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Abstract: 

This study provides an analysis of the benefits of adding solar PV and batteries to industries, both 

examing the grid-connected and off-grid cases. 

The electricity demand of 28 companies in Falkenberg, Sweden, whose industries require high 

voltages for electricity, were studied. We examined the extent to which these companies can 

depend on energy generated from photovoltaic cells and stored in batteries, as well as the impact 

of peak loads and the possibility of eliminating peaks when operating off-grid. 

The data for each of these cases were analyzed for companies to determine the energy that can be 

generated from photovoltaic cells on-site, and then take advantage of this energy directly and store 

the surplus in batteries to reduce dependence on the grid or reduce this dependence to a minimum, 

and study the role of the battery. We obtained interesting results and reliable systems during this 

study, as we noticed the effect of changing working hours in these companies in proportion to the 

times of energy production during the period of daily solar radiation. 

By studying the main load models in these companies and using the results and data analysis, it 

was noted that batteries can be a reliable solution, in which the energy generated from solar cells 

is used directly and the excess electricity is stored in the batteries later, and we noted the possibility 

of operating the entire system off-grid, which was found realistic if the company would have been 

located in Egypt. . 

 

Keywords: batteries, photovoltaic systems, off-grid battery work, maximum load, working time 

transfer. 

  



Preface: 

List of abbreviations 

PV photovoltaic 

C i Company (i = 1 → 28) 

kw kilowatt 

SDG7 Seventh Sustainable Development Goal 

P 1kw The power produced by the cells is 1 kilowatt 

P pv The power produced by photovoltaic cells 

P rated rated power 

cal life calendar life (years) 

SD self-discharge/day 

SDh hourly self-discharge 

P direct power direct use. 

P prod power produced by PV cells. 

P load The amount of load required for the company 

P grid Power from grid. 

P to grid Power to grid. 

E direct Total energy direct use during the time 

E prod The total energy produced by PV cells during the time 

E load Total energy of the load during the time 

P self-usage It is the load power minus the power from the grid    

E self-usage total self-usage power  

C The cost for KWh, (SEK/kWh) 

C spot Spot price table for 2021 

C purch Cost of buying electricity with PV 

C spec specific Price = 8.9 SEK /W. 



C no PV Cost of buying electricity without PV 

C inst Cost of installation 

I sell income from selling to the grid 

PBT System cost recovery time (payback Time) 

P max noPV Maximum (P load) without the use of photovoltaic cells 

P max wPVnobatt The absolute value of the maximum power (P load-Pv)  

P max wPVbatt The maximum value ( 𝑃grid, 𝑃to grid) 

f diret The ratio of direct energy to prod energy 

f selfsuff The ratio of direct energy to load energy 

f selfsuff, batt The ratio of self-use energy from the battery to E-load 

𝐸 self-usage, batt The total self-usage power during the time 

P self-usage power used by cells directly 

A 1kw The space needed to produce 1 kilowatt 

A The space needed to obtain rated power 
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1. Instructions: 

1.1   Solar energy: 

The sun rises every day, announcing the start of a new day of supplying the earth with solar energy, 

and the earth receives radiation with an average power of 130,000 TW, knowing that the primary 

energy consumption in the world is equal to 18 TW, (BP, 2016)[1], So the sun can give us all the 

energy we need on planet earth, but the challenge lies in getting this energy from solar radiation 

to use during the day and then storing what we need for the times when the sun does not appear, 

such as the night and cloudy winter days. 

1.2 Production:  
Solar energy is unlimited renewable energy that is sufficient for our planet and will not be 

exhausted like fossil fuels, but the only challenge is to convert it into electricity in a more 

economical way, as the production of electricity from solar energy depends on the number of 

panels and the method and location of their installation. 

These panels are used to accomplish the reaction that converts sunlight into electricity so that a 

photovoltaic cell generates about 5 watts, and by connecting large numbers of these cells, we get 

thousands of kilowatts of electrical energy. 

Every year, the technology of panels improves, which causes a decrease in the costs of producing 

electricity from solar energy, until this new technology becomes accessible to everyone, and it is 

still developing every day with the rapid development of current technology. 

The energy efficiency of most photovoltaic cells currently ranges from 15 to 20%, and 

development continues to work to raise the efficiency of energy production from sunlight. [2] 

 This leads us to think about the possibility of using photovoltaic cells to produce the necessary 

electricity for all residential and service sectors, [3] even in the industrial sector.  

1.3 Storage: 
There are many technologies used to store electrical energy generated by sunlight, but the most 

famous of them are batteries that have gone through many stages of development and have been 

used in many fields, including the industrial sector. 

Researchers succeeded in 2017 at a university in Sweden to create an energy system that captures 

solar energy and stores it for 18 years or more, then releases it as heat if necessary. [4] 

Modern technology has also developed new solar panels, as a Filipino engineering student 

designed a material from agricultural crop waste (such as fruits and vegetables), whose molecules 

absorb ultraviolet rays of the sun and turn them into light, then these panels are able to convert this 

light into electricity. These work even on days when the sun does not appear, such as cloudy days 

and nights, but maybe it is a very low efficiency cell. [5] 

In this thesis, we will discuss the production and storage of solar energy and its use to cover the 

demand of large companies, and we will shed light on renewable solar energy and the possibility 



of storing it in batteries for large companies, and its feasibility in industrial electrical systems, 

through the work of off-grid systems. 

 

   1.4    Sustainability: 

 To support the adoption of renewable energy and the decarbonization of fuels, we must integrate 

energy storage systems into new solutions and strategies. 

Batteries have proven their usefulness in many areas such as the automotive sector and stationary 

energy storage systems,[6] and the revolutionary development of energy storage technology is 

prompting us every day to think of new operating strategies to continue to decarbonize all energy 

systems and achieve the United Nations goals of sustainability and access to clean and reliable 

energy (Goal 7: clean and affordable energy). 

Therefore, this work highlights the provision of clean energy to industries by integrating batteries 

into the system, making the most of solar energy depending on advanced technology, and adopting 

new and innovative strategies to achieve this. 

2.   Thesis scope : 
The objective of this thesis is to assess clean energy dependence with the use of batteries, 

observe off-grid operating conditions for batteries, and study operating system strategies. 

Among the most important questions of this research: 

• How is the operating strategy when adding and selecting batteries? 

• Can the system be improved concerning electricity prices with the presence of the battery? 

• Can the battery be economical and reliable off-grid? 

• Is it possible to change the working time to better suit the production of electrical energy? 

• For a reasonably sized battery system to what extent can power peaks be laminated? 

 

A study and analysis of these points have been conducted on 28 companies which are high-voltage 

customers to Falkenberg Energi AB in Falkenberg, Sweden. Three of these companies have been 

selected for a deeper analysis, to know the performance of the system. 

Finally, a comprehensive economic evaluation of the system through: 

• Operation strategy so that the system contains direct use of electrical energy generated by 

cells and energy stored in batteries. 

• The geographical location of the company gives us the amount of solar energy available 

from solar radiation. 

• Determining the reliability of the system based on photovoltaics and batteries. 

  



1. Off-grid photovoltaic battery system: 
 

The need of companies for electric energy, especially companies located in remote areas, increases 

the burden on the grid because of the high voltages required, high power peaks, and because of the 

distances. But when these companies operate outside the grid system and benefit from the available 

solar radiation and from the batteries, so that the batteries are able to provide the necessary energy 

in the absence of solar radiation, this will help greatly in reducing the burden on the grid and will 

push towards the disposal of fossil fuels. 

Recent studies and modern technologies show that there are batteries that can provide energy 

storage for a long time and ensure stability in the system, but the costs are increasing, because the 

size and life of the battery plays an important role in the cost of the system. 

Figure-1 shows a diagram of an off-grid electric battery system, where the electricity is generated 

by solar panels (whose number and size will be suitable for the required voltage and power), the 

electricity is transferred directly to the load via a DC/AC inverter, and the surplus electricity is 

stored in the batteries for reuse when there is not enough solar radiation, or the grid can be used in 

extreme cases. 

 

 

Figure 1. Scheme of an off-grid industrial PV battery system  
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3.1     Solar energy in Falkenberg 
 

Since the 28 companies are all located in the Falkenberg region, we need to look at the amount 

of solar radiation in this region, so solar energy data was obtained from the PVGIS site to know 

the amount of energy that will be obtained from photovoltaic cells in the city of Falkenberg.[7] 

 

  We note that the daily energy available from solar radiation sometimes reaches good levels, 

especially when choosing appropriate rated energy (PVrated), and its value increases in the middle 

of the year (summer season) and this value decreases at the beginning and end of the year (winter 

season). The value increases to more levels as we increase the number of solar panels, and the 

selection of suitable panels and parts.[8] 

Figure 2. Scheme of the amount of solar energy in the city of Falkenberg, P rated = 600KW 

 

 

From PVGIS the hourly time series P1kw for a 1-KW PV system is obtained, with tilt angle 42
ᵒ 

and azimuth angle 6
ᵒ
 (which is optimum according to PVGIS), and the power of a system rated 

Prated is 600 KW 

 
𝑷𝑝𝑣 = 𝑷𝑟𝑎𝑡𝑒𝑑  

𝑃1𝑘𝑤

1000𝑊
 

(1) 
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The produced power 

P PV for a system with P rated =600 W is shown in Figure 2. Generally, the produced power from a 

PV system may be written. 

 

 P = V.  I = ղ . G.  A 

 
(2) 

Where V and I are the voltage and current from the PV system, ղ is the efficiency,  𝐺 the 

irradiance and 𝐴 the area. 

That is, we find that sunlight throughout the year is acceptable and can help secure electricity for 

these companies, noting the period of the beginning and end of the year, i.e. in winter days when 

solar energy is at its lowest due to the absence of the sun behind the clouds, but with that, we still 

have many sunny days that provide us with the necessary energy in Falkenberg.  



3.2      Classification of companies according to loads : 
Loads of the 28 companies differ greatly, so these companies were classified according to the 

loads recorded by the energy company (Falkenberg Energi AB ) according to the following table: 

 

Table 1- Classification of companies according to loads 

sample Load [KW] The companies - Ci  

I 100 - 500 C2, C3, C5, C6, C7, C9, C12, C13, 

C16, C17,C18 ,  C19, C21, C22, C23, 

C24, C25, C27, C28 

II 500 - 1500 C8, C14, C26 

III 2000 - 5000 C1, C4, C10, C11, C15, C20 

 

 

By studying the loads of 28 companies, we find that many of these companies have maximum 

loads of less than 1000 kilowatts, such as the companies of the first model (I) and the second model 

(II), which means that the battery will be an appropriate solution and will support the work outside 

the grid for these companies. 

If we look at the load chart and solar power of the company C27, we will notice that there is a 

good load during the day on weekdays and most of the days are similar in that, while we find some 

days towards the end of the week have strong work and insufficient solar energy, so this can be 

addressed by Takoing advantage of the stored solar energy on the weekend, which means that the 

battery will transfer the power from the weekend to the weekday. (See Figure 3). 

  



Figure 3- The load and Pv for company C27.) The battery could move from weekends to 

weekday -   P rated= 600    kW    (  

 

For  the company C2, from observing the load and power figure throughout the week, we can 

increase the number of solar cells to raise the rated power, so that we can have enough energy that 

can be stored for days if the amount of energy produced by the solar cells is not enough, that means 

the battery will play a positive role and the company can work off the grid (see Figure 4) 

 

Figure 4  -The load and Pv for company C2.) P rated= 1500 KW-Battery could move from weekend 

to weekdays) 

 

4.      The analyses of load and PV: 

4.1   Direct usage or self-sufficiency: 
We want as much as possible to directly use the energy produced from the panels.  Measuring this, 

we face three situations: When the power (Ppv ) from the solar panels is greater, smaller, or equal 

(K
W

) 
(K

W
) 



to the load required to cover the needs of a company. The amount of direct used power is then 

given by: 

 
𝑃direct =  {

𝑃pv        if    𝑃pv ≤ 𝑃load

𝑃load     if    𝑃pv > 𝑃load
 

(3) 

Where P load is the load of the company. In a grid-connected setup without batteries, the power 

from the grid is then 

 𝑃grid =  𝑃load − 𝑃direct (4) 

 

and the power delivered to the grid is 

 𝑃to grid =  𝑃pv − 𝑃direct (5) 

 

 

 
Calculating the energy for direct use throughout the year, as well as calculating the energy 

produced from solar cells throughout the year and comparing it to the company’s total demand 

during the year, we can calculate the ratio of direct energy to energy produced and the ratio of 

direct energy to load energy during the year to know the amount of contribution of Solar. 

 

 𝐸direct =  ∑ 𝑃direct Δ𝑡 (6) 

 

 𝐸prod =  ∑ 𝑃pv Δ𝑡 (7) 

 
 

 𝐸load =  ∑ 𝑃load Δ𝑡 (8) 

 

Where E direct, E prod, E load are the yearly energy of direct use, PV production and load, and Δt is 

the time step of the time series. Here we use hourly data, and letting Δ𝑡 =  1 h, the energy unit 

becomes Wh. The fractions of direct use and self-sufficiency then become 

 

 
𝑓direct =  

𝐸direct

𝐸prod
 

(9) 

 

 

 

 
𝑓selfsuff =  

𝐸direct

𝐸load
 

(10) 

 



 

4.2     Cost analysis:  
To analyze prices and costs, prices will be used in Swedish krona per megawatt-hour according to 

the updated spot price table for 2021. where the cost Cspot  is according to the attached table of 

electricity prices in the city of Falkenberg. [9] 

 

Table – (El spot prices) – Electricity prices in the city of Falkenberg 2021. Hourly/SEK.  

 

 

Taxes and grid fees are not included since they may vary between companies. Therefore, the 

economic analysis made here will be approximate and conservative. 

 

• The cost of buying electricity without PV: 

 

 𝐶no pv =  ∑ 𝑃load Δ𝑡 𝑐spot (11) 

 
• The cost of buying electricity with PV: 

 

 𝐶purch =  ∑ 𝑃grid Δ𝑡 𝑐spot 
(12) 

 



 
• Income from selling to the grid:  

We will also calculate the income values that we will get from selling the excess energy from 

solar electricity to the grid 

 𝐼sell =  ∑ 𝑃to grid Δ𝑡 𝑐spot 
(13) 

 

 
• Cost of installation: 

 

It is necessary to know the installation cost of solar cells, so that we can make a comparison and 

know the economic feasibility of the system, and how much it will cost to produce kilowatts of 

energy. To calculate the cost of installing the panels we will adopt the installation value (specific 

Price = 8.9 SEK /W). [10] 

 

 𝐶inst =  𝑃rated 𝑐spec (14) 

 

 
• System value refund: 

 

Accordingly, the Pay-back time of the system (PBT) s retrieved, according to the relationship: 

 

 
PBT =  

𝐶inst

𝐶no pv − 𝐶purch + 𝐼sell
 

(15) 

 

 

4.3    Battery analyses: 
 

• Battery and hourly self-discharge (SDh): 

Including a battery into the system, we need to account for losses due to round-trip efficiency and 

self-discharge. 

 

 

The energy level (or state of charge) of the battery is modeled as 

 

𝐸batt(𝑡 + Δ𝑡) = 𝐸batt(𝑡) + {

𝜂st(𝑃pv − 𝑃load)       if     𝑃pv ≥ 𝑃load

1

𝜂st
 (𝑃pv − 𝑃load)     if     𝑃pv < 𝑃load

 

(16) 



 

Where  𝜂st  = √𝜂  is the single-trip efficiency and 𝜂 is the round-trip efficiency. The formulas 

above apply as long as the battery level E batt is and above 0 and below the top capacity. 

If the top capacity is reached, the excess power P to grid is delivered to the grid (or curtailed, if and 

off-grid system is considered), as previously described for the grid-connected system without 

battery. 

 If the battery reaches E batt = 0, the additional power P grid  required to meet the load is taken from 

the grid (or shortage is found, if an off-grid system is considered). 

Battery self-discharge is a phenomenon that reduces the life of the battery and reduces its full 

charge when used, and the speed of discharge depends on several factors such as the type of battery 

and the ambient temperature, the higher the ambient temperature, the higher the rate of self-

discharge of the battery [11], which affects its performance, Therefore, the discharge should be as 

little as possible to improve the performance of the battery. The self-discharge is typically given 

as the daily value SD. The corresponding hourly value is 

 SDℎ =  1 − (1 − SD)1/24 (17) 

 

• Self-sufficiency: 

To find out the percentage of the performance of solar panels or battery performance from the total 

energy of the load, we will calculate the amount of self-sufficiency (the value of the direct energy 

of the panels or the battery from the value of the energy of the total load). In addition to the 

previously defined direct usage and no-battery self-sufficiency, we define the battery-included 

self-sufficiency as 

 

 
𝑓selfsuff,batt =  

𝐸selfusage,batt

𝐸load
 

(18) 

 

where  

 𝐸selfusage,batt =  ∑ 𝑃selfusage Δ𝑡 
(19) 

and 

 𝑃selfusage =  𝑃load − 𝑃grid (20) 

 

The power from the grid P grid  here calculated with a battery included, using the battery model 

in equation (16). 

 

 

 

 

 



• P max 

At the peak (maximum load P max) we will have the first case without using solar cells and the 

second case with the use of solar cells without using the battery, and finally with the use of solar 

cells and batteries. 

 

 

𝑃max =  {

max(𝑃load)                        no PV, no battery
max( |𝑃load − 𝑃pv|)               PV, no battery

max( 𝑃grid, 𝑃to grid)               PV and battery 

 

(21) 

 

 

 

4.4   Area of PV system: 
 

It is necessary to know the area needed by the solar panels to secure the energy needed for the 

company. To estimate this, we use the rated power, and the area needed to for a kilowatt system. 

Reference panels were selected with capacity 400 watts, and from looking at the panel data, the 

dimension that produces 400 W is (L = 1.724 m. and B = 1.134 m). [12]. Additional area needed 

due to shading is not considered. 

 

 
𝐴1kW =  

𝐿 𝐵

0.4 kW
 

(22) 

 

Then the PV area of the system under consideration is: 

 

 𝐴 =  𝑃rated𝐴1kW (23) 

 

The area A may be illustrated as a square with the side: 

 

 𝑆 = √𝐴 (24) 

   



5.     Results and Discussion: 

 

5.1  Classification of companies according to loads : 
Because the companies differ from each other in terms of the load, they have been categorized into 

three groups according to the loads to facilitate the study, for example, the company C18, the load 

does not exceed 500 kilowatts, the company C26, the load does not exceed 1000 kilowatts, and 

the company C4, the load is more than 3000 kilowatts. 

 

Table 2 - represents the results of companies C18, C26. 

 

sample I II 

company C18 C26 

Fraction direct [%] 0.4385 0.5260 

Fraction selfsuff [%] 0.4293 0.4239 

Cost purchase without PV [SEK] 290430 352290 

Cost purchase [SEK] 169590 206830 

Income selling [SEK] 148780 124150 

Cost installation [SEK] 5340000 5340000 

payback Time [year] 19.8060 19.8060 

 

Table 2 – Some results of companies (C18, C26) according to models-P rated =600KW  

 

Looking at the data for 28 companies, we note that there are companies that have low energy 

consumption compared to others so that the demand for energy does not exceed 1000 kilowatts 

per day, and their demand can simply be covered by the energy of solar cells and by using an 

appropriate number of panels and we will need a relatively small space to put the cells solar. 

 

By studying the load for each company, we note the following: 

Company C4 has a constant load throughout each week (day and night), which means that the 

battery could have a positive effect This constant load will make it possible to use the battery for 

a daily time shifting of the produced power. 

We also note that companies C18 and C26 have a very good match between PV and load on many 

days. 

  



5.2    Discussing the results of the Company C18: 
 

In company C18 with rated power equal to PV = 600 kWp 

The volume of energy produced E prod = 600 MWh compared to E load = 750 MWh . 

 

Figure 5  -The load and Pv for company C18.) P rated=600KW)  

  

 

We note that the load of the company C18 is on most days fixed during working hours and reaches 

about 300 kilowatts, which means that it is suitable for the use of solar energy and battery.  

Figure 6- Scheme of the amount of solar energy and the load for a company C18.  
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By comparing the company's loads with the energy generated by solar cells, (figure 6 - P pv with 

P load), so that we can take advantage of the surplus solar energy on the weekends and transfer it 

via the battery to the weekdays we need. 

Because the times of some loads during the days of the week may not match the time of obtaining 

energy from the solar cells directly, we have investigated the effect of changing the company’s 

working time so that it better corresponds to the time of production of solar cells for energy (time 

shift from (-5 to + 7) see Figure 7, which shows the   - working time shifted to increase the 

percentage of self-use) 

Figure 7 -The Cost figure (SEK/MWh), and Business time shift figure, company C18. (P rated=600 KW) 

 

The results of the values and costs of electrical energy for the company C18 show that the direct 

part of the energy covers 37% of the value of the company’s loads and is equal to 48% of the 

energy produced from cells and that we sell to the grid at a value of 98080 SEK, where the cost of 

installing the system   ,in this case,  reaches 4 million SEK and the value of the system can be 

recovered within 19.8 years (note Table 3) 

 

Table 3- The Results of - C18 

Fraction 

direct 

[%] 

Fraction 

selfsuff 

[%] 

Cost 

purchase 

without PV 

Cost 

purchase 

[SEK] 

Income 

selling 

[SEK] 

Cost 

installation 

[SEK] 

Payback 

Time 

[year] 

0.4788 0.3719 290430 186290 98080 4005000 19.8060 

 

  



5.2.1     Battery analyses for C18: 
 

Figure 8- Energy, To grid, From grid. and the amount of energy stored in the battery – C18. 

 

The diagrams that represent the energy exported to the grid and imported from the grid indicate 

that we need a relatively large power from the grid in the winter, while we get sufficiency from 

solar energy and battery during the summer period and the rest of the seasons, and we also get a 

surplus of solar energy that we sell to the grid during the summer (Figure 8). (size battery 8800 

KWh) 

Note that the storage of energy in the battery is not only done in the summer, but in all seasons of 

the year. 

From the analysis of the results of the electrical energy of the C18 company with the use of solar 

panels and the battery, we find that the direct part of the energy with the use of the battery covers 

64% (self-sufficiency) of the company’s loads corresponding to 87% of the energy produced from 

the cells (self-usage). (The result of the company C18, in Table 4). 

 

P max 

With PV 

and battery 

P max 

With PV 

P max 

No PV 

E 

From 

grid 

[MWh] 

E 

To Grid 

[MWh] 

Fraction 

Selfsuff 

battery % 

Fraction 

selfus 

% 

401.3970 401.3970 379 221.2943 51.8986 0.6422 0.8745 

 

Table 4- Corporate Values and Results with battery - C18  

(K
W

h
) 



 

we can sell a part of the surplus energy to the electricity network, and the value of the system can 

be recovered within 19.8 years (Table 4).  

The maximum power transmitted to or from the company as a function of the battery size is shown 

in Figure 7 for the case of PV rated at 450 kW. It can be seen that we need a storage size of about 

8800 kWh in order to keep the maximum power similar to the original case (no PV, no battery). 

 

Figure 9 – Maximum power and the size of the battery (size battery 8800 KWh) – C18. 

 

For PV rating of - 550 KW, the battery size needed is 100,000 KWh, that is, we will need 1400 

storage hours compared to the average load of 71 kilowatts, while for the rating 300 KW no battery 

is needed since generation is then always lower than the maximum load . (Table 5) 

 

PV module 
Pv rated 

[KW] 

Battery – size 
[KWh] 

Hour charge 
[hour] 

Area – 
[ m2] 

P load 
[KW] 

550 100000 1400 2688 71 

300 not interesting P PV < P load 1466 - 

450 8800 124 2199 - 

 

Table 5- Sizes of photovoltaic  modules and battery-C18   



5.3   Discussing the results of the Company C26: 
 

In company C26 with rated power equal to PV = 600 kWp 

specific price = 8.9; % (SEK/W) 

The volume of energy produced E prod = 600 MWh compared to E load = 751,5 MWh. 

 

Figure 10  -The load and Pv for company C26.) P rated=600 KW) 

We note that the loads in this company are not fixed, and they are large in the summer. When 

choosing the rated power equal to 600 KW (figure 10). 

Figure 11 -The Cost and Business time   for company C26.) P rated=600 KW) 

 

Therefore, the best option would be to change the working time to obtain the highest percentage 

of direct use of energy for solar cells. 

 From the analysis of figure 11, we find that we can raise the percentage of self-use to 55% if we 

start working one hour before . 

(K
W
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Figure 12- The amount of solar energy and the load for a company C26. 

 

 

We note from the loads and solar energy figure that the energy produced from solar cells has 

become a relatively good part of the loads in the greater part of the year, so that the direct part has 

become about 55% of the energy produced from the cells, and this covers more than 31% of the 

loads throughout the year. (Figures 12 and table 6) 

 

Table 6- Values and Results – C26 

Fraction 

direct 

[%] 

Fraction 

selfsuff 

[%] 

Cost 

purchase 

without PV 

Cost 

purchase 

[SEK] 

Income 

selling 

[SEK] 

Cost 

installation 

[SEK] 

payback 

Time 

[year] 

0.5488 0.3093 344760 239440 164290 5340000 19.8060 
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5.4      Discussing the results of the Company C4: 

 

5.4.1    Discussing the time shift without battery: 
 

The loads are large, more than 3500 kilowatts, but they are stable and stable throughout the year, 

by experimenting with different values of the rated energy, we find that the appropriate [P  rated] 

value is equal to 12000 kilowatts. 

Figure 13  -The load and Pv for company C4.) P rated= 12000 KW) 

Changing the company’s working time will only slightly increase the self-use of the energy coming 

from the solar cells see Figure 14. We note from the time change figure with the percentage of 

direct use of solar energy that we can shift the time to three hours before and this makes us get 

direct use of solar energy more than 52% of the total solar energy  produced in the cells. (figure 

14). However, the change in self-usage for different time shifts is small. This is expected since the 

load is typically stable over the day. 

Figure 14 -The Cost and Business time   for company C4.) Business time -8, +4) 
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W
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. 

Since the weekly loads are fixed for the company C4, and we also moved the working time three 

hours to correspond to the production of solar energy during the day, we have obtained a direct 

utilization rate of solar energy more than 42.9 % of the required loads, and this supports the large 

role of solar energy in covering the loads. 

  And by examining the loads and PV (in Figure 15), we can also say that we can store the excess 

energy in the batteries for the next day or sell it to the grid. 

 

Figure 15- Scheme of the amount of solar energy and the load for a company C4 

 

 

The results in Table 7 indicate the ratios of the energy produced and the costs of electricity when 

solar cells are not used, the extent of the savings achieved when using solar energy, the profit 

resulting from selling electricity, and the time to recover the value of the proposed system. 

 

Table 7- Values and Results for company – C4 

Fraction 

direct 

[%] 

Fraction 

selfsuff 

[%] 

Cost 

purchase 

without PV 

Cost 

purchase 
[millionSEK] 

Income 

selling 
[MillionSEK] 

Cost 

installation 
[Million SEK] 

payback 

Time 

[year] 

0.528 0.4290 10,17 5,65 67,4 1424 19.8060 

 

  

(K
W

) 



5.4.2     Discussing the system with battery Off-grid (for company C4): 
Since the loads are large in the C4 company, and these loads are relatively stable over a year, the 

battery is a suitable solution, and because the battery will store all the time, we need to discuss 

different sizes of batteries. 

Figure 16-Load and PV- Energy sold and purchased with the network – C4. 

 

Pv rated = 12000 KW  

P to grid = 0.00 KW 

 

Table 8- Values and results with battery usage – C4 

P max 

With PV, 

battery 

 

P max 

With PV 

P max 

Without PV 

E 

From grid 

[MWh] 

E 

To grid 

[MWh] 

Fraction 

selfsuff 

battery 

Fraction 

selfus 

100000 145680 4168 0.00 135970 1.00 0.1417 

 

  



The results of an off-grid analysis is shown below. For a number of PV ratings between 25 MW 

and 160 MW, the minimum battery size needed to ensure that no power is needed from the grid is 

found. The process in indicated in Figure 17 below for the case 160 MW PV rating. It is seen that 

600 MWh of battery storage is needed to eliminate the need for power from the grid. 

 

Figure 17- The amount of energy stored in the battery – The battery size – C4. 

 

From the analysis of the results of the rated energy and battery status of the system with battery 

and off-grid solar cells, we find the following values in (Table 9). The most cost-efficient system 

is 120 MW of PV and 700 MWh of battery storage. 

 

Table 9 - Sizes of photovoltaic and battery modules for the companie-C4. 

PV module 

Pv rated [MW] 

Battery – size 

[MWh] 

Total Cost 

[ Billion SEK] 

Area  

[ m2] 

25 3800 9 122188 

30 3400 7.8 146626 

40 2600 6 195501 

60 1800 4 293252 

80 1100 3 391003 

120 700 2.6 586504 

160 600 2.8 782006 
 

  



35.4.      Discussing the system for C4 with battery and Pmax  : 
 

PV rated = 12000 KW 

 

Figure 18- The amount of energy from the grid, and energy stored during the year 

 

 

Through this analysis, we find the following. For a PV= rating of 12000 kW, battery capacity 

needed is about 87000 kWh or approximately 33 storage hours of storage compared to the average 

load = 2600 kW. With this battery size the maximum power in the power line will be left 

unchanged.  
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W

h
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Figure 19- size battery depending on maximum power. C4 

 

 

When we choose PV rated: 20000 kW (then closer to E prod ~ E load): the battery needs to be of 

the size 2800000 kWh.  

That corresponds to 1000 hours, or 42 days of storage compared to the average load  

Table 10 shows the results of the company C4 when using the battery and the maximum load when 

the photovoltaic cells are present or not. 

 

Company C4 –battery- max P 

Table 10- Values and results with battery usage and P max. 

Fraction 

direct % 

Fraction 

selfsuff % 

Cost purchase 

without PV 

[Million SEK] 

Cost purchase 

[Million SEK] 

Income selling 

[Million SEK] 

Cost 

installation 

[Million SEK] 

payback 

Time 

[year] 

0.5252 0.2779 10,2 7,25 2,48 106,8 19.8060 

P max 
WithPV, batt 

 

P max 

With PV 

P max 

Without PV 

E-from grid 

[MWh] 

E-To Grid 

[MWh] 

Fraction 
Selfsuff, batt % 

Fraction 
Selfus % 

1000 8665.4 4168 11046 0.00 0.5173 0.9775 

 

  



6.    Analysis of the situation of the company C4 in another sunny country : 
 

Now let's move the headquarters of the C4 company to another sunny country, for example in 

Africa (in Egypt), where the long-term average of the annual sun reaches 2500 kilowatt-hours per 

square meter, and let's analyze the data and see if it is reasonable to operate the business mostly 

through the off-grid system. 

 

Figure 20. The long-term average of the annual sun in the world [13] 

 

 

6.1   Discussion and analysis of the company C4 in Egypt: 
We choose the Sixth of October City in Egypt, which is a city located west of Cairo and has an 

industrial city. 

From the site PVGIS (Photovoltaic geographical information system(We get the data for solar 

energy on this site. 

Analyzing the results of the company C4 in Egypt and compare them with the results of the same 

company in Falkenberg, we notice the difference in the results when the solar radiation is greater 

and the sun hours are more and the impact of this on the results of the system cost, battery size, 

and the payback time of the total cost of the system. 

The off-grid analysis here considers = PV ratings between 15 MW and 35 MW, since it is found 

that the most profitable system is found within this range, see Table 10.   



 

The load and the PV production for 15 MW PV rating is shown in Figure 21. 

Figure 21. The load and PV power (Pv rated =15000 KW), C4 in Egypt. 

 

Since the loads are almost constant throughout the week and we have a large amount of energy 

produced from solar cells, the excess energy can be stored in a battery for the next day or this 

energy can be sold to the grid. 
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The results of the off-grid analysis in shown in Table 11.  

 

Table 11 - Sizes of photovoltaic and battery modules for the company-C4-Egypt 

Company 

C4 

PV module 

Pv rated [MW] 

Battery – size 

[MWh] 

Tot – Cost 

[ Million SEK] 

Area – 

[ m2] 

 15 >20 >600 73313 

 20 10 400 97750 

30 hours 25 80 400  122188 

 30 70 410 146626 

 35 65 450 171063 

 

 

From the comparison, we note that a good choice is a PV rating of 25 MW and a battery capacity 

of 80 MWh, which corresponds to 30 hours of storage with respect to the average load of 2600 

kW. That means the time of charge is about one day in this case. 

 

Figure 22. The storage level and the power to and from the grid. 

 

In Figure 22, the storage level and the power to and from the grid is shown for the case 15 MW of 

PV rating and 200 MWh of battery capacity. It may be noted that the true off-grid system has not 

been found for this PV rating, since the battery capacity would have needed to be even larger. This 

is also evident from Figure 23. For the other PV ratings in Table 10, true off-grid systems have 

been found, and the most cost-efficient systems are in the range 20 MW to 25 MW of PV rating. 

 



By comparing these results for company C4 with the results of the same company in the Falkenberg 

region, we note the significant difference in the results of energy, battery size, costs, and time to 

recover the value of the system. 

 

Figure 23. The cost and the battery size with a system cost. 

We note that the direct part (direct energy used / energy produced from solar cells) is about 34% 

and this covers more than 41% of the loads throughout the year. 

Fraction selfsuff battery = 99% 

Fraction selfu = 82% 

And system value recovery time = 10 year 

It should be noted, however, that the payback time 10 years was calculated using Swedish 

electricity prices. Using Egypt prices, it is unclear what the payback time would be. 

 

Company C4 –off-grid with battery- Egypt 

Fraction 

direct % 

Fraction 

selfsuff % 

Cost purchase 

without PV 

[Million SEK] 

Cost 

purchase 

[Million SEK] 

Income selling 

[Million SEK] 

Cost 

installation 
[Million SEK] 

payback Time 

[year] 

0.3404 0.4131 10,17 5,7 8,42 133,5 10.3598 

P max 
WithPV,batt 

 

P max 

With PV 

P max 

Without PV 

E-From grid 

[MWh] 

E-To Grid 

[MWh] 

Fraction 

selfsuff, batt 

% 

Fraction 

Selfus % 

10000 11276 4168 74.3331 4113.9 0.9968 0.8212 

 

Table 12- Values and results with battery usage-off grid - Egypt.  



7.    Outlook and future work: 
 

Photovoltaic technology has developed since its invention in Bells Laboratories in 1954, and 

photovoltaic power production has since been increasing every day, and now many countries of 

the world are seeking to switch to solar energy. 

The growth of energy storage units has made the world seek this alternative energy, as it is 

expected that solar energy and storage in Europe will grow more than 400%. 

Figure 24. The cost of solar power over time.[15] 

The annual installation capacity has reached the GWh scale for the first time, and this indicates a 

new trend in the transformation of European energy. 

The combination of solar energy and storage is key to achieving a climate-neutral European Union 

by 2050.[14], And the continuing decline in solar energy costs over time is accelerating the 

transition to solar energy. (Figure 24) 

Since 2020, photovoltaic solar energy has been the cheapest source of electricity in history.[16] 

Since 2021, solar energy generates 4% of the world's electricity, and solar energy contribute to 

20% of the world's energy consumption [17], and solar energy will be the largest source of energy 

in the world.[18] 

 

 



 

Figure 25, Growth of solar PV on a semi-log scale since 1992.  [19] 

 

All this indicates that the future will be full of a major shift to solar energy and energy storage in 

batteries, and this prompts researchers to race in the areas of solar energy systems technology and 

storage systems. To achieve increased efficiency and obtain sustainability and stability of off-grid 

systems and reduce energy production and storage costs.[20]  

Also, the development of continuous storage systems and adapting to the changing requirements 

of energy and technological progress makes storage in batteries one of the future solutions in 

energy systems,[21] also, the study of loads and analysis of costs and returns in network 

applications, with the continuation of lower costs, leads us to better invest networks.[22] 

And we do not forget the possibility of converting  surplus solar energy into green hydrogen, which 

facilitates the process of transportation and storage of energy, and the use of this energy in winter 

or when needed. 

 

 

 

 

 

 

 



8.    conclusion : 
By discussing and analyzing the results that we obtained from studying and analyzing the data of 

28 companies with their different loads in Falkenberg in Sweden, from calculating the photovoltaic 

energy that can be produced in the place, and also noting the costs associated with the cases studied 

and determining the ideal sizes of the system, these results show us the extent to which solar energy 

and batteries can be relied upon in companies that need high electrical voltages. 

We have found that solar panels contribute to reducing energy bills through self-consumption of 

energy, which can reach more than 50% in the absence of the battery, and this percentage can rise 

to 80% with the use of the battery. 

We found that relying on the battery in the solar system supports independence from the grid, and 

helps independence from price fluctuations, and choosing a battery with an appropriate storage 

capacity in combination with a PV system is an important step towards self-sufficiency outside the 

grid. 

Since solar panels are the source of energy and the optimum use of these panels depends on the 

time of solar radiation in the day, we found that changing the working time of companies in 

proportion to the time of radiation helps to gain direct solar energy, as we noticed this when 

studying companies C18, C26, and C4. 

We found that reaching self-sufficiency with the presence of the battery in the system increases 

investment costs significantly and that the climate in Sweden is not suitable for completely going 

off-grid, especially in winter, so it is necessary to obtain another source of energy in the winter, 

and a solution can be found This problem is through storing energy in large-capacity batteries and 

long-term storage periods, or using surplus energy in summer to produce green hydrogen and then 

using it in winter. 

Thus, the battery becomes reliable and economic outside the grid, especially if the load is stable 

and stable throughout the year, and the system will be economical because it contains the direct 

use of electrical energy generated from photovoltaic cells and stored in the batteries, and the peak 

is eliminated with a reasonable size of the battery. 

We found that the geographical location of the company greatly affects the reliability of the system. 

When we analyzed the case of the C4 company in Egypt, we noticed how we obtained a large 

amount of energy, reduced costs, and were able to recover the value of the system during half the 

time we obtained for the same company in Falkenberg. 

Finally, we found that off-grid operating strategies affect system reliability and cost. 
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