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I 
 

Abstract 
 

The growing concern about depleting the planet’s resources is leading to new and 

innovative ways to manage electricity and increase the overall efficiency of the whole energy 

system. A reflection of this is that more and more households and corporate buildings are opting 

to have self-production and consumption, being it to save on the electricity bill or because of 

environmental awareness. 

Also, the first completely off-grid houses based on renewable energy production, start to 

appear, although mainly on a very DIY (Do It Yourself) and one of a kind fashion because there 

isn’t still a fully developed commercial offer for this target market. 

 

In this context, it is interesting to imagine a whole off-grid residential building, to analyse 

what would it take to make this endeavour possible, to research the different technologies 

involved, and check the financial feasibility of a project like this. 

 

This thesis attempts to answer this question, firstly with the development of a model 

that can simulate and manage the sizing of photovoltaic production and battery energy storage 

inside a determined timeframe. Then, in round 1, analyse the best sizing for the consumption 

and irradiation data; in round 2, ambient temperatures and better irradiation data were 

considered, and new conclusions were found. And lastly, in round 3, considering the results and 

conclusions from previous rounds, it was verified a micro combined heat and power (micro CHP) 

approach, as backup production, mainly to fight the unpredictability and inconsistency that solar 

production can have. This, always considering the financial aspect. 

The results show that, it is still not feasible to have a building only with solar photovoltaic 

and batteries, because of the high battery pack capacity needed, which converts to a very high 

system cost and a little higher than double energy cost  

It is also concluded that having a non-intermittent back-up power source, such as a 

natural gas generator, has a very big impact on the capacity needed, and can make the system 

economically attractive. 
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1 Objectives 
 

The objective of this thesis is to build an energy consumption model of a small residential 

building in Lisbon, Portugal, evaluate its electrical needs and, study what would be required in 

terms of production and storage to make it off-grid electrically using renewable energy 

production technologies. 

In a first analysis just solar photovoltaic (PV) and batteries (round 1 and 2) are considered, it is 

analysed what are the requirements to make this building completely energy independent from 

the external electrical production, also evaluating the economic feasibility of this approach. 

Taking into account the results and conclusions in that first analysis, round 3 studied the 

inclusion of a micro combined heat and power (CHP) natural gas generator as a complementary 

energy source, verifying its impact compared to the previous case. This always considering the 

building independent electrically. 

 

2 Assumptions and data sources 
 

Building- As a base for this analysis, a small building of 3 floors, 9 apartments were chosen, being 

it the most common type of residential building in downtown Lisbon. This building is considered 

yet to be built, so that it will be designed to best integrate renewable energy technologies, and 

the location for the building will be Lisbon, Portugal. 

As area, the apartments are considered to be small T2’s (2 bed rooms, bath room, kitchen and 

living room) with 89m2 of area, making the entire building floor area of around 290m2 

(considering 23m2 as common areas, for stairs and elevator). Considering a flat roof, this is the 

area one has available to install solar panels. 

For the building construction cost, it is considered a cost of 1300 €/m2, which is a rough value 

civil engineers use for estimating middle class construction cost in Lisbon. With this one gets a 

value of 1 131 000€ for the construction of the building. 

 

 

Electric energy consumption- For this study, consumption data was extracted from EDP’s 

estimated average consumption of a residential customer for 2018 [1]. The consumption data 

has a 15-minute resolution throughout the whole year. 
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Irradiation and temperature- For the solar PV production, in in round 1 the irradiation values 

were extracted from the PVGIS database considering the location mentioned before, the panels 

with a slope of 35o with the horizontal and facing south. This data offers an average day per 

month, as so, for irradiation and temperature, there are 12 different profiles, one for each 

month of the year. 

For rounds 2 and 3, a search for better data led to the website meteoblue.com [2], which kindly 

provided the stored data for temperature and irradiation in Lisbon, with 1 hour resolution 

 

3 Small Building Energy Model 
 

The model built simulates the consumption, production 

and all the electric energy exchanges of a small, 9-

apartment, building. 

The consumption is considered to be the single client 

consumption data multiplied by the 9 apartments, then 

number of solar PV panels and capacity of batteries is 

chosen. Upon running the simulations, a similar analysis 

to the work developed in [3] was considered. 

As so, the energy production, consumption and flow 

between PV, consumer and battery pack (Fig. 1) are 

calculated at every 15-minute instant, matching the 

resolution of the consumption and irradiation data. 

 

 

Solar PV- For the panel choice, since there is a big market and hundreds of different brands and 

models, a company that sells renewable energy products for domestic installation in Portugal 

(darlisdux.com [4]) was selected. This allowed to choose a panel that is commercially used in the 

country where the building is located, in this case the LG MonoX (Annex 1) was chosen. 

For the PV system cost, the direct price from [4] is taken for simulations where the number of 

panels match offers from the website (Figure 2), when it is not possible an estimation of 

440€/panel is considered. This price includes the needed inverters and installation. 

 

Figure 1- Schematic of the model with the studied 
energy flows 



 

3 

 

With the characteristics of the solar PV panel to calculate the energy production, in round 1 just 

its efficiency is considered, and in round 2 and 3 the ambient temperature effect on panel’s 

temperature and efficiency is considered. 

 

Figure 2- Solar solutions offered by [4], to this price add 90€ per panel because the LG one was chosen. The price 
includes the inverter and installation 

 

Battery energy storage- For the battery pack, the lithium iron phosphate (LiFePO4) type was 

chosen, for it having the best energy efficiency and higher cycle life, which is ideal for this kind 

of usage. The battery properties were extracted from [5]: 

 

LiFePO4 Battery 

Specific Energy 150 Wh/kg 

Energy Density 400 Wh/l 

Cycle Life 1000 - 2000 

Energy Efficiency 95 % 

Self-Discharge 8%/month 

Batteries Cost 0.375 €/Wh 

Table 1- Battery characteristics 

For the simulations, was considered the battery efficiency, the self-discharge and a depth of 

discharge (DoD) of 90%, as for the capacity, it varies between simulation to match the DoD 

criteria. 

 

Simulation timeframe (Why 15 months?) 

After running the first simulations, it was noticed that the battery energy level would decrease 

throughout the months of January and December because these months are the ones with less 

irradiance available. Therefore, to use the model in a situation where these months are included 

sequentially, 3 more months were added to the 12 ones.  
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Going forward the simulations were run in the timeframe between January 1st 2018 and May 

31st 2019 (the electricity consumption in these new months was considered the same as the year 

2018) 

Noticing the elevated SoC battery value through the summer month, it was decided to add the 

analysis of the “extra energy”, being this energy the one that is not used neither by the consumer 

nor to charge the batteries. This extra energy would be interesting to study applications to it, 

mainly other complementary ways of energy storage. 

 

Base case 

For electricity cost, EDP’s (Energias De Portugal) simple tariff (Table 2) was used to calculate the 

electricity cost for the building, as if it had no self-production and energy storage systems, 

considering a 6.9kVA of installed power. 

The annual electricity bill would be 5338.40€, 593.16€ per apartment (6768.27€ for the 

simulated 15 months). 

 

 

 

 

The gas-powered generator 

For the generator, the XRGI 20, from EC Power (Appendix 2) was considered for this work. This 

is a medium size micro combined heat and power (CHP) generator with a nominal power of 

20Kw, fuelled by natural gas, and ideal for small and medium sized residential buildings. 

This generator was chosen because it has enough power to support the building’s consumption 

if needed, it works with natural gas and, even though it is not analysed in this work, being CHP 

it also provides hot water when it is working, decreasing the electric demand of the electric 

boilers [6]. 

 

For the natural gas costs, the EDP tariff was considered [7]: 

 

 

 

 

The rules for the generator operation are, if the energy level in the batteries reaches 10%, the 

generator is turned ON, and it stays ON until the SoC is 90%. When ON, the generation prioritizes 

the building’s consumption, and the energy excess goes to charge the batteries (Fig. 3). 

Power (€/day) 0.3794 

Energy (€/kWh) 0.1619 

Table 2- EDP simple electric tariff 

Daily tariff 0.0688 €/day 

Energy tariff 0.0641 €/kWh 

Table 3- Natural gas tariff 



 

5 

 

 

Figure 3- Schematic of the model with CHP generator 

 

4 Results 
 

 

4.1 Round 1 
 

 

Pre-study 

 

Firstly, a simple analysis was conducted concerning the electric energy consumption of one 

apartment and PV production per square meter (Fig. 4), in this figure the cumulative values for 

per day are shown, and some peculiar patterns are noticeable. 

First, in the production side, as expected, the summer months have higher production and 

winter has lower production, August is the one with the highest, and December has the lowest. 

As the production data is represented by the daily average per month, the figure plots constant 

values throughout each month. On the consumption side (blue colour), there are regular low 

peaks, these represent Sundays and national holidays, in which is usual for people not to go to 

work, and so by staying at home or going outside, the average consumption is lower than the 

other week days. 
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In Figure 5, one can see in detail the evolution of these data along one day, in this case Friday. 

It is noticeable the low peak in consumption during the night, and the high peaks around 1 PM 

and 7 PM which is when people go back home. 

 

 

 

 

 

 

 

Figure 5- Consumption and PV production throughout March 9th (Round 1) 

Figure 4- Base consumption and production, maximum values for each day 
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4.1.1 Scenario 1: Totally self-sufficient with 60 units of 300W PV panels and enough 

batteries to keep self-sufficient electrically with a DoD of 90%. 
 

Nº of Panels 60 

PV Power 18 kWp 

Battery Pack Capacity 1050 kWh 

Table 4- System characteristics for scenario 1 (round 1) 

For this first study, one of Darlisdux products for big production was chosen, being this the 60-

panel kit. 

The objective was to verify, in an early simulation, what was the battery capacity needed to 

make the building totally electric grid-independent for his own electrical consumption. The 

results obtained showed a capacity of 1050 kWh for the battery bank would be needed in order 

to have the DoD of 90%. 

 

To make the plots easier to analyse, one can only see the maximum values for each day, 

otherwise it would be very difficult to see the results in the yearly plot. 

Figure 6 shows several consumption patterns; the first one is the relatively regular peaks along 

the year (except for the production), due to Sundays and holiday periods. During these days, 

there is a decrease in consumption that leads to increased levels of energy charging the 

batteries, relative to the other week days. 

 

 

Figure 6- Simulation 1, overall plot (Round 1 – scenario 1) 
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It is also noticeable in Figure 6 that the battery output (green) is overlapping the consumption 

curve (blue) during the winter period. This occurs because the peak consumption of the day 

corresponds to a time winter where there is no PV production. Also, during the months with 

extra production (summer, for example), those lines detach from one another, which is due to 

the opposite, meaning that the peak consumption of the day corresponds to a time where the 

PV are producing, so there is a lower output requirement to the batteries (the summer period, 

for example). 

 

In the Figure 7 one can perceive the detail of the time period between the 15th of April to the 

15th of May, for example. Here the effect of Sundays (April 15, 22, 29, etc…) and national holidays 

(April 25th and May 1st) are clear. It is also noticeable the transition to a different month. The 

impact of the increase in PV production has, in this case, a slight increase in extra energy and 

energy flowing into the battery, as it can be seen in Figure 7. 

 

Economic assessment 

 

Analysing the costs, one achieve the values in the table 5. 

This indicated that for in this first scenario (new building 

with solar PV system + batteries), the cost of the whole 

system reaches around 27% of the entire investment, 

being the batteries the main contributor to this value. 

Building 1 131 000 € 

Solar PV system [4] 24 700 € 

Batteries 393 750 € 

Total 1 549 450 € 

Table 5- Discriminated costs for scenario 1 (round 1) 

Figure 7- 15-day window on Round 1- scenario 1 results 
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Hence, this cannot be considered to be a good investment. The number of PV panels is too low 

for the overall consumption, and this leads to a big increase in the battery capacity to support 

the two consecutive low irradiation months (December and January). 

It has to be noticed that this scenario worked more as a proof to the model implemented of its 

correct operation, and at the same time to gain sensibility for the magnitude of the energy 

values that are in play in the simulation. 

 

4.1.2 Scenario 2: Full roof coverage (70% of the roof area covered with panels), and 

90% DoD. 
 

For this scenario, the main objective was to verify the effect of full roof coverage with solar PV 

panels, being this case “full coverage” considered to be 70% of the total area. In general, this is 

a common estimation because the panels are at a 35o angle, and it considers the spacing 

between rows, this space is also to decrease the shadow effect between panels. 

Those assumptions led to a total panel area of 203m2 (119 panels). 

For the batteries, tests led to a total capacity of 56 kWh needed to reach the desired DoD of 

90%. Table 6 lists the final characteristics of this scenario including the number of panels, PV 

peak power, and the batteries total capacity. 

 

 

 

 

Table 6- System characteristics for scenario 2 (round 1) 

 

To better understand the results, the values are normalized. In Figures 8 and 10 one can 

compare the evolution of the electricity consumption, PV production and battery pack level 

throughout the two days of the year with that had the highest consumption: the hottest and 

coldest month, respectively Figures 8 and 10. Figures 9 and 11 show the energy produced in 

excess on these days. 

Though the comparison between these two days, it is clear the highest electricity consumption 

during the winter, reaching close to the maximum consumption of the year (around time of 

20:00 hrs), and also the reduced PV production, close to 20% less production than that 

compared to summer months. This is also expressed in the figures 9 and 11, in which the peak 

is around 25% smaller in the winter and the time interval is also smaller (around 3 hours less). 

Nº of Panels 119 

PV Power 35.7 kWp 

Battery Pack Capacity 56 kWh 
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Hottest day (July 19th) 

 

Figure 8- Normalized data for the highest consumption day of the hottest month 

(Round 1 -scenario 2) 
 

 

Figure 9- Extra energy for the highest consumption day of the hottest month 

(Round 1 – scenario 2) 

Coldest day (February 1st) 

 

Figure 10- Normalized data for the highest consumption day of 

the coldest month (Round 1 – scenario 2) 

 

 

Figure 11- Extra energy for the highest consumption day of the 

coldest month (Round 1 – scenario 2)
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At this point, it is also noticeable the impact that those previous days have on the batteries. 

During the winter, the batteries come with a lower SoC level from the previous day, 45% versus 

68%, which translates to an also low peak in energy level, that reached in the summer day 50% 

and in the winter one 15%. This influences the operating time of the batteries during their daily 

cycle, especially on the winter months, where the production is lower and in these cases the 

batteries are working during more hours. 

 

 

Economic assessment 

 

In this scenario 2, a more reasonable cost is achieved, as 

seen in Table 7, with the system cost reaching only 5% of 

the entire investment. In this case, the cost of the PV 

system is double the value spent on batteries.  

 

Here, in this second scenario, the overall system is very dependent on the solar production. 

Without PV production every day, the batteries wouldn’t be enough to last a whole day. 

 

Overall, these results show a much more reasonable battery pack capacity, comparing to the 

first scenario, bringing to light the impact of the higher PV production during the day. Around 

double the panels, result in a 95% decrease in necessary battery pack capacity. 

 

 

4.1.3 Scenario 3: Ideal PV area to have enough PV production in the day having the 

worst ratio consumption/production, and 90% DoD. 
 

In this third scenario, the solar panel area was optimized so that the production would match 

the consumption of the day with the worst ratio consumption/production. This day is the 31st of 

December. The total panels’ area to support this day was calculated at 131 m2, leading to a 

battery pack capacity of 65kWh and 77 panes, as listed in Table 8. 

 

 

 

 

Table 8- System characteristics for scenario 3 (round 1) 

Building 1 131 000 € 

Solar PV system 52 360 € 

Batteries 21 000 € 

Total 1 204 360 € 

Table 7- Discriminated costs for scenario 2 (round 1) 

Nº of Panels 77 

PV Power 23.4 kWp 

Battery Capacity 65 kWh 
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This time, the decrease in number of panels and slight increase in battery pack capacity led to 

an increase in the overall state of charge of the battery (SoC) throughout the days (Figures 12 

and 14), and there is less time in which the battery is at full charge. 

Relative to the energy produced in excess, in this case the amounts are lower, around 4.5kW in 

the summer and 3kWh in the winter (Figures 13 and 15), which means the system is better 

dimensioned relative to the previous scenarios. 

 

 

Economic assessment 

 

In this case, the solar and battery systems have similar 

costs, topping at 4% of the entire investment. 

 

In this scenario one has a lower PV area compared to 

the previous case, which means full roof coverage is not 

necessary. Similar to the previous scenario, this one is still very dependent on the solar 

production, with the battery pack capacity only able to support the entire day for 27% of the 

days studied. 

 

Building 1 131 000 € 

Solar PV system 33 880 € 

Batteries 24 375 € 

Total 1 189 255 € 

Table 9- Discriminated costs for scenario 3 (round 1) 
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Hottest day (July 19th) 

 

Figure 12- Normalized data for the highest consumption day of the hottest month 

(Round 1 – scenario 3) 
 

 

Figure 13- Extra energy for the highest consumption day of the hottest month 

(Round 1 – scenario 3) 

Coldest day (February 1st)

 

Figure 14- Normalized data for the highest consumption 

day of the coldest month (Round 1 – scenario 3) 
 

 

Figure 15- Extra energy for the highest consumption day of the 

coldestMonth (Round 1 – scenario 3) 
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4.1.4 Round 1 comparison 
 

 

 

Comparing the 3 scenarios (Table 10), an increase close to 200% in the PV area, results in a 95% 

decrease in battery pack capacity, and 85% decrease in cost. This reveals the high dependence 

of batteries capacity for scenario 1 in order to overcome the low production during the winter 

months. On the other hand, scenarios 2 and 3 are dependent on the daily solar production 

because their batteries capacity is only enough to overcome the night-time. 

Figures 17, 18 and 19 represent the consumption and production in kWh, and the battery pack 

level in percentage for the 31st of December, which represents the day with the worst ratio 

consumption/production. These characteristics can be seen in Figure 17, in this figure the 

battery level is barely altered (stays around 50-55%), there is a clear over dimensioning of the 

batteries, also due to an under dimensioning of the PV area. This is a clear contrast with Figure 

18, in which the batteries go nearly through a full 100%-20%-100% cycle. 

The impact of the number of panels in the battery pack, and consequentially in the system cost, 

is verified in Figure 16. 

 

Table 10- Scenarios characteristics comparison (round 1) 

Scenario PV area (m2) PV Power (kWp) Battery capacity (kWh) System cost 

1 103 18 1050 418 450€ 

2 203 35.7 56 73 360€ 

3 131 23.1 65 58 255€ 

Figure 16- Overall system cost according to the number of panels and keeping 90% DoD (round 1) 
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Figure 18- Consumption, production and battery level for scenario 2 (round 1) 

Figure 17- Consumption, production and battery level for scenario 1 (round 1) 

Figure 19- Consumption, production and battery level for scenario 3 (round 1) 



 

16 

 

4.2 Round 2 
 

Trying to improve the model of Round 1, led to include the ambient temperature effect in the 

calculation of the PV production. However, the data from PVGIS database, being monthly 

averages, was not appropriate. A search for better data, led to the website meteoblue.com [2], 

which kindly provided access to their database, that includes high precision temperature and 

irradiation data from stored forecasts.  

In this second round, the results are expected to be much more accurate, since these are from 

stored real-life data, which includes the eventual clouds cover that can happen at any given day. 

The time interval of the extracted data is 1/Jan/2017 – 31/Mar/2018, with 1 jour resolution. So, 

this period of time for the PV production, new irradiation values were used and the PV panels 

temperature effects in decrease/increase of its electric efficiency was considered. Figure 20 

shows the cumulative consumption and PV production/m2 with these new considerations. 

 

4.2.1 Scenario 1: Full coverage of the roof area with panels, and 90% DoD. 

 

 

With the new data, different results were expected, as it filled one of the main flaws of first 

round’s scenarios. Now, there is no longer an average value for all days, that repeats itself 

throughout the month.

Figure 20- Round 2, 15 months electricity consumption and PV production per square meter 
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Hottest day 

 
 

Figure 21- Normalized data for the highest consumption day of the hottest month 
(Round 2 – scenario 1) 

 

Figure 22- Extra energy for the highest consumption day of the hottest month 
(Round 2 – scenario 1) 

Coldest day 

 
 

Figure 23- Normalized data for the highest consumption day of the coldest month  
(Round 2 – scenario 1) 

 

 

Figure 24- Extra energy for the highest consumption day of the coldest month 
 (Round 2 – scenario 1) 
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Now, with hourly irradiation values for each day, that show the weather uncertainty, one verifies 

that to achieve the 90% DoD a much higher battery pack capacity is required, in this case 

285kWh (438% of the capacity in round 1, scenario 2), as listed in Table 11. 

 

 

 

 

 

Table 11- System characteristics for scenario 1 (round 2) 

 

Figures 21 and 23 show that the production is not very affected by summer or winter conditions, 

as long as there is no clouds cover, with the SoC not going lower than 80% on neither day, and 

both having excess production (Figures 22 and 24). 

In this scenario, a mix of what happened in scenarios 1 and 2 of round 1 can be seen. On one 

side the best possible scenario for production by filling the roof with as much panels as possible, 

but then, upon running the model, for some consecutive low irradiation days the production 

just isn’t enough to cope with the consumption, and a much higher battery pack capacity is 

needed for these days, as illustrated in Figure 25. 

 

 

 

 

 

 

Nº of Panels 119 

PV Power 35.7 kWp 

Battery pack Capacity 285 kWh 

Figure 25- Week that led to the lowest energy level in the battery 
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Economic assessment 

 

 

This time, as said before, a higher than expected battery 

pack capacity was needed, leading to an increase of the 

system cost, now 12% of the investment needed, as Table 

12 shows. 

 

In this round the levelized cost of energy (LCOE) was also calculated, following the formula: 

 

𝐿𝐶𝑂𝐸 =
𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡𝑠

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑎𝑛𝑢𝑎𝑙𝑙𝑦 ∗ 𝐿𝑖𝑓𝑒 𝑡𝑖𝑚𝑒 𝑐𝑜𝑛𝑠𝑖𝑑𝑒𝑟𝑒𝑑
  

 

𝐿𝐶𝑂𝐸𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 =
52 360

68 065 ∗ 5
= 0.15 €/𝑘𝑊ℎ 

 

𝐿𝐶𝑂𝐸𝑆𝑦𝑠𝑡𝑒𝑚 =  0.50 €/𝑘𝑊ℎ 

 

First, just for the solar PV investment, we see that for 5 years, the cost of energy is close to the 

one charged by EDP (around 0.20€/kWh) 

For the whole system, the LCOE considers a lifetime of 5 years due to this being the average 

lifetime of the battery packs and does not considers the maintenance costs. Even though the 

0.50€/kWh is high value, this value assumes that the whole system only lasts 5 years, which in 

the case of the solar panels, their lifetime is around 20 years. 

 

The results of this simulation look truthful, but they are only truthful for the consumption, 

irradiation and temperature values of this period. If the consumption would be higher or the 

weather be worse, with more cloud covering throughout consecutive days, the battery pack 

capacity would not be enough to maintain the building self-sufficient. This vulnerability to the 

unpredictability of production led to the need for new considerations in a round 3. 

 

 

 

Building 1 131 000 € 

Solar PV system 52 360 € 

Batteries 106 875 € 

Total 1 290 235 € 

Table 12- Discriminated costs for scenario 1 (round 2) 
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4.2.2 Scenario 2: Ideal PV area to have enough solar production in the day with the 

worst ratio consumption/production, and 90% DoD. 
 

In this simulation, following the steps of round 1, scenario 3, the ratio consumption/production 

was calculated and, for the worst day at January 2nd, the PV area needed to sustain the building’s 

consumption would be 1021 m2.  

Contrary to round 1, this calculation led to a higher PV area than the one available in the roof. 

Now, it is very clear that the previous data was not accurate enough for the simulation, as this 

result proves the lack of accuracy that monthly averages have, and how susceptible this kind of 

models are to the data quality. 

 

 

4.3 Round 3 
 

The results obtained until this point reveal a high vulnerability to external uncertainties. A way 

to fight this is to assure a consistent and reliable backup for unpredictable events. In this round 

the CHP generator discussed in the chapter 3 will also be factored in to the simulating model. 

 

Following the results from previous simulations, for PV sizing, a full roof coverage will be 

considered. As for the batteries, an analysis was conducted regarding their total capacity Vs the 

hours the CHP generator would need to be running. So, Figure 26 shows the total expend in 

natural gas, considering different battery pack capacities (10kWh intervals), and also the cost of 

the considered battery pack.  

 

 

Figure 26- Normalized costs in natural gas vs batteries, according to battery capacity 
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All values in Figure 26 are normalized due to the very different order of magnitude. For example, 

the simulation with 30kWh (first points of the plot) the gas cost is 2230€ and the cost of the 

respective batteries is 11 250€. Hence the need to normalize the values relative to their 

respective maximum value. 

In addition, this figure (Fig. 26) shows the effect the battery capacity has on the required gas to 

run the CHP, so lower capacities will require the generator to work more time. In addition, until 

the 50 kWh capacity, the batteries run two cycles a day, this explains the higher incline in the 

gas cost curve and validates the intersection of the two curves as the best battery pack capacity 

to run an analysis. As so, this round the simulation will run for a battery capacity of 58 kWh 

(Figure 25) and with the characteristics listed in Table 13. 

 

 

 

 

 

 

 

This last round, having a backup for the moments the PV production isn’t enough, provided 

different patterns in the SoC of the batteries. At times where this parameter is low, the CHP 

kicks in and answers the demand and recharges the battery pack. Figures 27 and 28 show just 

that, in the day with the lowest PV production, the SoC decreases throughout the day until, 

around 2PM, the generator turns on, answering the electric demand and recharging the 

batteries. 

This back-up production can also work in nights where the consumption is very high, Figures 29 

and 30 show just that. During New Year’s Eve, the batteries support the demand for most of the 

night, but around 3AM the generator turns on and recharges the batteries just before the 

demand rises again. 

Even though having only 20% of the batteries in Round 2, the CHP generator only works for 95 

hours during the simulation. This, again, proves the impact the inconsistent solar production has 

on the amount of storage required. 

Nº of Panels 119 

PV Power 35.7 kWp 

Battery Pack Capacity 58 kWh 

Table 13- System characteristics for round 3 
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Day with lowest PV production (January 2nd) 

 

Figure 27- Normalized data for the day with the lowest PV production (Round 3) 

 

 

Figure 28- Extra energy for the day with the lowest PV production (Round 3) 

 

New Year’s Eve (31st December – January 1st) 

 

Figure 29- Normalized data for the New Year’s Eve (Round 3) 
 

 

Figure 30- Extra energy for the New Year’s Eve (Round 3) 
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Economic assessment 

 

Compared to round 2, there is a drastically lower 

investment in batteries, which goes to the CHP 

generator and its fuel. Still the investment in these 

specific elements only represents 56% of the one spent 

just in batteries in round 2. With the whole system at 

a 9% of the total investment. The discriminated costs 

for each technology are shown in Table 14. 

 

 

𝐿𝐶𝑂𝐸𝑆𝑜𝑙𝑎𝑟 𝑃𝑉 = 0.15 €/𝑘𝑊ℎ 

 

𝐿𝐶𝑂𝐸𝐶𝐻𝑃 = 4.95 €/𝑘𝑊ℎ 

 

𝐿𝐶𝑂𝐸𝑆𝑦𝑠𝑡𝑒𝑚 =  0.34 €/𝐾𝑤ℎ 

 

Calculating the LCOE of the different technologies, one can see the impact of the CHP having a 

role as a back-up producer and working only a small number of hours. 

This time we get a lower LCOE (0.34 €/kWh) compared to round 2 (0.50 €/kWh). This highlights 

the impact the battery pack cost has in the cost of energy. 

Comparing to the regular EDP client, which pays around 0.20 €/kWh, the value is still high. But 

remembering that in this case we consider only 5 years, and that these are not representative 

of the life time of the solar panels and CHP generator. 

 

 

 

 

 

 

 

 

 

Building 1 131 000 € 

Solar PV system 52 360 € 

Batteries 21 750 € 

CHP generator 37 500 € 

Natural gas + tariff 397.73 € 

Batt + Solar PV + CHP 111 610 € 

Total 1 243 007.73 € 

Table 14- Discriminated costs for round 3 
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5 Conclusions 
 

The results of this work show that it is not economically feasible, for a small building, to be 

disconnect from the power grid and be self-sufficient electrically, only with own solar PV 

production and battery storage because it requires very high investment costs, and 

consequentially a higher than double energy cost compared to the regular electric grid clients. 

The solution with only solar PV and battery required very high storage capability due to the 

inconsistency of solar production, which made this option very unattractive economically. 

A secondary way of producing energy, is recommended, not only for decreasing drastically the 

storage needs, but also because it provides a back-up power source if something goes wrong. 

The CHP generator chosen, even though being expensive and working only a few hours, has a 

big impact on the storage required and can be used to support the whole building’s demand, in 

case of an emergency, and can provide frequency control. 

The big solar PV area provides excessive energy during most of the days, this energy could be 

used in other kinds of energy storage. 
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7 Appendices  
Appendix 1- Solar cells data sheet 
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Appendix 2- Micro CHP generator data sheet 
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