑡1,3 ∗ 𝑝1,1 𝑐𝑜𝑠𝑡2,3 ∗ 𝑝1,2 𝑐𝑜𝑠𝑡3,3 ∗ 𝑝1,3 . . 𝑐𝑜𝑠𝑡24,3 ∗ 𝑝1,24

𝑐𝑜𝑠𝑡1,3 ∗ 𝑝2,1 𝑐𝑜𝑠𝑡2,3 ∗ 𝑝2,2 𝑐𝑜𝑠𝑡3,3 ∗ 𝑝2,3

𝑐𝑜𝑠𝑡1,3 ∗ 𝑝3,1 𝑐𝑜𝑠𝑡2,3 ∗ 𝑝3,2 𝑐𝑜𝑠𝑡3,3 ∗ 𝑝3,3

𝑐𝑜𝑠𝑡1,3 ∗ 𝑝4,1 𝑐𝑜𝑠𝑡2,3 ∗ 𝑝4,2 𝑐𝑜𝑠𝑡3,3 ∗ 𝑝4,3

𝑐𝑜𝑠𝑡1,3 ∗ 𝑝5,1 𝑐𝑜𝑠𝑡2,3 ∗ 𝑝5,2 𝑐𝑜𝑠𝑡3,3 ∗ 𝑝5,3

. . 𝑐𝑜𝑠𝑡24,3 ∗ 𝑝2,24

. . 𝑐𝑜𝑠𝑡24,3 ∗ 𝑝3,24

. . 𝑐𝑜𝑠𝑡24,3 ∗ 𝑝4,24

. . 𝑐𝑜𝑠𝑡24,3 ∗ 𝑝5,24]
 
 
 
 

   (7) 

 

The following function is subjected to two different constraints. The first one arises 

from the fact that the peak hourly load needs to be considered to minimize efficiently 

the objective function. The peak hourly load L is defined as the maximum electric 

consumption load at a specific time, which requires further extension of the grid 

facilities and yields to an increase in the electric bill. The second constrains defines 

the upper and lower limits of the consumption power for each appliance. The 

mathematical expressions of these constraints are given by equations (8) and (9). 

Other constraints linked to safety and power requirements can also be considered, 

but the simulation will consider only the two constraints defined below.  

 

∑ 𝑐𝑜𝑠𝑡𝑗,3
𝑇 ∗ 𝑝𝑖,𝑗𝑖∈𝐺 ≤  𝐿𝑖,𝑗  ∀ 𝑗 ∈ 𝐺         (8) 

 𝛼𝑖,𝑗 ≤  𝑝𝑖,𝑗 ≤  𝛽𝑖,𝑗  ∀ 𝑗 & 𝑖 ∈ 𝐺               (9) 
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In order to implement the MILP model in Matlab, the solver “intlinprog” is used and 

take the following arguments (f, intcon, A, b, Aeq, beq, lb, ub)  [14]. The vector f 

represents the coefficient vector, intcon refers to the vector of integer constraints, A 

is the linear inequality matrix, Aeq is the linear equality constraint matrix, beq is the 

linear equality constraint vector and lb and ub refers to the lower and upper bounds. 

In our case f = A = 𝑐𝑜𝑠𝑡𝑗,3, 𝑏 =  𝐿𝑖,𝑗 , Aeq = beq = [∅], lb =  𝛼𝑖,𝑗 & 𝑢𝑏 =  𝛽𝑖,𝑗. 

Figure 6 shows the general form of the MILP method in Matlab. The programming 

Matlab code for the simulation can be seen in Appendix A.   

 

 

Figure 6: MILP General Form in Matlab 

 

Using this code, the optimal scheduling of the five appliances can be implemented 

and can be seen in figure 7. The objective function was found to be equal to 0.263$ 

for an hourly fluctuation of the electricity price. It is less than the observed price for a 

non-optimized scheduling given a constant electricity cost (0.336$) and an optimized 

scheduling five a bi-daily change of the electricity price (0.288$). Therefore, the 

optimization scheduling is proven to be effective and reduce the total electricity bill 

in a smart home environment.  
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                                   Figure 7: Scheduling of 5 Appliances for a Hourly Electricity Price Fluctuation 

 

3.4      Daily Residential Electricity Bill Comparison 

In order to assess the efficiency of the optimization method using a mixed integer 

linear programming technique, it is important to compare the daily residential 

electricity bill based on each electricity cost billing method. Three different 

billing methods where used namely: a constant electricity price, a bi-daily 

electricity price fluctuation and an hourly electricity price fluctuation. Table 3,4 

and 5 summarizes the electricity cost for each appliance separately with and 

without the use of the optimization method and for each billing method. 

Moreover, the bar graphs in figure 7 and 8 were used in Matlab to show the 

different prices given each billing method and for each appliance and summarize 

the data from the tables below.   
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Billing Method 1: Constant Electricity Price 

Appliances Cost without Optimization ($) Cost with Optimization ($) 

Heater 1 0.1155 0.1155 

Washing Machine 0.0525 0.0525 

Iron 0.042 0.042 

Dishwasher 0.042 0.042 

Heater 2 0.084 0.084 

Total 0.336 0.336 

Table 3: Cost Comparison with a Constant Electricity Price 

  

Billing Method 2: Bi-daily Electricity Price Fluctuation  

Appliances Cost without Optimization ($) Cost with Optimization ($) 

Heater 1 0.121 0.099 

Washing Machine 0.055 0.045 

Iron 0.044 0.036 

Dishwasher 0.044 0.036 

Heater 2 0.088 0.072 

Total 0.352 0.288 

Table 4: Cost Comparison with a Bi-daily Electricity Price 

 

Billing Method 3: Hourly Electricity Price Fluctuation 

Appliances Cost without Optimization ($) Cost with Optimization ($) 

Heater 1 0.099 0.096 

Washing Machine 0.055 0.046 

Iron 0.032 0.032 

Dishwasher 0.048 0.029 

Heater 2 0.064 0.06 

Total 0.298 0.263 

Table 5: Cost Comparison with an Hourly Electricity Price 
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       Figure 8: Cost Comparison without Optimization 

 

     Figure 9: Cost Comparison with Optimization 
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4. Optimal Scheduling in Conjunction with a Photovoltaic System  

Residential users can benefit from the use of renewable energy to achieve further 

energy efficiency, reduce their electricity bills and reduce dependency on the grid. 

Indeed, the costumer can harvest the solar energy through photovoltaic modules to 

better manage the use of electric appliances. In this section, the scheduling optimization 

is formulated in conjunction with the use of a PV system as a locally generated power. 

4.1 Photovoltaic System Energy Output 

  The energy output of a photovoltaic system depends primarily on the weather 

conditions of the users’ residential area. Indeed, the PV power potential is related to the 

global irradiation, which is the quantity of electromagnetic radiation produced by the 

sun for each unit area. To access the energy output of a PV module in the city of Ifrane, 

Morocco, the irradiation is determined used the Software PVsyst.  

PVsyst is “a computer software package for the study, sizing, simulation and data 

analysis of complete photovoltaic system” [15]. It is used in this project to find the 

global irradiance of Ifrane and then to size the photovoltaic modules. The 

meteorological data of Ifrane from the NASA database, in addition to the latitude 

(33.50° North), longitude (-5.2° West) and altitude (1665m) are entered as inputs to the 

software (figure 10). The solar path, which refers to the “apparent significant seasonal 

and hourly positional changes of the sun as the earth rotates”, is generated by PVsyst 

and can be seen in figure 11. The graph shows the sun’s height and its azimuth by hour 

of the day and by season. As expected, the sun’s height is maximum at 12:30pm during 

the 22 day of June and is minimum past 6pm during the 22 day of December. 

Therefore, the global irradiance is higher at noon during summer.  
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Figure 10: Global Irradiation Data in PVsyst 

 

 

Figure 11: Solar Paths at Ifrane using PVsyst  
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The global irradiance for the city of Ifrane is then computed and simulated in PVsyst 

using the sun’s path data. Figure 12 shows the synthetic data for the irradiation in 

kWh / 𝑚2. 𝑑𝑎𝑦. The data points in the graph represents the single values of the 

irradiation for each day. The clear day model is the approximate irradiation when the 

clearness index 𝐾𝑇 is above 0.7. A day is considered cloudy when the clearness index is 

below 0.3 and partially cloudy when it is between 0.3 and 0.7 [16]. Figure 13 displays 

the clearness index for morning and afternoon hours, which affects the irradiance. The 

clearness index is above 0.7 in most cases, which indicates that the clear day model can 

be used as a reference to find the irradiation and the PV output energy. Finally, table 6 

summarizes the values of the irradiance per hour for the first day of January, which is 

used as a sample example to compute the value of the PV energy output. 

 

 

                                    Figure 12: Irradiance Synthetic Data in PVsyst 
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                             Figure 13: Clearness Index using PVsyst 

 

                               Table 6: Irradiance Values for the Month of January in PVsyst 



33 
 

The PV energy output E is expressed mathematically by equation (10),  

                 𝐸 = ∑ 𝐸𝑗𝑗∈𝐻 = ∑ 𝑟 ∗ 𝑃𝑅 ∗ 𝐴 ∗ 𝐼𝑗𝑗∈𝐻                             (10) 

where 𝑟 represents the solar panel yield or efficiency, which is equal to 16% in the 

simulation case. The PR value refers to the performance ratio, which is the difference 

between the theoretical and practical energy yield and is equal to 75% in our case. The 

variable A represents the photovoltaic modules area and is equal to 4 𝑚2 in our project 

example and 𝐼𝑗 refers to the hourly irradiation. Equation (11) is then used to generate in 

Matlab the energy output of the PV module with respect to the different hours of the day 

as seen in figure 14. 

                        𝐸 = ∑ 𝐸𝑗𝑗∈𝐻 = 0.16 ∗ 0.75 ∗ 4 ∗

𝐼1
𝐼2
𝐼3.
.
.

𝐼24

                  (11) 

 

                     Figure 14: PV Module Power Output in Matlab 
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4.2       Optimal Scheduling with PV Modules  

    The energy generated by the PV module can be used to power the electric appliances 

in a smart home environment and reduce the electricity bill. We consider that that the 

solar power can either be used to supply the appliances, stored or can be sold back to the 

electricity grid. Also, if the locally generated power is greater than the appliance power, 

the total hourly load can be negative in the optimization appliance planning. The 

negative value refers to the fact that the power is surplus. The three different billing 

method are again considered for the optimization. The mixed integer linear 

programming method is used for the simulation in the following section and the Matlab 

Code used can be seen in Appendix B. 

Let the vector 𝑔 = 𝐸 ∈ 𝑅24 denotes the hourly energy generated by the PV modules. 

The objective function becomes equal to the total electricity cost generated by the five 

appliances minus the selling price of the surplus of energy as seen in equation (12). It is 

assumed that the selling price is equal to the electricity cost from the grid.  

                 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑐𝑜𝑠𝑡𝑗,𝑖
𝑇𝑝𝑖 − 𝑐𝑜𝑠𝑡𝑗,𝑖𝑔𝑖𝑗∈𝐻                             (12) 

 

4.2.1 Method 1: Optimization with PV Modules for a Constant Electricity Price 

    A mixed integer linear programing method is used to optimize the scheduling of the 

five smart appliances considering the solar energy input. The first optimization case 

assumes that the utility electricity cost is constant, which simplify the model to be used. 

The objective function for this particular case can be derived from equation (12) as seen 

in equation (13).  

                ∑ 0.105 ∗ 1𝑇𝑝𝑖 − 0.105 ∗ 1𝑇 ∑ 𝐸𝑗𝑗∈𝐻𝑗∈𝐻                          (13) 

The constant price is equal to 0.105 $/KWh and is multiplied by a 24 by 1 ones’ matrix. 

The vector g is equal to the vector E, which represents the solar energy generated. 

Based on the initial power consumption of the appliances given in table 2 and the 

objective function to optimize, the scheduling plan in figure 15 was obtained.  
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Figure 15: Scheduling with PV for a constant Electricity cost 

The graph shows that part of the solar energy generated was used to supply the 

appliances and another part was left to be resold to the electricity grid. Table 7 

summarizes the solar power distribution. The solar power not used by the appliances is 

equal to 346W. The objective function is equal to 0.257$. 

Appliances Type Daily Power Power Supplied by the Grid 

Heater 1 Time-shiftable 1100 W 950 W 

Washing 

Machine 

Time-shiftable 500 W 300 W 

Iron Time-shiftable 400 W 400 W 

Dishwasher Time-shiftable 400 W 300 W 

Heater 2 Time-shiftable 800 W 500 W 

Table 7: Solar Power Distribution for a Constant Electricity Cost  
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4.2.2 Method 2: Optimization with PV Modules for Bi-Daily Electricity Price  

    As discussed previously, the bi-daily pricing method implies a day and night tariff 

change. The objective is to reduce this electricity price considering this pricing method 

and the solar power input. The appliances can either be shifted to the lower electricity 

price time slots or be supplied by the solar energy. The objective function becomes  

∑ 𝑐𝑜𝑠𝑡2,𝑖
𝑇𝑝𝑖 − 𝑐𝑜𝑠𝑡2,𝑖𝑔𝑖𝑗∈𝐻  and the optimal scheduling with PV modules can be seen 

in figure 16. 

 

Figure 16: Scheduling with PV for a Bi-Daily Electricity cost 

The optimization shows that it is more interesting to combine the electricity gird when 

the cost is lower and the use of renewables rather than using only one of the solutions. 

The objective function is equal to 0.216$, which is much lower than the observed price 

for an optimization without renewables. The solar power not used by the appliances is 

equal to 285W and table 8 summarizes its distribution.  
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Appliances Type Daily Power Power Supplied by the Grid 

Heater 1 Time-shiftable 1100 W 800 W 

Washing 

Machine 

Time-shiftable 500 W 500 W 

Iron Time-shiftable 400 W 400 W 

Dishwasher Time-shiftable 400 W 300 W 

Heater 2 Time-shiftable 800 W 400 W 

Table 8: Solar Power Distribution for a Bi-Daily Electricity Cost 

 

4.2.3 Method 3: Optimization with PV Modules for a Hourly Cost Fluctuation  

    This pricing method implies that the hourly fluctuation of the electricity price needs 

to be considered in addition to the solar energy from the PV modules. The logic used to 

optimize the objective function is similar to the one considered previously in the case of 

an optimization without PV cells. The objective function is constituted of two terms 

defined as 5*24 matrices with a subtraction operation as seen in equation (14). 

∑ 𝑐𝑜𝑠𝑡𝑗,3
𝑇 ∗ 𝑝𝑖𝑖∈𝐺 − 𝑐𝑜𝑠𝑡𝑗,3𝑔𝑖 =

𝑐𝑜𝑠𝑡1,3

𝑐𝑜𝑠𝑡2,3

𝑐𝑜𝑠𝑡3,3
.
.
.

𝑐𝑜𝑠𝑡24,3

∗

[
 
 
 
 
𝑝1,1 𝑝1,2 𝑝1,3 . . 𝑝1,24

𝑝2,1 𝑝2,2 𝑝2,3

𝑝3,1 𝑝3,2 𝑝3,3

𝑝4,1 𝑝4,2 𝑝4,3

𝑝5,1 𝑝5,2 𝑝5,3

. . 𝑝2,24

. . 𝑝3,24

. . 𝑝4,24

. . 𝑝5,24]
 
 
 
 

−

𝑐𝑜𝑠𝑡1,3

𝑐𝑜𝑠𝑡2,3

𝑐𝑜𝑠𝑡3,3
.
.
.

𝑐𝑜𝑠𝑡24,3

∗

𝐸1

𝐸2

𝐸3.
.
.

𝐸24

 (14) 

 

No constraints are considered in this mixed integer linear programming model because 

adding an additional term is a constraint in itself. The scheduling plan is then 

simulated in Matlab using the same code as for the other optimizations with PV that 

can be seen in Appendix B. The optimal scheduling with PV modules is illustrated in 

figure 17 for an hourly varying electricity cost. 
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Figure 17: Scheduling with PV for an Hourly Electricity cost 

The objective function is in this case equal to 0.24$ and the solar power not used by 

the five appliances is equal to 330 W. The photovoltaic power is distributed as seen in 

table 9.  

Appliances Type Daily Power Power Supplied by the Grid 

Heater 1 Time-shiftable 1100 W 770 W 

Washing 

Machine 

Time-shiftable 500 W 450 W 

Iron Time-shiftable 400 W 380 W 

Dishwasher Time-shiftable 400 W 400 W 

Heater 2 Time-shiftable 800 W 560 W 

Table 9: Solar Power Distribution for a Bi-Daily Electricity Cost 
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4.3  Daily Residential Bill Comparison in Conjunction with Solar Energy 

    After having proven the cost efficiency of using an optimal scheduling method to 

reduce the cost, the viability of using solar energy is assessed. Three different billing 

methods were again used to schedule the usage of the five time-shiftable appliances. 

The cost assessment was implemented by comparing the cost of powering the 

appliances when no optimization is used and when an optimization in conjunction with 

renewable energy resources is used. Tables 10, 11 and 12 summarizes the findings and 

figure 18 illustrate the data in a bar graph.  

Billing Method 1: Constant Electricity Price 

Appliances Cost without Optimization ($) Cost with PV Optimization ($) 

Heater 1 0.1155 0.099 

Washing Machine 0.0525 0.031 

Iron 0.042 0.042 

Dishwasher 0.042 0.031 

Heater 2 0.0084 0.052 

Total 0.336 0.25 

Table 10: Cost Comparison using Solar Energy for a Constant Electricity Price 

 

Billing Method 2: Bi-daily Electricity Price Fluctuation  

Appliances Cost without Optimization ($) Cost with PV Optimization ($) 

Heater 1 0.121 0.072 

Washing Machine 0.055 0.045 

Iron 0.044 0.036 

Dishwasher 0.044 0.027 

Heater 2 0.088 0.036 

Total 0.352 0.216 

Table 11: Cost Comparison using Solar Energy with a Bi-daily Electricity Price 
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Billing Method 3: Hourly Electricity Price Fluctuation 

Appliances Cost without Optimization ($) Cost with PV Optimization ($) 

Heater 1 0.099 0.069 

Washing Machine 0.055 0.049 

Iron 0.032 0.03 

Dishwasher 0.048 0.048 

Heater 2 0.064 0.045 

Total 0.298 0.24 

Table 12: Cost Comparison using Solar Energy with an Hourly Electricity Price 

 

 

Figure 18: Cost Comparison with PV Optimization 
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4.4   Economic Comparison of the Scheduling Optimization Methods 

    After having compared the different pricing methods and their relative cost, it is 

important to compare the costs associated with the different optimization methods. 

Three different approaches are compared namely: optimal scheduling, PV optimal 

scheduling and optimization considering that the surplus of solar energy can be sold 

back to the grid. The percentage reduction of the daily cost is formulated for each 

method with respect to the scheduling plan without optimization. We assume that the 

selling price of the solar energy back to the grid is equal to the electricity cost value 

for a constant pricing method. A summary of the different costs with respect to each 

pricing and optimization method is given in table 13.  

Daily Electricity Cost of the Appliances ($) 

Pricing / Optimization 

Method 

No 

Optimization  

Optimization 

without PV 

Optimization 

with PV 

Optimization with PV 

and Energy selling 

Constant Pricing Method 0.336 0.336 0.257 0.221 

Bi-Daily Pricing Method 0.352 0.288 0.216 0.186 

Hourly Pricing Method 0.298 0.263 0.24 0.2 

Table 13: Daily Electricity Cost of the Appliances for Each Pricing and Optimization Method 

 

The percentage change of the cost from one optimization approach to another and 

with respect to each billing method can be calculated using equation (15). 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝑐𝑜𝑠𝑡𝑖+1−𝑐𝑜𝑠𝑡𝑖

𝑐𝑜𝑠𝑡𝑖 
∗ 100%   (15) 

The percentage change can then be derived and gives an idea about the most cost 

effective pricing method. It is illustrated in figure 19, 20, 21. It can be concluded that 

the most cost effective method is the bi-daily pricing method because the savings can 

reach 47.1%, even if its initial cost without optimization is higher. Finally, the cost 

analysis shows that the optimal scheduling of electric appliances reduces the cost and 

proves to be effective.  
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Figure 19: Cost Reduction Comparison for a Constant Pricing Method 

 

 

Figure 20: Cost Reduction Comparison for a Bi-Daily Pricing Method 
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Figure 21: Cost Reduction Comparison for an Hourly Pricing Method 

 

 

Figure 22: Billing Method Comparison 
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5. Conceptualization and Sizing of a Photovoltaic System 

In order to benefit from the advantages of harnessing solar energy and to optimize 

the efficiency of the solar cells, the sizing and conceptualization of the photovoltaic 

system needs to be implemented. The sizing of a PV installation is defined as the 

process of specifying and installing a photovoltaic power system so that it operates to 

its full design potential. The conceptualization and sizing of the PV modules takes into 

account many parameters and follow the steps described below. 

 Determining the energy use and the peak power.  

 Choosing the photovoltaic technology  

 Sizing the power inverters to be used.   

 Defining the optimal tilt angle and the panels’ inclination. 

 Estimating the system energy output. 

  Choosing the optimal PV panels support. 

In addition, the user can choose to either connect the PV installation to the grid or to 

have an autonomous installation. In the project’s case, the photovoltaic installation is 

connected to the grid and the sizing is implemented for a sample of five smart homes. 

It is also assumed that all the energy generated by the solar cells is directly consumed 

by the home appliances and can therefore not be stored in a battery or be sold to the 

grid.  

5.1       PV System Peak Power    

 

An optimized photovoltaic installation requires first accessing the exact energy 

needed to supply the smart home appliances with the amount of power needed. The 

power required by the sum of all the electric appliances in a PV system setting is 

accessed by the peak power. The peak power is defined as the maximum electric 

power that can be delivered by a solar cell in standard conditions (at a temperature of 

25 °C and under a lighting intensity of 1000 W/𝑚2) and is expressed in the unit Wp 

(Watt-peak). Therefore, we need to distinguish between the peak power and the real 

power, which refers to the actual power required by the electric appliances in Watt.  
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We assume in the project case that the real power for each smart home is equal to the 

average power consumed in a residential home in Morocco, which is 1500 𝐾𝑊/𝑦𝑒𝑎𝑟 

divided by a ∆𝑇. The peak power needed to supply five smart homes can be derived 

from equation (16). 

 

                                  𝑃𝑝𝑒𝑎𝑘 =
𝐸𝑖,𝑚𝑎𝑥∗𝑃𝑟𝑒𝑎𝑙

 𝐸𝑖,𝑚𝑖𝑛∗𝑃𝑅
                                   (16) 

where 𝐸𝑖,𝑚𝑖𝑛 is the minimum solar energy witnessed during the year, 𝐸𝑖,𝑚𝑎𝑥 is the 

maximum solar energy and PR is the performance ratio. The software Meteonorm 7, 

which is a software to simulate in real time the climate data from all around the world, 

was used to find the solar energy fluctuation in the city of Ifrane. Table 14 and figure 

23 summarize the climatic data and the global irradiation values. The minimum and 

maximum values of the solar energy 𝐸𝑖,𝑚𝑖𝑛 and 𝐸𝑖,𝑚𝑎𝑥 respectively can be 

approximated to the minimum and maximum values of 𝐺ℎ, which refers to the global 

horizontal irradiance.  

 

 

Table 14: Climate Data in Meteonorm 
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Figure 23: Monthly Irradiation in Meteonorm 

 

The maximum and minimum solar energy are derived from the climatic data and occur 

in July (246 KWh/𝑚2) and December (91 KWh/𝑚2) respectively. The PR value 

refers to the performance ratio, which is the difference between the theoretical and 

practical energy yield and is equal to 75% in our case. The peak power then becomes:  

 

                                  𝑃𝑝𝑒𝑎𝑘 =
𝐺ℎ,𝑚𝑎𝑥∗𝑃𝑟𝑒𝑎𝑙

 𝐺ℎ,𝑚𝑖𝑛∗𝑃𝑅∗∆𝑡
                                   (17) 

                                  𝑃𝑝𝑒𝑎𝑘 =
246∗1500

 91∗𝑃𝑅∗365
                                        (18) 

 

The peak power needed for each smart home is thus equal to 1.45 KWp and is equal to 

7.3 KWp for a series of five smart homes.  

 

5.2    PV Module Technology 

 

One of the most critical aspect of sizing a PV installation lies in the fact of 

choosing the most effective solar cell technology. Three different types of silicon 

crystalline photovoltaic modules technology are available namely: mono-crystalline, 

polycrystalline and amorphous. Each technology is characterized by specific 
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advantages and disadvantages, which influence their individual market shares. I 

choose to base the comparative study on the different types and brands of the silicon-

based solar panels.  In order to collect sufficient comparative data to choose the most 

appropriate technology, I contacted the company in which I conducted my internship, 

Techniconsult, to have access to their database. In addition, I diversified my research 

using different websites and supplier’s database to gather the most information about 

the different brands, dimensions, weights, operating power, percent yield and cost 

effectiveness. Table 15 below summarizes my findings.  

References Type Dimensions 

(𝒎𝒎𝟐) 

Weight 

(Kg) 

Peak 

Power 

(Wp) 

Percent 

Yield 

(%) 

Warranty 

(years) 

Density 

(Wc/𝒎𝟐) 

Price 

($) 

Trina Solar 

TSM-PC14 

Poly 1276x941 27.6 310 16 25 245.8 192 

Trina Solar 

DC05A 

Mono 990x941 18.6 270 16.5 25 202 279.2 

Trina Solar 

TSM-PC05 

Poly 990x941 18.6 250 15.9 25 169 268.5 

Trina Solar 

PDG5 

Poly 1685x997 24 245 15.2 25 159 154.5 

Trina Solar 

DC80.08 

Mono 1581x764 14.9 210 16.8 25 137 175 

CHN 250 Poly 1640x990 19 250 14.4 25 132 154.3 

CHN 300 Poly 1950x990 24 300 15.54 25 157.5 155.4 

CHN 260 Mono 1640x992 19 260 15.4 25 158 160.5 

Droben CM Poly 1642x989 24 230 15.7 25 161 141.6 

IBC 200 Mono 1580x808 15.5 200 15.5 25 192 156.6 

IBC 235 Poly 1639x983 18.5 235 16.5 25 205 155.1 

Luxor Solo Poly 1404x624 - 140 18.5 25 168 160 

Luxor S36 Mono 1130x500 - 100 15.3 25 120 154 

AXI 250 Poly 1640x992 18.5 250 15.37 25 275 153 

AXI 245 Poly 1640x992 18.5 245 15.06 25 - 150 

         Table 15: PV Modules Technologies Database 
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Considering the fact that the polycrystalline technology has the highest market share 

and the best value of money, this technology is chosen. Using the data collected, a 

comparative study was done using the software PVsyst to compare the energy 

effectiveness and the price for the brands Trina Solar, IBC and Luxor, which are 

considered the best.  

 Trina Solar: the effective energy output per year is 310.6 MWh with a price of 

0.78$ per watt-peak. 

 IBC Solar: the effective energy output per year is 308.6 MWh with a price of 

0.69$ per watt-peak. 

 Luxor: the effective energy output per year is 310.7 MWh with a price of 

0.88$ per watt-peak. 

The cost and energy comparison shows very similar results with a slight advantage 

for the German brand IBC solar for a cost 0.69$/Wp. The technical data and 

characteristics of the solar panels can be found in appendix C. 

5.3 Power Inverters Technology  

    The power inverters are among the most important appliances in a photovoltaic 

installation. Since the photovoltaic cells generate direct current, the inverters are used 

to convert the direct current into an alternating one, which is used by the utility grid 

and by the different appliances in a residential home. The inverters are also used to 

shape the current into a sinusoidal waveform to boost the photovoltaic array voltage if 

it is lower than the grid voltage [17]. Moreover, there are two main types of power 

inverters used in solar installation, which are the micro inverter and the string 

inverter.  

 Micro-Inverters: are the most efficient type of inverter and allow more 

freedom in one’s solar installation. In fact, they are mounted under each panel 

and are connected directly into the panel junction box. Connecting each 

inverter to its own panel allow to reduce the effect of shading and non-

favorable orientation, which increase array production by up to 20%.  
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 String Inverters: are centralized inverters, which are arranged into strings. 

They are 30 to 40% less expensive than the other type and are the most 

popular type. The issue with this technology is that the max power rating is 

equal to the poorest performance of the solar panels [18].  

 The solar installation illustrated delivers a peak power of 7.3 KWp. Thus, using string 

inverters do not constitute a good option if the efficiency and power generation are to 

be optimized. In addition, a string inverter installation would generate output losses 

because if one panel is shade, its output drop significantly, affecting the output of all 

the string. However, using a single inverter for each of the 32 panels would generate 

an excessive cost. Therefore, the best solution would be to use an inverter for each 

chain of panels because it increases the efficiency and reduce the cost. The inverter 

that is chosen is the Solar Edge 4000-16A Single Phase Power Inverter. Its technical 

characteristics can be seen in Appendix D.  

5.4 PV Modules Mounting System 

    Photovoltaic modules need to be fixed to a surface area such as a roof, a home 

façade or a ground. The PV mounting system are used as a support fixation for solar 

panels, mounted with each panel and aligned at a specific angle. After consulting the 

company Techniconsult, the mounting system that is considered for the sizing of the 

PV installation is the Parfel FXR. Among the different FXR support available, two 

are of particular interest as seen in figure 24.  

 

 

Figure 24: Mounting System Types 
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Considering the fact that PV modules are fixed in a roof area, the system needs to be 

light. It is for this reason that the aluminum support is chosen, which is much lighter 

than the steel support (densities: 𝜌𝑎𝑙𝑢 = 2700𝐾𝑔/𝑚3  & 𝜌𝑠𝑡𝑒𝑒𝑙 = 7850𝐾𝑔/𝑚3). The 

second type is characterized by additional shading between the different modules and 

is more expensive and weight more compared to the first one as seen in table 16. The 

support type that is chosen is therefore the first type. 

Support Type Price ($) Weight (Kg) 

Type 1 62 4.45 

Type 2 68 7.5 

Table 16: Support Types Characteristics 

 

5.5 Optimal Orientation for Solar Energy Collection  

   One of the most critical aspect toward maximizing the solar energy output is 

optimizing the orientation of the solar panels. Indeed, the incident power depends not 

only on the solar irradiance of a particular area but also on the angle between the PV 

modules and the sun, defined as the tilt angle β. The orientation of the panel γ, which 

refers to the angle between the panel and the north-south axis in the horizontal plan 

needs also to be determined and optimized. An illustration of the panel orientation 

can be seen in figure 25.  

 

                Figure 25: Orientation of a PV Cell 
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Before determining the tilt angle, the panels need to be oriented toward the south 

because Morocco is located in the North Hemisphere. Since Ifrane is within a latitude 

of 33.5°, the optimal tilt angle can be derived from equation (19).  

                    𝑓𝑜𝑟 25° < 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒 < 50°    β = 0.76 ∗ lat + 3.1°                          (19) 

Thus the optimal tilt angle is equal to 28.6°. The azimuthal angle, which refers to the 

direction of the sun, is equal in our case to 0°. Using the simulation of PV education, 

the optimal tilt angle being equal to approximately 29° is confirmed as seen in figure 

26. The graph shows that the module power is asymptotic to the maximum incident 

power.  

 

 

Figure 26: Optimal Tilt Angle Simulation 
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5.6 PVsyst Simulation 

    After having defined the peak power, the optimal tilt angle, the PV modules and 

inverters technology and the support type, the sizing and simulation of the solar 

installation can be implemented in the software PVsyst. The photovoltaic scheme of 

the installation was generated by the software and can be seen in figure 27. The 

scheme shows that the PV arrays are connected to the inverter then the energy is 

delivered to the user and the grid.  

 

Figure 27: PV installation Scheme 

 

The first step was to enter the orientation field parameters to the software. As 

discussed previously, the optimal tilt angle was equal to 29° and the azimuthal angle 

was set to 0°. The global energy generated on collector plane was find to be 

1954 𝐾𝑊ℎ/𝑚2 with an energy loss by respect to optimum equal to 0.1%. The active 

area of the PV modules is equal to 53 𝑚2 with no shadings. The grid system variant 

was then defined in PVsyst. As mentioned the peak power is equal to 7.3 KWp , the 

PV module technology used is IBC Polysol 235 Wp and the inverter technology is the 

SE 400 3.7 KW. The global system summary after simulation shows that the number 

of modules needed is 32 arranged as a 2*16 strings in parallel. The maximum PV 
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power is equal to 7.7 KWdc and the maximum nominal power is equal to 7.5 KWp. 

The configuration and results in PVsyst can be seen in figure 28.  

 

Figure 28: PVsyst Project and Simulation Variant 

 

Moreover, two inverters are needed with an operating voltage of 350 V and an input 

maximum voltage of 500 V. The global inverters’ power is equal to 7.4 KWac with an 

inverter/array 𝑃𝑛𝑜𝑚 less than 1.1. The inverter was well sized because the 𝑃𝑛𝑜𝑚 STC, 

which refers to the nominal power of the array, is less than the inverter 𝑃𝑛𝑜𝑚 DC 

value as seen in figure 29.  
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Figure 29: Inverters Output Distribution 

Finally, the cost of the installation and the energy cost was computed. The initial 

investment includes the cost of the 32 PV modules units, the cost of the 32 support 

and the cost of the two inverters. In addition, taxes of 20% was considered as applied 

in Morocco. The net investment is equal to 12808 $ for an energy cost of 0.12 $/KWh. 

The results can be seen in figure 30 and the sizing report can be seen in Appendix E. 

 

Figure 30: PV installation Cost 
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5.7 Economic Viability  

    One of the most important aspect of conducting an engineering project is to study 

whether or not it is economically viable and feasible. The purpose is to estimate the 

project’s cost and the revenues generated from the sizing of a photovoltaic 

installation. In order to do so, many steps need to be considered and include the 

following [19]:  

 Define estimate’s purpose and schedule 

 Develop estimation plan  

 Obtain relevant data and information  

 Identify ground rules and assumptions  

 Determine estimating approach and develop estimate  

 Conduct sensitivity and risk analysis  

The payback period needs also to be calculated based on the yearly revenues 

generated from the photovoltaic installation. As illustrated in the software PVsyst the 

initial investment required for the solar installation project is equal to 12808$. Many 

budgeting techniques to estimate the depreciation period exist and three are of 

particular interest: net present value method, internal rate return method and the 

payback period method. The first cited is used to calculate the current value of a 

future net cash flow. The net present value (NPV) represents “the difference between 

the present value of cash inflows and the present value of the cash outflows” [20]. 

The second method also considers the time value of money by “comparing the 

internal rate of return to the minimum required rate of return of the company” [21]. 

Finally, the payback period method takes into account the time required to return the 

initial investment without considering the future value of money. The budgeting 

methods that is used is the net present value method because it shows an objective 

picture of the decision making while the others have a limited expressiveness [22]. 

The NPV is a direct indicator, which measure whether an investment can generate 

future benefits. Considering the fact that the initial cost is a present expense and that 

the future cash-flows are distributed over a given number of years, it is critical to 

compare them as present values. The NPV is equal to the cash-flows at a given 
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discount rate minus the initial investment. If the value is positive, the project is 

economically viable and if it is negative the project is rejected. Before calculating the 

NPV, the payback period needs to be known. It is given by the ratio of the cost of the 

project and the annual cash flow. The payback period P can be found using equation 

(20). The annual cash flow is equal to 1464$. 

𝑃 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑∗𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡

𝑁𝑒𝑡 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
                                (20) 

𝑃 =
12.2 ∗ 103 ∗ 0.12

12808
= 9 𝑦𝑒𝑎𝑟𝑠 

The project needs nine years to compensate its initial investment, which reasonable 

knowing that the warranty of the materials used are over 25 years. The NPV can then 

be calculated using equation (21).  

      𝑁𝑃𝑉 = −𝐶0 + ∑
𝐶

(1+𝑟)𝑖
25
𝑖=1                                     (21) 

The net present value is calculated considering the initial investment𝐶0, the annual 

flow cash C equal to 1464$, the time considered is equal to the equipment warranty 

time of 25 years and the discount rate r is equal to 10%. The value of the discount 

rate is chosen to be equal to 10% because it is a long time investment and the 

inflation is considered. Thus the net present value is equal to:  

𝑁𝑃𝑉 = −12808$ + ∑
1464$

(1 + 0.1)𝑖

25

𝑖=1

 

𝑁𝑃𝑉 = −12808$ + 20633$ 

𝑁𝑃𝑉 = 7825$ 

The positive value of the NPV shows that the project is economically viable and that 

a benefice of 7825$ is generated.  
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6. CONCLUSION & FUTURE WORK  

 

     Reducing the environmental impact of energy generation and responding effectively 

to the energy demand is crucial toward achieving sustainability. The purpose of this 

capstone project was to introduce a mixed integer linear programming method to 

optimize and reduce the daily electricity cost through appliance scheduling. Three 

different billing methods were considered depending on the type of electricity price 

fluctuation. The scheduling optimization was implemented respectively to each pricing 

method. Moreover, the optimization part was divided into two main sections namely 

optimizing without solar energy resources and optimizing in conjunction with solar 

energy. The simulation results showed that optimizing the scheduling of the electric 

appliances could reduce the bill by up to 38% when no renewable energy is considered 

and by up to 47% when it is considered in a bi-daily pricing setting. Furthermore, the 

last part of the project was to size the photovoltaic modules to optimize the solar energy 

output. The peak power was determined in addition to the panel’s inclination and 

technology. The economic study using the net present value method showed that adding 

a photovoltaic installation could be paid back in nine years and generate an overall profit 

of 7825$. Finally, the results obtained demonstrated the efficiency of the MILP to 

achieve the appliances optimal scheduling but the algorithm could further be improved. 

In this project, the utility function, which represent the satisfaction level of the consumer 

was not considered. The algorithm and optimization method could be enhanced to take 

into account the user’s time of preference to use a particular appliance. Different pricing 

method could also not only apply to the electric gird but also to the selling of the surplus 

of solar energy.  
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Appendix A  

Matlab Code for the Optimal Scheduling without Renewable Energy Use 

 

%Scheduling Optimization 
%Minimization of the Residential Electricity Bill 
%i=5 & j=24 
%Electric Price Rate f ($/kWh): 
f=[0.09;0.08;0.08;0.08;0.09;0.1;0.1;0.8;0.1;0.11;0.11;0.11; 

0.11;0.11;0.11;0.11;0.09;0.1;0.12;0.12;0.11;0.12;0.12;0.11]'; 

intcon = 1:24; 
Aeq=[5,3,4,6,1,1,1,1,5*0.05,3*0.04,4*0.05,6*0.03,0.08,0.07, 

0.06,0.03,5*0.03,3*0.03,4*0.04,6*0.04,0.06,0.07,0.08,0.09]; 
beq = [25]; 
%Maximum working power ub /%Standby power lb 
lb = zeros(24,1); 
ub = 1.2*ones(24,1); 
ub(5:end) = Inf; % No upper bound on noninteger variables 
[x,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
x 
fval 
bar(x); 
%% 
t=[1:1:24]; 
plot(t,x) 
title('Optimal Scheduling'); 
xlabel('hours'); 
ylabel('Power'); 
%% 
%Appliance 2 
%f=p 
intcon = 1:24; 
Aeq = [5*0.03,3*0.03,4*0.04,6*0.04,0.06,0.07,0.08,0.09,5,3, 

4,6,1,1,1,1,5*0.05,3*0.04,4*0.05,6*0.03,0.08,0.07,0.06,0.03]; 
beq = [25]; 
lb = zeros(24,1); 
ub = 3*ones(24,1); 
ub(5:end) = Inf; 
[y,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
y 
fval 
bar(y); 
%% 
%Appliance 3 
intcon = 1:24; 
Aeq = [25*0.03,3*0.03,4*0.04,6*0.04,0.06,3.7,7.08,1.09,4.5, 

0.3,0.4,6,1,1,0,1,5*0.05,3*0.04,4*6.05,6*0.03,0.08,8.07,1.06,0.03]; 
beq = [2.5]; 
lb = zeros(24,1); 
ub = 0.5*ones(24,1); 
ub(5:end) = Inf; 
[z,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
z 
fval 
bar(z); 
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%% 
%%Appliance 4 
intcon = 1:24; 
Aeq = [2.5*0.03,7*0.03,4*0.04,6*0.04,0.06,3.7,2.08,0,4.5,8.3, 

9.4,0,1.5,1,0,1,5*0.05,3*0.04,4*6.05,5*0.03,0.08,8.07,1.06,8.03]; 
beq = [12.5]; 
lb = zeros(24,1); 
ub = 5.5*ones(24,1); 
ub(5:end) = Inf; 
[v,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
v 
fval 
bar(v); 
%% 
%Appliance 5 
%f=p 
intcon = 1:24; 
Aeq = [8*0.03,3*0.03,4*0.04,6*0.04,0.46,10.07,0.08,9.09,5,3.69, 

4,6,1.56,0,1.9,.89,5*0.05,30*0.004,4*1.05,6*0.03,0.08,0,0.06,8.03]; 
beq = [60]; 
lb = zeros(24,1); 
ub = 7*ones(24,1); 
ub(5:end) = Inf; 
[w,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
w 
fval 
bar(w); 
%% Optimal Scheduling of 5 appliances 
t=[1:1:24]; 
plot(t,x,'r-*',t,y,'b-*',t,z,'g-*',t,v,'k-*',t,w,'c-*','LineWidth', 2) 
title('Optimal Scheduling of 5 appliances'); 
xlabel('Time (hours)'); 
ylabel('Power (10^2 Watt)'); 
grid on; 
legend('Heater', 'Washing Machine', 'Fridge', 'Dishwasher', 'Iron') 
%% Optimal Scheduling of 5 appliances 
GU=[x,y,z,v,w]; 
bar(GU,'stacked') 
title('Optimal Scheduling of 5 appliances'); 
xlabel('Time (hours)'); 
ylabel('Power (10^2 Watt)'); 
grid on; 
legend('Heater 1', 'Washing Machine', 'Iron', 'Dishwasher', 'Heater 2') 
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Appendix B  

Matlab Code for the Optimal Scheduling with Renewable Energy Use 

 

%% Electricity Generated Output of the PV system:  
%Irradiation  
H=[0,0,0,0,0,0,0,0,97,211,228,418,424,381,351,257,156,0,0,0,0,0,0,0]; 
%Performance Ratio 
PR=0.75;  
%Solar Panel Yield 
r=0.16; 
%Total Solar Panel Area in m^2   
Area=4;  
gE=Area*r*PR.*H;  
%i=5 & j=24 
%Electric Price Rate f ($/kWh): 
f=[0.09;0.08;0.08;0.08;0.09;0.1;0.1;0.8;0.1;0.11;0.11;0.11; 

0.11;0.11;0.11;0.11;0.09;0.1;0.12;0.12;0.11;0.12;0.12;0.11]'; 

intcon = 1:24; 
Aeq=[5,3,4,6,1,1,1,1,5*0.05,3*0.04,4*0.05,6*0.03,0.08,0.07, 

0.06,0.03,5*0.03,3*0.03,4*0.04,6*0.04,0.06,0.07,0.08,0.09]; 
beq = [25]; 
%Maximum working power ub /%Standby power lb 
lb = zeros(24,1); 
ub = 1.2*ones(24,1); 
ub(5:end) = Inf; % No upper bound on noninteger variables 
[x,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
intcon = 1:24; 
Aeq = [5*0.03,3*0.03,4*0.04,6*0.04,0.06,0.07,0.08,0.09,5,3, 

4,6,1,1,1,1,5*0.05,3*0.04,4*0.05,6*0.03,0.08,0.07,0.06,0.03]; 
beq = [25]; 
lb = zeros(24,1); 
ub = 3*ones(24,1); 
ub(5:end) = Inf; 
[y,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
intcon = 1:24; 
Aeq = 

[25*0.03,3*0.03,4*0.04,6*0.04,0.06,3.7,7.08,1.09,4.5,0.3,0.4,6,1,1,0,1,5*0.05

,3*0.04,4*6.05,6*0.03,0.08,8.07,1.06,0.03]; 
beq = [2.5]; 
lb = zeros(24,1); 
ub = 0.5*ones(24,1); 
ub(5:end) = Inf; 
[z,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
intcon = 1:24; 
Aeq = [2.5*0.03,7*0.03,4*0.04,6*0.04,0.06,3.7,2.08,0,4.5,8.3, 

9.4,0,1.5,1,0,1,5*0.05,3*0.04,4*6.05,5*0.03,0.08,8.07,1.06,8.03]; 
beq = [12.5]; 
lb = zeros(24,1); 
ub = 5.5*ones(24,1); 
ub(5:end) = Inf; 
[v,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
intcon = 1:24; 
Aeq = [8*0.03,3*0.03,4*0.04,6*0.04,0.46,10.07,0.08,9.09,5,3.69, 

4,6,1.56,0,1.9,.89,5*0.05,30*0.004,4*1.05,6*0.03,0.08,0,0.06,8.03]; 
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beq = [60]; 
lb = zeros(24,1); 
ub = 7*ones(24,1); 
ub(5:end) = Inf; 
[w,fval] = intlinprog(f,intcon,[],[],Aeq,beq,lb,ub); 
gx=(x-0.001*(gE)'); 
gy=(y-0.001*(gE)'); 
gz=(z-0.001*(gE)'); 
gv=(v-0.001*(gE)'); 
gw=(w-0.001*(gE)'); 

gE2=-0.01*gE; 
GU=[gx,gy,gz,gv,g,gE2']; 
bar(GU,'stacked') 
title('Optimal Scheduling of 5 appliances'); 
xlabel('Time (hours)'); 
ylabel('Power (10^2 Watt)'); 
grid on; 
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Appendix C  

Technical Data of IBC Polysol 235 Solar Panel 
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Appendix D 

Technical Data of Solar Edge 4000-16A Single Phase Power Inverter  

 

 

 

 

 



66 
 

Appendix E 

PVsyst Sizing Simulation Report  
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