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Abstract 

 

In order to meet the growing energy demand, there is a need to decrease our consumption and 

to come up with innovative ways to produce energy. During the past years, we noticed an 

increasing interest in renewable energy and optimal energy management. Integrating 

distributed renewable generators and storage systems with a microgrid enables the consumer 

to efficiently serve the local demand. Therefore, this paper studies the energy management for 

a single microgrid system comprised of a renewable generation, an energy storage device, and 

an aggregated load. The aim is to investigate the economical benefit of a battery energy 

storage system in Morocco. As a first step, the cost of the conventional energy drawn from the 

main grid is minimized by optimizing the charged and discharged energy to/from the storage 

device. This optimization process will allow us to define a model describing the operational 

cost of a grid connected PV system with energy storage. Finally, the profitability of the 

battery will be compared based on different on and off peak electricity prices and battery 

investment costs. Throughout the study, it was found that investing on a battery wasn’t 

profitable in Morocco; however, changing the pricing system and the battery’s capital cost 

could make a significant difference.    

The project has direct social and ethical implications. Less energy consumption implies more 

energy efficiency; therefore, less greenhouse gases emitted to the environment.   
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1. Introduction 

1.1 Energy in Morocco  

 

Morocco is very dependent on fossil fuel to meet it energy demand. The majority of the 

energy produced in the country comes from thermal power plants that mainly use imported 

coal and fuel. In 2008, Morocco imported 97% of the resources needed to generate electricity. 

Even though the petroleum products are subsidized, the oil bill accounted for 86% of the 

energy cost. Furthermore, due to the industrial and economic development of the country, the 

energy demand per Moroccan citizen increased from 449 KWh in 2006 to 634KWh in 2016. 

[1] 

Therefore, Morocco has implemented national energy policies encouraging the 

development of renewable energy. The latter policies will enable the country to secure its 

energy supply, to control the future cost of energy service and to preserve the environment by 

reducing its greenhouse gas emissions. The government has set itself the objective to reach 

12% energy efficiency gain by 2020 and 15% by 2030. Indeed, the law on energy efficiency 

(47-09) sets limits on energy consumption of buildings and vehicles. The latter regulation was 

further developed with 2014 decree 2-13-874 that specifies the energy efficiency requirements 

for new buildings in the service and residential sectors. [2] 

1.2 Energy Efficiency through Energy Storage 

 

The increase of electricity demand and environmental concerns associated with the 

decrease of fossil fuel resources call for innovations in the energy sector. Microgrid system is 

considered as one of the possible solutions to the latter concern. A microgrid is a small-scale 

power grid that can be used as a back-up power and can bolster the energy from the grid 

during periods of heavy demands. Microgrids usually incorporate renewable power with a 

battery storage that supports it.   
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A Battery Energy Storage System (BESS) could be used in different aspects of the power 

system. BESS can provide energy and ancillary services. The latter system can store energy 

when there is less demand and release the stored energy back to the system during peak 

periods. The energy storage’s features make it an ideal candidate to mobilize domestic 

demand response. Proper demand response can effectively optimize energy consumption and 

eventually minimize cost. Nevertheless, the application of energy storage is limited due to the 

expensiveness of the battery.  

This situation is changing with the evolutions in power systems and material science. The 

costs of small-scale energy storage devices dropped and smart grids are nowadays providing 

physical infrastructure to enable batteries to supply system-wide support for different parties. 

These developments have enabled energy storage devices to facilitate the implementation of 

domestic demand response. [3]    

In this paper, the problem of optimal energy scheduling and pricing of battery storage is 

considered. More precisely, we consider a power consuming entity that needs to meet its 

power demand using renewable energy, storage power, and power purchased from the grid. 

The aim is to minimize the cost of the conventional energy drawn from the grid while 

optimizing the energy charged/discharged to/from the storage device over demand response 

and storage constraints. 

The analysis is divided into six parts. The second part describes the previous works done 

on the subject. The third one defines the technical terms related to the battery energy storage 

system. Then, an algorithm aiming at optimizing the profitability of a grid connected PV 

system with battery will be explained. The latter part takes also into consideration the 

different mathematical equations used for the optimal scheduling and the system’s cost 

calculation. A simulation will be described in the fifth part. Finally, the conclusion and future 

works comprise the content of the sixth part.     
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2. Literature Review 

 

Over decades, numbers of utilities and research organizations worked on developing and 

evaluating new technologies of grid connected energy storage systems. Back in the 1940’s, 

Arlie Graham Sterling, Jr. had begun the study of the potential of batteries. Sterling dedicated 

his thesis to the design of a flywheel energy storage system for peak load shaving. As a 

pioneer, he concluded that the flywheel storage system was not technically and economically 

feasible. Since then, the US Department of Energy as well as Electric Power Research 

Institute had been contracted Energy Research Corporation to study more in depth the battery 

energy storage system. For the recent 15 years, the energy storage techniques have been 

rapidly developed and many new application areas have been found. [4] 

Lu, Pan and Song’s paper on optimal sizing and control of battery energy storage system for 

peak load shaving considers the optimal control policy towards charging and discharging with 

two different objectives. The first objective is to diminish the difference between the peak 

load and valley load. The second one is to minimize the daily load variance. The results of the 

latter study showed that improved peak load shaving performances could be achieved with 

limited battery energy storage system capacities. [5]  

Huang’s paper was more specific since the latter one emphasized on the problem of optimal 

demand response and energy storage management for a power consuming entity. The 

objective was to find an optimal control policy for deciding how much load to consume and 

how much power to sell/purchase to/from the utility grid. The issue was tackled using a low 

complexity algorithm developed based on Lyapunov optimization. The optimal scheduling of 

energy flow was then used to find the required energy storage size. [6] 

A similar study was performed by the MIT research center. The problem of optimal energy 

storage management and sizing in the presence of renewable energy and dynamic pricing was 
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formulated as a stochastic dynamic program. In the latter paper, the profitability of the battery 

energy storage system was also investigated. It was found that the storage is a profitable 

investment if “the ratio of the amortized cost of the storage to the constant price is less than 

0.25”.          

The results found in previous paper were used to identify the optimal storage management 

policy in order to minimize the annual operating cost. For this study, the Moroccan case was 

taken into consideration.  

3. Smart Microgrid  

 

Microgrids are small-scale versions of the centralized electricity system. The latter ones 

achieve specific local goals such as carbon emission reduction, diversification of energy 

sources and cost reduction. Smart microgrids generate, distribute, and regulate the flow of 

electricity to consumers locally. The latter ones could be built, owned and operated by a 

community, neighborhood, university, hospital, corporation or an individual. In United States 

for instance, this local control enables a private investment. Smart microgrids represent an 

ideal way to integrate renewable resources into the community and to allow customer to 

participate to the electricity enterprise.  

The key benefits of smart microgrids include: 

 Increase Reliability 

Microgrids can be connected to one another and to the larger grid. This connection allows 

them to back each other up and back up the central grid in case the power demand and cost 

are the highest. This would decrease the rolling blackouts and brownouts during time of peak 

demand.  
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 Efficiently meet growing consumer demand 

With the never ending growth of energy demand, microgrids enable local communities and 

individual buildings to increase electricity supply quickly through relatively local small 

generators. Furthermore, smart microgrids can provide real time price signals and 

automatically adjust electricity usage to meet more efficiently the energy needs of the 

consumers.  

 Get the most from renewable energy 

When the wind blows and sun shines, microgrids can produce enough power to meet the 

energy demand and even sell the excess power to the grid. When the weather doesn’t 

cooperate, a microgrid will be able to store the power produced by the renewable energies or 

bought from the grid when the price is low. 

 Nurture major technological innovation 

Microgrids represent the most consumer-friendly plan for the aging electricity infrastructure. 

Local control over the power infrastructure creates possibilities for a new business model. 

Indeed, entrepreneurs are invited to participate in an open competitive market with their 

technologies. Microgrids will allow the consumers to have a control over the price paid for 

electricity. Therefore, the electricity producers will be more encouraged to increase the 

efficiency, affordability, and reliability of the power. [8] 

3.1 A Grid Connected PV System with an energy storage device 

 

A grid connected photovoltaic (PV) system with an energy storage device is a system 

frequently built on residential households.  
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3.1.1 How a grid connected PV system works 

 

Figure 1 describes a typical grid connected photovoltaic system with a battery as energy 

storage device. The photovoltaic panels receive energy from the sun and generate current that 

is sent through an inverter to the AC bus. The power at the AC bus is then used to meet the 

energy demand. The excess power generated by the PV panels could be either used to charge 

the battery or sold to the utility grid. Indeed, the drawback of photovoltaic power is it weather 

dependency; the energy production is not always in line with the energy demand. Therefore, a 

storage device is very useful to overcome the PV’s drawback. When the PV generation isn’t 

enough the battery discharges. It sends power through an inverter to the AC bus in order to 

meet the load. The energy stored in the battery could also be sold to the grid in peak hours in 

order to maximize the profit. However, when the battery and PV panels can’t meet the load, 

energy from the grid ought to be bought. [9] 

 

Figure 1: Grid Connected PV System with an Energy Storage Device [9] 
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3.1.2 System Components 

 

 Utility Grid: 

The utility grid is used for transporting electrical energy from utility to consumers. The latter 

one includes power stations and high voltage distribution lines that transmit power from the 

power station through transmission lines to consumers. 

 Photovoltaic Panels (PV):   

A PV array includes several PV cells which are interconnected in parallel or series to enhance 

respectively current and voltage. The main purpose of the PV array is to convert the sun rays’ 

power into DC power. 

 Inverter: 

An inverter is used to convert DC power to AC power, control the effective voltage of the 

voltage output and adjust the frequency of the AC power output.  

 Energy Storage 

An energy storage engaged in a PV system expands cost effective result targeted to address 

energy demand of a building. It compensates the load in peak hours by delivering energy 

when the PV generation isn’t enough. 

3.2 A Battery as an Energy Storage Device  

 

Batteries have been used to support the integration of renewable energies since their 

production fluctuates depending on the weather. The latter ones store energy chemically. 

More precisely, a cathode is separated from the anode by a porous separator, and ions can 

flow between the two charges via an electrolyte. This chemical reaction creates current and 

voltage.   
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3.2.1 Battery Types Used in a PV System 

 

Renewable energy systems usually use three types of lead acid batteries as energy storage 

devices: flooded type, gelled electrolyte sealed and sealed absorbed glass mat (AGM) 

batteries. Flooded type batteries are broadly engaged and economical batteries used within a 

PV system. Even though the lifetime of these batteries is very high, the latter ones need 

continuous maintenance. On the other hand, the other lead acid batteries are free of 

maintenance. The main drawback of the sealed batteries is their high cost.  

Nowadays, researchers are striving to improve the existing batteries. Lithium ion batteries are 

the fastest growing ones. They have a high energy to weight ratios and a very slow rate of self 

discharge. Indeed, lithium ion batteries could be used as energy storage devices in sustainable 

buildings. [10] 

3.2.2 Battery Parameters  

  

 Battery Capacity 

The battery capacity is the amount of energy that could be extracted from the battery bank 

from the fully charged state to the zero charge state; it is measured in Ampere hours (Ah). The 

battery capacity changes depending on factors such as age, rate of discharge or temperature. 

High ambient temperatures cause internal reactions. Therefore, many batteries loose capacity 

quicker in hotter climates. On the other hand, extremely cold climates may stop the discharge 

of the storage by freezing the electrolyte. 

 State of Charge (SOC) 

The state of charge is the percentage amount of energy stored in the battery with respect to the 

nominal battery capacity. The latter parameter is mainly used to reveal the current amount of 

power stored and to evaluate the performance of the battery.  
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 Charging and Discharging rate 

The amount of power extracted/added from/to the battery per unit time; it is measured in 

Amperes.  

 Battery Efficiency 

The battery efficiency is described in two ways: the columbic and voltage efficiency. The 

columbic efficiency is the ratio of the amount of power that enters the battery when its 

charges versus the amount of power that can be extracted from the battery when it discharges. 

The voltage efficiency is the discharged voltage average versus the charged voltage average. 

More generally, the roundtrip efficiency is the energy extracted from the battery versus the 

energy sent into the device.    

4. System Model 

 

A power system comprised of one main grid and a single microgrid is considered for this 

analysis. The microgrid is composed of renewable generation system, energy storage system, 

and an aggregate load connected to the main grid. More precisely, the PV panels, the battery, 

the utility grid, and the load appliances are connected to a common AC bus. A PV inverter is 

used to convert DC power into AC output. Similarly, the battery works on DC conditions. 

Therefore, an inverter is also needed in order to convert the power output from DC to AC 

when the battery discharges and from AC to DC when it charges.  
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Figure 2: Grid Connected PV System with Battery 

 

4.1 Optimal Scheduling of the Energy Flow 

 

The goal of managing the energy flow schedule is to minimize the cost of the conventional 

energy drawn from the grid. As inputs, PV generation, customer energy demand, electricity 

prices and initial battery conditions are needed. In this algorithm, we assume that the prices 

set for energy are similar for both buying and selling.  

The following algorithm was used for the analysis: 
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Figure 3: Optimal Energy Flow Scheduling Algorithm 
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SOC: State of Charge 

 

Pbmax: Maximum discharging or charging 

power of the battery 

 

 

SOC min: Minimum state of charge of the 

battery 

 

SOC max: Maximum state of charge of the 

battery 

 

Ppv: Power output from PV panels 

 

Pload: Energy demand of the building 

 

 

Net PV= Ppv - Pload  

 

Net load= Pload – Ppv 

 

Table 1: Legend 

The main goal of the algorithm presented in figure 3 is to manage the charging and 

discharging process at each time slot. In order to safeguard the battery from overcharging or 

over discharging, the minimum and maximum states of charges are taken into consideration 

while scheduling the optimal energy flow. The algorithm aims at increasing the income. The 

stored energy is delivered to meet the load during peak hours and is purchased from the grid 

during off peak hours.  

The optimal energy flow scheduling algorithm split the power flow variation into four basic 

scenarios: 

 Scenario 1: The photovoltaic energy generation is higher than the required demand 

during peak hours 

During peak hours, the excess power generated by the PV system after meeting the load will 

be sold to the grid. Since the price of electricity is the highest, discharging the battery if its 

state of charge exceeds SOC min will increase the benefit. Nevertheless, when the battery is 

in its idle state no benefit could be made.  
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 Scenario 2: The photovoltaic energy generation is less than the required demand 

during peak hours 

During peak hours, when there isn’t enough power output generated by the PV system the 

priority is given to the battery. The state of charge of the battery should be higher than the 

minimum in order to discharge the energy storage device and meet the load. If the state of 

charge is less than the minimum or there isn’t enough power stored in the battery to meet the 

energy demand, the total net load or shortage should be bought from the grid.     

 Scenario 3: The photovoltaic energy generation is higher than the required demand 

during off peak hours 

  During off peak hours, if there is enough power generated from the PV panels to meet the 

required energy demand, the excess PV generation is stored in the battery. It follows that the 

state of charge of the battery should be less than SOC max. Depending on the state of charge 

of the battery, the latter one could either charge until it maximum storage capacity, store only 

the net load or don’t store anything. If there is a surplus of energy generated from the PV 

system, the excess power is sold to the grid.  

 Scenario 4: The photovoltaic energy generation is less than the required demand 

during off peak hours 

During off peak hours, when the PV power isn’t sufficient to supply the energy demand, 

electricity must be bought from the grid. When the electricity price is low, it is more 

profitable to meet the load using the grid even though the battery is charged. Discharging a 

battery will involve aging capacity loss which will increase the battery degradation cost. 

Additionally, charging the battery during off peak hours will be more profitable since the 

stored energy will be used in peak hours.  
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4.2 Mathematical Model of the Energy Flow Scheduling 

 

This section includes the equations used for the optimal energy flow scheduling of a grid 

connected PV system with a battery energy storage device.  

4.2.1 Photovoltaic power generation 

 

A PV array produces DC power which must be converted into AC in order to be used by 

home appliances. 

PAC_PV (day,t) = 𝑖𝑛𝑣_𝑃𝑉 x PDC_PV (day,t) 

With,  

PAC_PV: Output power from PV panels at the AC bus (kW) 

PDC_PV: Initial PV power generation (kW) 

𝑖𝑛𝑣_𝑃𝑉: Photovoltaic inverter efficiency (%) 

4.2.2 Charging and Discharging Power from the Battery 

 

PBat_DC (day, t) is the power charged or discharged from the battery at each time slot. If PBat_DC 

is positive, the battery is charging. Otherwise the battery is discharging.  

The maximum charging and discharging power of the battery: 

PBat_DC_Cmax (day, t) = PBat_DC_Dmax (day, t) = 
𝐶𝐵𝑎𝑡(𝑑𝑎𝑦,𝑡)𝑉

𝑡𝑚𝑖𝑛
       [9] 

With, 

PBat_DC_Cmax: Maximum charging power at the DC level (kW) 

PBat_DC_Dmax: Maximum discharging power at the DC level (kW) 
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V: Nominal voltage 

𝐶𝐵𝑎𝑡: Usable battery capacity 

𝑡𝑚𝑖𝑛: Minimum discharging or charging time (hrs)  

A battery stores DC power that should be converted into AC power through an inverter when 

it discharges or to DC power when it charges. During the charging and discharging process 

energy is lost.  

PAC_Bat (day, t) = {


𝑖𝑛𝑣_𝑏𝑎𝑡

𝑃𝐷𝐶𝐵𝑎𝑡
(𝑑𝑎𝑦, 𝑡)    𝑖𝑓 𝑃𝐷𝐶𝐵𝑎𝑡

< 0  

𝑃𝐷𝐶𝐵𝑎𝑡
(𝑑𝑎𝑦,𝑡)

𝑖𝑛𝑣_𝑏𝑎𝑡

               𝑖𝑓 𝑃𝐷𝐶𝐵𝑎𝑡
> 0 

          [9] 

𝑃𝐷𝐶𝐵𝑎𝑡
: Charge/Discharge power at the DC level (kW) 

PAC_Bat: Charge/ Discharge power of the battery at the AC bus (kW) 

𝑖𝑛𝑣_𝑏𝑎𝑡: Battery inverter efficiency (%) 

The state of charge of the battery should also be taken into consideration and updated during each 

time slot. [9] 

While charging:  

SOC (day, t) = SOC (day, t -∆𝑡) x (1-d) +
𝑐

𝑃𝐷𝐶𝐵𝑎𝑡
(𝑑𝑎𝑦,𝑡)

𝐶𝐵𝑎𝑡(𝑑𝑎𝑦,𝑡)𝑉
 ∆𝑡            

While discharging:  

SOC (day, t) = SOC (day, t -∆𝑡) x (1-d) - 
𝑃𝐷𝐶𝐵𝑎𝑡

(𝑑𝑎𝑦,𝑡)

𝑑𝐶𝐵𝑎𝑡(𝑑𝑎𝑦,𝑡)𝑉
 ∆𝑡 

With, 

SOC: State of Charge of the battery 

𝐶𝐵𝑎𝑡: Usable battery capacity (Ah) 
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V: Nominal voltage (V) 


𝑐
: Charging efficiency 


𝑑

: Discharging efficiency 

d: Factor for self-discharging 

4.2.3 Cumulative Battery Capacity Loss 

 

The battery capacity is not constant; it decreases during the discharging process. Therefore, 

the nominal battery capacity should be updated during each time slot by taking into 

consideration the losses that occurred previously. [9] 

Ccum_loss (day, t) = {
𝐶𝑐𝑢𝑚_𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡 − ∆𝑡) − 𝑎𝑃𝐷𝐶𝐵𝑎𝑡

∆𝑡    𝑖𝑓 𝑃𝐷𝐶𝐵𝑎𝑡
< 0  

𝐶𝑐𝑢𝑚_𝑙𝑜𝑠𝑠(𝑑𝑎𝑦, 𝑡 − ∆𝑡)                            𝑖𝑓 𝑃𝐷𝐶𝐵𝑎𝑡
> 0 

 

Ccum_loss: Cumalative capacity loss (kWh) 

𝑃𝐷𝐶𝐵𝑎𝑡
: Charge/Discharge power at the DC level (kW) 

a: ageing factor of the battery 

Therefore, the updated cumulative capacity loss enables us to know the usable battery 

capacity for the next hour: [9] 

CBat (day, t) = C - 
Ccum_loss (day,t)

𝑉
 10−3 

With,  

CBat: Usable battery capacity (Ah) 

C: Nominal battery capacity (Ah) 
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4.3 Operational Costs and Benefits  

 

Including an energy storage device in a grid connected PV system provides benefits to the 

system owner; however, it also incorporates operational costs. Those costs include the PV 

system investment cost, the purchased electricity from the utility grid as well as the price of 

the battery and inverter. The benefits include the sold PV surplus generation and energy 

stored in the battery during off peak hours as well as the saved electricity cost after using the 

battery instead of the grid. 

4.3.1 Battery Cost 

 

The capacity loss due to the ageing of the battery is accumulated day by day and will 

eventually lead to the end of the usable battery capacity. Each loss of the battery capacity 

comes with a cost that is calculated as follows: 

CLcost = Closs x Capcost 

With,  

CLcost: Capacity loss cost (MAD) 

Capcost: Capacity cost (MAD/kWh) 

Closs: The battery capacity loss  

The capacity loss at each time slot is:  

Closs (day, t) = Ccum_loss (day, t) - Ccum_loss (day, t-1)  

The degradation of the battery decreases the lifetime of the storage device. Each time the 

battery discharges, the amount of current that the latter one can provide decreases.  
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If we assume that the cumulative capacity loss during the first year is the same as the 

following years, the overall life of the battery is: [9] 

                 LBattery = 
𝐶 𝑉

𝐶𝑙𝑜𝑠𝑠_𝑐𝑢𝑚𝑖_𝑎
 x10−3                [9] 

With,  

LBattery: Lifetime of the battery (years) 

V: Nominal voltage (V) 

C: Nominal capacity (Ah) 

𝐶𝑙𝑜𝑠𝑠_𝑐𝑢𝑚𝑖_𝑎: Annual cumulative capacity loss (kWh) 

Since the cumulative capacity loss is the same each year, the annual capacity loss cost will be 

similar throughout the years too. Consequently, the accumulated capacity loss cost during the 

lifetime of the battery could be assumed to be equal to the battery capital cost: 

BCcost = ACLcost x LBattery  

ACLcost: Annual capacity loss cost (MAD) 

4.3.2 Electricity Cost 

 

When needed, electricity should be bought from the grid in order to meet the required energy 

demand or to charge the battery. When there is an excess of local energy production, the 

energy surplus is sold to the utility grid.  

Ecost (day, t) = Pr (day, t) x G x ∆𝑡 

With, 

Ecost (day, t): Sold/ Bought Energy (MAD) 
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Pr: Price of electricity (MAD/kWh) 

G: Power transfer from/to the grid (kW) 

If the power is bought from the grid G > 0, if the power is sold to the grid G < 0.  

4.3.3 Other Costs Considered 

 

The cost of photovoltaic panels and the PV inverter are taken into consideration in this study. 

Additionally, the battery inverter cost should also be included. Since the battery stores DC 

power and home appliances work on AC, an inverter is mandatory.  

4.3.4 Annualized Cost 

 

The net present value of a system could be converted into equal annual costs over its lifetime. 

This process requires knowing the initial capital cost of the system, its lifetime and the annual 

interest rate. The capital recovery factor (CRF) enables the conversion of the present value 

into a stream of equal annual payment. [11] 

CRF = 
𝑖(1+𝑖)𝐿

(1+𝑖)𝐿−1
 

i: Interest rate 

L: lifetime (year) 

Therefore, if we assume that the battery and inverter lifetimes are equal, the annual operating 

cost will be calculated using the following equation: 

AOC = (BCcost + BInv_cost) x 
𝑖(1+𝑖)

𝐿𝑏𝑎𝑡𝑡𝑒𝑟𝑦

(1+𝑖)
𝐿𝑏𝑎𝑡𝑡𝑒𝑟𝑦 −1

 + (PVcost x 
𝑖(1+𝑖)𝐿𝑃𝑉

(1+𝑖)𝐿𝑃𝑉−1
) + ∑ ∑ 𝐸𝑐𝑜𝑠𝑡(𝑑𝑎𝑦, 𝑡)24

1
365
1  

AOC: Annual operating cost (MAD) 

BInv_cost: Battery inverter capital cost (MAD) 
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PVcost: PV and PV inverter capital cost (MAD) 

𝐿𝑃𝑉: Lifetime of the PV and its inverter (years)  

4.3.5 Return on Investment 

 

A return on investment (ROI) is necessary in order to determine the profitability of the 

battery. [12] 

ROI (%) = 
𝑁𝑒𝑡 𝐵𝑒𝑛𝑒𝑓𝑖𝑡/𝐿𝑜𝑠𝑠

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 x 100 

With  

𝑁𝑒𝑡 𝐵𝑒𝑛𝑒𝑓𝑖𝑡/𝐿𝑜𝑠𝑠 = 𝐺𝑎𝑖𝑛 𝑓𝑟𝑜𝑚 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 − 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 

Throughout its lifetime, the battery saves cost when it discharges to satisfy the load or to sell 

power to the utility grid. On the other hand, the operational costs include charging the battery 

from the grid or from surplus PV generation. Indeed, the latter process means buying energy 

from the grid or storing an excess PV generation that could have been sold. Therefore, the 

gain from the battery’s investment is its saving minus its operational cost.  

The cost of investment includes the capital cost of the battery and its inverter. Note that the 

maintenance cost is not included in this analysis.  

4.4 Optimal Battery Capacity 

 

After managing the energy flow schedule of the grid connected PV system with a battery and 

determining its net benefit, choosing an optimal battery size would be possible. The goal is to 

find the battery size for which the net benefit is the maximum. Indeed, the net benefit varies 

with respect to the different sizes of the battery. When the capacity of a battery is too high, the 

battery’s investment cost cannot be compensated by the benefits that it is making throughout 
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the years. On the other hand, when the battery capacity is too low, the benefits made by the 

energy storage device are too low compared to its initial cost.  

5. Simulation 

 

In the previous parts, the optimal energy flow schedule and the grid connected PV system cost 

models have been considered. In this part, simulation results obtained using Matlab will be 

analyzed. 

Battery capacity sizes, electricity pricing system as well as diverse battery and inverter costs 

will be compared.   

5.1 Load Data  

 

An hourly load data of a Moroccan residential customer is estimated based on the varying 

electricity demand taken from the e7 dynamic load profile of the Pacific Gas and Electric 

Company, San Fransisco, California. [13] 
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Figure 4: Annual Load Data 

Figure 4 shows an annual power variation of a household building divided in 24 hours. We 

can notice two peaks in the hourly consumption of the residents. The first peak occurs 

between 7h00 AM and 10h00 AM and the annual consumption goes to 363 kWh. On the other 

hand, the second peak occurs between 7h00PM and 10h00 PM and its annual consumption 

increases to 462 kWh. The average daily and monthly energy consumptions throughout the 

year are respectively 23.3 kWh and 709.5 kWh. This will lead to a monthly electricity cost 

with and without PV generation of respectively 793 MAD and 1 068.5 MAD.  

These are the data of consumers who own a house; therefore, whose energy consumption is 

above 500 kWh and electricity cost goes beyond the typical 500 MAD/month. Indeed, using a 

battery as energy storage is most suitable for this type of consumers.   
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5.2 PV Output Data 

 

The photovoltaic power output was generated based on Casablanca’s weather. The assumed 

PV parameters are the following: [14] 

PV size 1.5 kWh 

Tilt angle 20° 

Azimuth angle 180° 

Array type Fixed-roof mount 

PV inverter efficiency 0.97 

PV & Inverter cost 40 000 MAD 

Lifetime 20 years 

Interest rate annually 2.5% annually 

Table 2: PV Data 

 

Figure 5: PV Output in a Summer Day 

Since the PV power output is based on the solar irradiation, during the early mornings and late 

night no power will be generated. Annually, the solar radiation is 3.4 kWh/ m2/ day which 

leads to an annual power output of 3 063 kWh. The PV power output covers around 36% of 

the energy household daily demand.  
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5.3 Battery Data 

 

In this study, multiple sizes of battery capacity were taken into consideration in order to 

increase the profitability of a battery energy storage system in Morocco. A time interval of 1 

hour was chosen for simplicity; in order for the power to equal the energy. 

Variables Value 

Maximum State of Charge 0.9 

Minimum State of Charge 0.3 

Nominal Voltage 12 V 

Self Discharging Factor  0.000035 

Maximum/Minimum Time to Fully 

Charge/Discharge the Battery  

 

10 hrs 

Battery inverter efficiency  0.94 

Battery ageing coefficient 0.0003 

Interest rate 2.5% annually [15] 

Time interval 1 hr 

Efficiency of battery Charging/ 

Discharging 

 

0.9 

Table 3: Battery Data 
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5.4 CASE 1: Current Moroccan Electricity Prices and Current Battery/Inverter 

Costs 

 

In order to determine the profitability of a battery energy storage system in Morocco, the 

Moroccan electricity pricing system was considered. According to ONEE, private residential 

household which average monthly energy consumption is higher than 500 kWh has to respect 

the peak and off peak pricing system. Since the average monthly consumption in the 

simulation is 709.5 kWh, the latter prices will be used. 

Peak Hours  

Winter: (5h00 pm - 10h00 pm)  

Summer: (6h00 pm - 11h00 pm)  

Off Peak Hours  

Winter: (10h00pm-5h00pm (+1))  

Summer: (11h00pm-6h00pm (+1))  

2.1684 MAD  1.2046 MAD  

Table 4: ONEE prices [16] 

5.4.1 Grid Connected PV System without Battery 

 

For the case of a grid connected PV system without battery, the cost of buying/ selling 

electricity from/to the grid and the photovoltaic investment cost are considered. Additionally, 

the energy flow scheduling of the system isn’t affected by peak and off peak hours. During 

high or low electricity price moments, the surplus of photovoltaic generation will be sold to 

the grid.  
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Figure 6: Scheduling of Grid Connected PV System without Battery 

During the early morning hours there is no PV generation; as a result, the electricity demand 

is entirely bought from the grid. When the photovoltaic panels generate more power, less 

electricity from the grid is needed. At the middle of the day, the PV power output is at its 

maximum; an excess of power could therefore be sold to the grid. When the day ends, once 

again the household demand is met fully by the energy provided thanks to the utility grid.  

The system’s annual operating cost will be 11 383 MAD. This will result in a benefit of 114 

MAD per month.   

5.4.2 Grid Connected PV system with a Battery 

 

In the case of a grid connected PV system with a battery, the ONEE electricity pricing system, 

PV and battery investment costs are considered. The scheduling of the system used is the one 

presented in figure 3. 

0 5 10 15 20 25
-1

-0.5

0

0.5

1

1.5

2

Hour of the day(hr)

P
o

w
e
r(

k
W

)

 

 

E-pv

E-load

E-grid



33 
 

Data regarding the PV and electricity prices are found respectively in table 2 and 4. For this 

first case realistic battery and inverter costs were estimated based on Moroccan prices.  

 

Battery Capacity Cost 
 

2 500 MAD/ kWh  

 

Inverter Cost  
 

4 000 MAD/kWh  

Table 5: Current Battery & Inverter Costs [17] 

Figure 8 illustrates the net loss of different battery capacities at the end of their lifetime:      

Figure 8: The net loss of different battery capacity sizes (Case 1) 

As the battery capacity increases, the net loss increases. For capacities between 100 Ah to 

1000 Ah we can even notice a proportional relationship between the battery size and the net 

loss. As the energy storage size increases by 100 Ah the net benefit decreases by 59.38 MAD.  

For a battery size of 100 Ah, the cumulated gain from investment throughout its lifetime is     

1 928 MAD; however, the battery and inverter cost goes to 7 852 MAD. The investment cost 

is therefore too expensive compared to its accumulated benefit which result in a net loss of     
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-5 924 MAD. Consequently, installing a battery with the current prices of Morocco wouldn’t 

be a profitable investment.    

5.4.3 Grid connected PV system with battery scheduling  

 

Figure 9: Energy Flow Scheduling Case 1 

Early in the morning, the consumer is buying power from the grid in other to satisfy the 

energy demand as well as to charge the battery. At 7h00 AM the battery is in its idle state and 

remains this way until it discharges at 6h00 PM. When the sun rises the PV panels generate 

power that is used to meet the load. When the PV power output increases at 9h00 AM, the 

surplus generation is sold to the utility grid. At 6h00 PM peak hours begins; hence, the battery 

discharges to meet the energy demand along with the PV and grid. At 8h00 PM, there is no 

more PV generation; the load is satisfied by the battery and utility grid.                
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5.5 CASE 2: Hypothetical Electricity Prices and Current Battery/Inverter Costs  

 

Hypothetical prices were developed for Morocco based on the consumer’s peak consumption 

and ONEE electricity prices: 

Peak hours  

(7h00 AM-1h00PM)  
&  

(4h00PM-10h00PM)  

Off peak hours  

(10h00PM-7h00AM (+1))  
&  

(1h00PM-4h00PM)  
2.55 MAD  0.4 MAD  

Table 6: Hypothetical Electricity Prices 

5.5.1 Grid Connected PV System without Battery 

 

While developing the prices represented in table 6, the aim was to minimize the difference 

between the hypothetical and current annual operating cost of the grid connected PV system 

while maximizing the battery’s profit. 

The annual operating cost of a hypothetical grid connected PV system without battery is 

0.12MAD/ day less than the current system.  

5.5.2 Grid Connected PV System with Battery 

 

Net loss for different capacities at the end of their lifetime: 
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Figure 9: The net loss of different battery capacity sizes (Case 2) 

Similarly to the second case, no benefit was made. Once again, as the capacity increases the 

net loss increases. Nevertheless, after changing the off and on peak periods and prices the net 

loss decreases at a lower rate. In this case, the decreasing slope is -32%. In other words, more 

than 50% increase in benefit was made in case 2. Indeed, the return on investment for a 

battery capacity of 100 Ah will be -43% compared to the previous -75%.   

With the hypothetical pricing system, the battery is more profitable. Energy that is bought at a 

low price (0.4 MAD) is used when the electricity price gets higher (2.55 MAD). However, the 

net benefit made by the battery is not yet enough to compensate its capital cost. Investing on 

the energy storage device is still not advisable.  
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5.6 CASE 3: Current Moroccan Electricity Prices and Hypothetical Battery/ 

Inverter Costs 

 

With the evolutions in power systems and material science, the cost of small scale energy 

storage is gradually decreasing. The following prices were assumed to be the future costs of a 

battery and its inverter.  

 

Battery Capacity cost 

 

1 450 MAD/ kWh 

 

Inverter cost  

 

1 500 MAD/kWh 

Table 8: Hypothetical Battery/ Inverter Costs 

With the above estimated battery and inverter prices the net losses are as follows: 

Figure 10: The net loss of different battery capacity sizes (Case 3) 
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After changing the battery and inverter costs per kWh, the net loss increases by 16%, which is 

significantly less than the previous cases. Indeed, by decreasing the battery and inverter costs 

we decrease the investment cost of the system. Nonetheless, neither battery capacity will 

result in a positive return on investment. A battery is not yet profitable enough to consider its 

installation for household usage.    

5.7 CASE 4: Hypothetical Prices and Hypothetical Battery/ Inverter Costs:  

 

5.7.1 Cost Analysis 

 

 

Figure 11: The net benefit of different battery capacity sizes (Case 3) 

In the hypothetical case, a battery of 100 Ah will result in a positive return on investment. At 

the end of its lifetime the net benefice will reach 8 616.6 MAD. 

From a capacity of 100Ah to 833Ah, the percentage increase of the gain from investment is 

higher than the percentage increase of investment cost. At this point the cost of the battery and 

its inverter doesn’t affect to a great extent the net benefit. Above 833Ah the capital cost of the 
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battery energy storage system has a greater impact on the net benefit; which leads to a 

decrease in the battery’s profitability. Indeed, the net benefit made by an 850Ah battery 

capacity is 8520 MAD compared to 8 616 MAD made by an 833 Ah capacity. Therefore, the 

optimal battery size is 833 Ah.  

 Without taking into consideration the present value of money, a battery size of 833 Ah will 

result in a return from investment of 28%. However, if we convert the future gains from 

investment into present values, the net benefit will decrease to 1 312 MAD and the return on 

investment will go down to 15%.      

Year  Battery/Inverter Capital Cost Gain From Investment (GFI) Present Value of GFI Yearly Accumulated GFI Net Benefit 
0 29585         
1   4842 4723,90 5184,97 -24400,03 
2   4561 4341,23 9526,20 -20058,80 
3   4256 3952,12 13478,31 -16106,69 
4   3956 3583,94 17062,26 -12522,74 
5   3651 3226,95 20289,21 -9295,79 
6   3326 2868,00 23157,21 -6427,79 
7   2986 2512,02 25669,22 -3915,78 
8   2628 2156,92 27826,15 -1758,85 
9   2268 1816,05 29642,20 57,20 

10   1907 1489,75 31131,94 1546,94 
11   1536 1170,65 32302,60 2717,60 
12   1153 857,32 33159,92 3574,92 
13   765 554,95 33714,86 4129,86 
14   366 259,03 33973,89 4388,89 

 

Table 10: Net Benefice made by an 833 Ah Battery Capacity 
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 The decrease of battery capacity’s gain from investment is due to the ageing effect of the 

energy storage device. The first year’s profit is 4 842 MAD compared to 366 MAD in the last 

year.  

 In order to cover the battery/ inverter capital cost, the energy storage should operate during 9 

years. Eventually, a total benefit of 4 388.89 MAD would be made.  

5.7.2 Scheduling of Grid Connected PV System with Battery  

 

For an 833 Ah battery capacity size, the scheduling of the grid connected PV system is the 

following: 

 

Figure 12: Scheduling of Grid Connected PV System with Battery 

During the early morning hours, there is no power output from the photovoltaic panels; 

therefore, the entire energy demand is met by the grid. The grid is also used to fully charge 

the battery since peak hours doesn’t start until 7h00 AM. Between 7h00 AM to 1h00 PM the 
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electricity power is the most expensive; therefore we prioritize discharging energy from the 

battery. Taking out power from the storage device during peak hours allows the consumer to 

minimize the daily electricity cost by satisfying the load thanks to the battery instead of the 

grid. Afterward, the battery discharges to maximize the customer’s profit. Energy is bought at 

a low price in order to be sold at a higher one. The surplus of PV generation is also sold to the 

grid. From 1h00 PM to 4h00PM, charging the battery for future peak hours is given priority. 

In this case, the surplus PV power generation is sufficient to charge the battery; therefore, 

buying energy from the grid isn’t necessary. Between 4h00 PM and 10h00 PM, the electricity 

price increases again; therefore, the battery discharges to be sold to the utility as well as to 

back up the PV generation. From 5h00 PM to 10h00PM the battery is in its ideal state; 

therefore, the load is satisfied by the grid and PV panels. At 8h00 PM, there is no more power 

generated from the PV system; the energy demand is entirely fulfilled by the grid. During off 

peak hours, once again the user buys power from the utility grid in order to meet the load and 

charge the battery.             
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6. Conclusion and Future Works  

 

The aim of the project was to investigate the economic feasibility of an energy storage device 

in a grid connected PV system. That was accomplished by optimizing the energy flow 

schedule used in the cost analysis of a grid connected PV system with battery.  

The practical contribution of my research is that a battery wouldn’t be a profitable investment 

currently in morocco. The battery and inverter costs are too high, plus the on and off peak 

electricity prices and time slot doesn’t enable the energy storage device to maximize its gain 

from investment. 

On the other hand, changing the electricity price system could make a significant difference. 

Based on the determined battery, PV and inverter characteristics described previously, 

increasing the peak versus off peak ratio by 1 could increase the battery’s net yearly benefit 

by 624 MAD. Indeed, the energy bought at a low price is sold at a higher one or is used to 

meet a load that would have been satisfied by the grid. For the same reason, changing the time 

range of peak and off peak prices could make the battery a more profitable investment. 

Indeed, increasing the time slot of peak hours by 1 hour could result in an increase of 170 

MAD/year in the battery’s benefit. Furthermore, we should also note that the prices of the 

battery and its inverter affect to a great extend the return on investment of the latter energy 

storage device. Decreasing the price of the battery/inverter investment cost by 100 MAD per 

kWh could induce an increase of 160 MAD     

Therefore, a battery energy storage system could be an interesting investment if the tariffs as 

well as the battery’s price are changed judiciously. For more accuracy: 

1) More parameters should be included in the capital battery cost estimation 

2) The battery maintenance cost should be included   
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3) The cumulative capacity loss shouldn’t be assumed to be constant throughout the 

years.  

4) Different policies should be compared to one another in order to come up with the best 

policy.  

5) The selling and buying prices of energy should differ 

Furthermore, this work could be extended to an analysis of the battery’s profitability in the 

case of real time pricing system. 
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