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Off-grid systems are mainly used in places where grid electricity is not viable due to cost 

or lack of infrastructure. Off-grid system dimensioning can be divided into three different 

parts, load generation, energy generation, and storage systems. It is hard for a completely 

new off-grid project to approximate the load and energy generation amounts, especially 

daily changes, without simulating the system.  The main focus of this thesis is to research 

how an off-grid system can be simulated using computer software. The software used in 

the thesis is EnergyPlus. The secondary focus is to study the different aspects affecting 

off-grid systems' self-sufficiency by simulating multiple configurations for a system 

using the built EnergyPlus model. 

The simulation result of the example cases shows that different configurations can be 

easily tested and analyzed to help find the best solution by modelling a digital twin of the 

off-grid system using EnergyPlus. The simulation results also show that a fully self-

sufficient off-grid system in Finland is almost impossible to construct feasibly with only 

renewable energy. The problem points are low energy generation during winter and the 

nonfeasible storage capacity needed to cover the winter months. It was also found out that 

electrical equipment can cause problem points for the system by generating energy load 

spikes.  
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Off-grid järjestelmiä käytetään pääasiassa tilanteissa ja paikoissa, joissa sähkön saanti 

yleisestä verkosta ei ole mahdollista. Syitä voivat olla infrastruktuurin puuttuminen tai 

verkkosähkön hinta. Off-grid järjestelmän mallintaminen voidaan jakaa kolmeen 

pääosaan joita ovat energiakuorman, energiantuotannon ja energian varastoinnin 

simulointi. Off-grid järjestelmiä suunnitellessa voi olla vaikeea arvioda enegian kulutusta 

ja tuotantoa ilman simulaatiota, koska ne riippuvat useista eri tekijöistä kuten säätilasta 

ja talon varustetasosta.  Tämän työn päätarkoitus on tutkia kuinka off-grid järjestelmiä 

voidaan simuloida käyttämällä EnergyPlus tietokoneohjelmistoa. Toinen tavoite on 

käyttää rakennettua mallia tutkimaan kuinka järjestelmän eri osa-alueet vaikuttavat 

omavaraisuus asteeseen. 

Työn esimerkki simulaatioiden tulokset osoittavat, että EnergyPlus on erinomainen 

simulaatio työkalu erilaisten off-grid kokoonpanojen testaamiseen ja analysointiin. 

Simulaatiotulokset osoittavat myös täysin ympärivuotisesti omavaraisen järjestelmän 

rakentamisen olevan lähes mahdotonta suomessa käyttäen vain uusiutuvan energian 

lähteitä. Ongelmakohdiksi järjestelmässä muodostui huono energiantuotanto talvella, 

joka johtaa käytännöllisesti järjettömän kokoiseen energian varastoinnin tarpeen 

toteutettavaksi klassisilla akustoilla. Tulokset osoittivat myös, että sähkölaitteista 

johtuvat energiakuormapiikit voivat muodostaa ongelmakohtia off-grid järjestelmän 

suunnittelussa.  
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SYMBOLS AND ABBREVATIONS 

Roman 

B Battery capacity  Ah 

G Solar irradiance  kW/m2 

I Current   A 

P Power   W 

V Voltage   V 

W Peak power output  W 

𝑓  Derating factor  - 

𝑘 Weibull parameter   - 

𝑣  Wind speed   m/s 

Abbrevations 

AC Alternating current 

COP Coefficient of performance 

DC Direct current 

HVAC Heating, ventilation and air-conditioning 

PSH Peak solar hours 

PSH Peak solar hours 

SF Safety factor 
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1 INTRODUCTION 

Small off-grid energy systems are used more and more in rural areas for standalone home 

and cottage systems. This has been made possible by the rapid development of 

technologies suitable for small-scale energy production. Developing Off-grid systems is 

also essential to make energy available for anyone. At the moment, there are still over a 

billion people worldwide without access to electricity. 87% of these people live in rural 

areas.  Also, many rural houses use big diesel generators for energy generation. An off-

grid system that uses mainly renewable energy technology can significantly reduce 

emissions produced by energy generation.  (Aberilla et al., 2020) 

90% of summer cottages in Finland have electricity, and one-third of the cottages can be 

used throughout the year. Half of all the cottages also have electric heating.  From these 

statistics, it is visible that the need for electricity for summer cottages is on the rise. As a 

big part of the cottages are situated in secluded areas, the primary electricity grid might 

not be an option. (FCG 2018) 

Off-grid electricity systems can be the only solution for secluded areas. Off-grid systems 

offer a sustainable energy generation system to places where grid power is not an option. 

An off-grid modelling tool that could be easily implemented for different situations could 

significantly speed up the design process and help determine if the system would be 

feasible to construct. 

The main research goals of this thesis are to find out what kind of tools for off-grid 

modelling are available at the moment and to build a model of an example summer cottage 

with an off-grid system. The modelling and dimensioning are done mainly by using 

EnergyPlus software. The goal of the model is to be usable with different kinds of cottages 

with different equipment and dimensions. EnergyPlus model uses the known data from 

the cottage and then simulates the energy usage of the modelled house. Energy generation 

is added to the model by simulating solar panels and wind turbines.  
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EnergyPlus is open-source software that's development is funded by the US Department 

of energy's building office. The software is still being updated, with new updates released 

twice a year. Also, EnergyPlus has a wide range of documentation available, and multiple 

earlier studies made using it.  Another study goal is to determine how an off-grid system 

could be built for all-year use in Finland. The thesis also explains the different aspects 

that make an off-grid system.  

1.1 Thesis structure 

The thesis has four main sections. In the first section, the different aspects that make an 

off-grid system are presented to give the viewer an idea of what needs to be included in 

an off-grid system and considered when modelling the whole system. This section also 

explains how the different elements of the system work on a surface level and how the 

elements work together to form an off-grid system.  

The second part of the thesis focuses on the modelling of the system. This part goes 

through the possible methods currently used to dimension and model a system. The thesis 

goes through the main steps to build a working model using the EnergyPlus simulation 

tool. This part of the thesis also explains what can be modelled with the software and its 

restrictions and drawbacks. The thesis also goes through how the software works and how 

it can be used.  

In the third part of the thesis, EnergyPlus is used to dimension an off-grid system for a 

cottage based on the average Finnish cottage used all year. The main goal is to determine 

the cottage's energy usage and determine the self-sufficiency with three different levels 

of equipment and energy generation. Result validation is done by comparing the 

simulated results to historical data from similar real-world cases. 

The fourth part of the thesis includes a roundup of results and conclusions of the work. 

Conclusions include the analysis of off-grid system viability in Finland and the different 

aspects that need to be considered when modelling an off-grid system using EnergyPlus.  
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2 OFFGRID SYSTEM 

An off-grid system is defined as an electricity production system completely separated 

from the more comprehensive electricity grid. At the moment, most of the off-grid 

systems are used to only power electrical equipment. This is because the heating and 

cooling of the cottage cause the most extensive energy consumption. If the cottage is used 

all year, it is difficult to use electricity from off-grid systems to heat it. (Käpylehto 2014) 

The following image depicts a possible off-grid setup. 

 

Figure 1. Example off-grid system. 

As shown in figure 1, the main components of an off-grid system are load generation, 

energy generation, storage systems, and power regulation. 
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2.1 Energy production methods 

The following energy production methods are considered for Off-grid systems: solar 

energy, wind power, hydropower, electrolysis, and extra generators. This thesis focuses 

mainly on wind and solar power. Usually, a diesel generator is also installed to have a 

thoroughly reliable system. Hydropower would otherwise be an excellent power source, 

but it is usually not an available choice. Electrolysis is later considered for storage 

possibilities. (Lehto 2017) 

Solar power is mainly obtained from the use of installed solar panels. The amount of 

energy generated by the panels is highly dependent on the location, weather, season, and 

time of day. The same factors affect energy generated by wind power. The following 

figure shows how wind and solar production fluctuates in Finland according to season. 

 

Figure 2. Wind and solar power production of 2020 in Finland. (Fingrid 2021) 
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As shown in figure 2, the most challenging time to have a fully renewable off-grid system 

is during the winter months when there is little to no sunshine. The wind is more reliable 

during winter months, but daily changes can be more extensive than in solar systems. The 

days when there is no wind or sun need to be considered by building a storage system. 

The primary data needed to dimension energy generation is the energy generation 

potential and weather data.  

Energy generation potential for the solar panels is usually calculated by using known 

irradiation peak solar hours. The peak solar hours are usually chosen to be the month with 

the lowest solar irradiation. Another way to choose the peak solar hours used is to use the 

month with the highest load, as that is when energy is needed the most. For example, if 

the system is designed to operate in Finland from April to May, the month with the lowest 

irradiation and the most significant load would probably be the same month due to 

heating.  The energy output potential of solar panels can be calculated with the following 

equation (Li et al., 2013). 

PPV = WPV ∙ 𝑓PV ∙
GT
GS

 
(1) 

where 

 PPV The power output of the solar panel [kW] 

 WPV Peak power output  [kW] 

 𝑓PV Derating factor  [-] 

 GT Current solar irradiance  [kW/m2] 

 GS Test solar irradiance  [kW/m2] 

When both load and energy generation potential from solar panels is known, a solar panel 

system can be sized using an energy balance with the following equation (2). 
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Np = SF ∙
IDC
ISC

 
(2) 

where 

 Np Number of solar panels needed [-] 

 IDC Daily load generated [A] 

 ISC Short circuit current of a solar panel [A] 

 SF Safety factor 

Load current can be calculated as follows: 

IDC =
L

PSH ∙ VDC
 

(3) 

Where  

 L Energy used in a day [Wh] 

 PSH Peak solar hours [h] 

 VDC The nominal voltage of the system [V] 

A safety factor is included to consider a possible decrease in energy production due to 

additional losses due to forming of snow and dust. This factor is usually based on the 

experience of the manufacturer. (Khatib, Ibrahim, and Mohamed, 2016) 

Solar energy can also be harvested by using solar collectors. A solar collector is a system 

that uses the sun's radiation to generate heat. Typically, solar collectors are divided into 

flat-plate collectors and concentrating collectors. Flat-plate collectors are mostly used for 

smaller water heating systems used in smaller houses. Concentrating collectors use 

multiple mirrors to focus the radiation to a absorber and are not as commonly found in 

individual use. (Struckmann, 2008) 
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The wind turbine's energy generation potential depends on wind speeds and the swept 

area the turbine blades generate. Wind turbines also have structural limitations which 

affect the power generation potential and set a maximum potential depending on the 

turbine model. To take these factors into account, the parametric approach is most used. 

These parameters are shown in table 1. 

Table 1. Parameters needed to calculate generated energy from wind turbine 

Parameter Unit 

Rated power [W] 

Rated wind speed [m/s] 

Cut-in wind speed [m/s] 

Cut-off wind speed [m/s] 

Weibull parameter [-] 

  

The rated wind speed is defined as a wind speed where the wind turbine can achieve the 

rated power told by the manufacturer. Cut-in wind speed is the minimum wind speed 

needed for energy generation, while Cut-off is the maximum wind speed the wind turbine 

can handle. The Weibull parameter is used to approximate the fluctuations in wind speed. 

When the parameters shown in table 1 are known, the following equation can be used to 

calculate wind turbine power output at certain wind speeds as follows. (Fathima and 

Palanisamy, 2015) 

Pwt(ℎ) =

{
 
 

 
 0, (𝑣w(ℎ) < 𝑣ci or 𝑣w(ℎ) > 𝑣co )

P𝑟 ∙
𝑣w
𝑘(ℎ) − 𝑣ci

𝑘

𝑣r
𝑘 − 𝑣ci

𝑘 , (𝑣ci ≤ 𝑣w(ℎ) ≤ 𝑣r

Pr, (𝑣r ≤ 𝑣𝑤(ℎ) ≤ 𝑣co)

) 

(4) 

where 

 Pwt(ℎ) Wind turbine output power at a specific time [W] 

 P𝑟 Rated maximum power output  [W] 
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 𝑣𝐰(ℎ) Wind speed at a selected time  [m/s] 

𝑣𝐜𝐢 Cut-in wind speed of the turbine  [m/s] 

𝑣𝐜𝐨 Cut-off wind speed of the turbine  [m/s] 

𝒗𝐫 Rated wind speed of the turbine  [m/s] 

𝑘 Weibull parameter   [-] 

 

By calculating energy potentials, the system can be dimensioned to match the load 

generated by the house.  

2.2 Load  

When designing and modeling an off-grid system, one important aspect is knowing the 

system's generated load that needs to be satisfied by energy generation. For individual 

housing, the most prominent energy consumption is caused by heating and cooling. The 

energy needed for heating and cooling is affected by the design of the building and 

changes in weather. The rest of the load generated comes from electricity used for home 

appliances, lights and etcetera. The load generated is rarely constant and changes due to 

weather and individual choices, for example, hot water and other electrical equipment 

usages. The following figure shows how the summer house occupancy rate in Finland. 

The occupancy rate is essential to show when most of the electricity is needed as the load 

generated depends highly on the season. If there is no occupancy during winter months, 

the off-grid system does not need to satisfy energy loads generated by living, and in some 

instances, heating can also be turned off when there is no need. 
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Figure 3. The occupancy rate in Finnish summer houses. (FSG 2018) 

 

From figure 3, we see that most of the time spent in the cottages is in the summer months, 

although the usage during the winter months is growing. However, the usage is highest 

during the summer months. When looking at a full-year-occupied house, the occupancy 

rate does not affect the off-grid system modeling as the only variable affecting load 

generation is heating demand. Load generated by appliances can vary depending on the 

user. An example load generation of electrical equipment is shown in table 2. 
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Table 2. Example consumption of devices (Adato 2011) 

Device Energy consumption per day [Wh] 

LED lights 300-800 

TV 150-300 

Microwave 200 

Laptop 150 

Coffee maker 100 

Fridge 300-700 

Stove and oven 1500-2000 

 

The energy needed for heating is more complex to approximate due to different heating 

solutions, weather changes, and building properties. This thesis will mainly focus on 

straight electricity heating as it is the heating choice on about 53% of cottages in Finland. 

Heat pumps are also increasing in popularity to help reduce electricity usage for heating. 

In 2018 17% of cottages had installed heat pumps. A heat pump is added to one of the 

cases to study its effects on load generation. (FSG 2018) 

2.3 Storage 

Storage systems' main task is to store the excess energy produced and then discharge the 

energy when needed. Currently, for off-grid systems, the most used storage method is 

lead-acid batteries. This is because they are well understood and relatively low cost. 

Drawbacks of lead-acid batteries are low energy density, poor efficiency, and a short life 

span. (Merei et.al 2013) 

More modern battery types are lithium-ion and vanadium redox-flow batteries. Lithium-

ion batteries have an excellent energy density, low electrical losses, and a longer lifetime. 

The drawback of lithium-ion batteries is the high cost and complicated thermal and 

electrical management needed to operate safely. Redox-flow batteries have the longest 

life span, and they are also cost-efficient. The drawbacks are relatively low energy density 
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and discharge efficiency. It is also the least used and technically mature option. (Merei, 

et.al 2013) 

When sizing the storage systems, some definitions and choices need to be first made. 

First, the voltage of the batteries needs to be chosen. The nominal voltage of the load 

usually defines the voltage of the storage. Usually with the voltage is controlled by the 

number of batteries connected in series. The second thing that is defined is the maximum 

depth of discharge (DOD). The depth of discharge is set to maintain the battery lifetime 

by not fully discharging the storage electricity. Usually, for lead-acid batteries, the DOD 

is set to be around 80%. If the lead-acid batteries are used for more long-term storage, the 

maximum DOD needs to be lowered to about 30% because of the risk of sulfation. Also, 

the maximum charge rate needs to be set. Usually, the charge rate is set between 10-20 

hrs, depending on the operating temperatures and type of battery. (Kalogirou, 2018) 

When these choices are made, the needed battery capacity for daily/weekly storage can 

be calculated as follows: 

 

Bc = IBR ∙
tr
BUC

 
(5) 

where 

 Bc Minimum battery capacity [Ah] 

 IBR Daily load [Ah] 

 tr Reserve time [h] 

 BUC Depth of discharge [-] 

For example, if the storage system is dimensioned for summer use in Finland, the 

maximum load generated in the selected timeframe will be selected as the daily load. This 

is done to ensure that the storage system capacity is large enough to power the house for 
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the selected period without any energy generation. Equation 5 also works on the 

assumption that the average daily temperature is around 20°C. If the temperature is lower, 

the calculated capacity needs to be increased by a selected factor. (Kalogirou, 2018) 

The earlier mentioned storage methods and capacity dimensioning are mainly for 

daily/weekly energy storage. In areas where there might be more extended periods where 

energy production is halted seasonal storage system might be needed. In the case of 

seasonal storage, the needed storage capacity can be calculated similarly by using the 

following equation:  

Bc,s =
Is

BUC,s
 

(3) 

where 

 Bc,s Minimum battery capacity for seasonal storage [Ah] 

 IBR Seasonal load [Ah] 

 BUC,s Seasonal depth of discharge [-] 

As seen before, the energy generation in the winter months is almost entirely halted. In 

the winter, the loads are also higher due to the increased need for heating. For these 

reasons, a seasonal storage system using lead-acid batteries would be hard to produce.  

One possible storage system for seasonal storage is to use the excess energy generated 

during summer to produce hydrogen using electrolysis. Hydrogen storage does not suffer 

from the same problems as typical storage systems. Hydrogen storage has little to no 

losses even on more extended periods, and it can have a longer lifetime than batteries that 

may only last for 10 years. The hydrogen storage system also needs a fuel cell to burn the 

hydrogen for electricity generation. (Gray et al., 2011) 

From a theoretical point of view, the optimal storage system would be a hybrid system 

that uses lead-acid batteries for daily/weekly operation and a hydrogen system for the 

winter months.  The hydrogen systems still have multiple drawbacks when considering 
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individual systems. The biggest challenge is considerable energy losses produced from 

the electrolysis and fuel cell. The best electrolysis efficiency is around 60-70%, while the 

conversion to electricity using fuel cells also has 40-55% efficiency. Another problem 

with hydrogen is the problems with safety and safety regulations. Hydrogen gas needs to 

be stored under high pressures, and it can be highly explosive. Building hydrogen storage 

is also more expensive than more traditional energy storage systems.   

2.4 Power regulation and electricity conversion  

For off-grid systems with both AC and DC loads, the electricity conversion system is 

needed to convert the electricity as needed. The conversion depends on what type of 

current is demanded by the load. For more simple and less equipped summer houses, only 

DC equipment can be sufficient. This thesis assumes that the houses are modern and have 

a hybrid demand for AC and DC. In traditional systems, all of the energy input systems 

have an individual converter. 

Solar panels have non-linear power-voltage characteristics. For this reason, most of the 

Solar panels have a controller unit to operate the panel array at the peak values. These 

controllers are DC-DC converters. The most used controllers are based on maximum 

power point tracking algorithms (MPPT) or pulse width modulation (PWM). Controllers 

that use MPPT are more efficient but are also more expensive. After the controller, the 

energy is stored in battery storage or used by the DC load generated. For AC loads, a DC-

AC converter is needed. (Goud et al. 2019) 

Wind turbines also need a power controller. The task of the power controller is to manage 

the energy production of the wind turbine and convert the current to DC. The energy 

production is managed by slowing the rotational speed of the turbine if needed. A power 

controller is also used to ensure that the wind turbine is only operated at the designed 

wind speeds. The selected power controller depends on the type of wind turbine and its 

design values. After the power controller, the electricity is either used by the load or to 

charge the storage system.  During conversion, some of the energy is lost due to the 
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efficiency of the converters. The advantages of the multi-input converter would be smaller 

component count, better power density and centralized control. (Abdin and Mérida, 2019) 
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3 OFF-GRID SYSTEM MODELLING 

Off-grid system modelling is done to help the design process of an off-grid system. As 

seen in the previous chapter, the dimensioning of the different aspects of an off-grid 

system has multiple variables and equations. Sometimes the variables are not available, 

and manual calculations create a significant workload even if they are. Renewable energy 

resources are also highly dependent on the weather. For these reasons, an off-grid 

simulation tool can speed up the design process and give a better understanding of the 

possible problem points of the system.  

The simulation process starts by creating a digital twin of the house and by selecting 

heating and energy generation methods. The goal of the model is to accurately simulate 

the loads generated by heating using historical weather data. Another goal of the 

simulated system is to represent how the energy generation system can be built to answer 

the need generated by the load. Using the results from the simulations, different variables 

can be easily changed to find out how they affect the whole system. 

At the moment, there is a few simulation software used for off-grid and microgrid 

modelling. For this thesis, the main features of two different simulation programs are 

explained. The chosen programs are EnergyPlus and HOMER Pro. These programs were 

chosen as they are mainly used for energy planning on a micro-level suitable for off-grid 

systems.  

HOMER Pro is a simulation software that mainly focuses on microgrid design. The 

software can be used for both off-grid and on-grid systems that use multiple different 

energy resources. The primary energy generation methods that can be simulated are solar 

PV, wind turbines, micro-turbines, fuel cells and generators. The software can also be 

used to simulate storage systems. In HOMER, the user selects wanted energy production 

methods and weather data. The demanded load is also an input value and is not calculated 

by the software. Then the software runs multiple simulations to come up with different 

types of options for the microgrid. After the simulation, the software shows the feasible 
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designs based on the results and sorts them by the cost. HOMER is not used in the thesis 

as the software cannot simulate energy loads generated by the house. HOMER is also not 

an open-source software meaning that the data available how the calculations work is 

limited. 

EnergyPlus is mainly an energy analysis tool made for individual buildings rather than 

larger microgrids. The main difference compared to HOMER is that the load generated 

is simulated by modeling an HVAC system and a 3D model for the house in question. 

The load generation simulation is needed as it is one of the core parts of data needed to 

design an off-grid system. EnergyPlus is not a tool to analyze the cost of the system. It 

mainly focuses on simulating the energy needs for a modelled system, using weather data 

and information about the modelled building. The software is also open source meaning 

that the user can modify the software if needed. (EnergyPlus, 2021) 

EnergyPlus also has multiple earlier studies made. For example, in a study about de-

complexing the dimensioning of off-grid PV systems, EnergyPlus was selected as a 

consolidated validation tool for results. The study found out that the results provided from 

EnergyPlus were similar to the other methods used, thus also validating the EnergyPlus 

simulation of the built EnergyPlus model. The other methods used were a tool built by 

the study and a photovoltaic geographical information system tool that the European 

Commission uses to analyze off-grid PV systems. (Ramallo-González et al., 2020) 

3.1 How to build an EnergyPlus model 

In this thesis, EnergyPlus was chosen as the tool for off-grid house modelling. The goal 

of the built EnergyPlus model is to simulate the energy load generated by the house's 

heating, cooling, and electrical equipment. The built model is dimensioned to represent 

an average Finnish summer house that is used all year. Multiple different setups are tested 

to see how for example, the choice of commodities affects the energy loads. The 

EnergyPlus modelling starts with data gathering. The most critical data at the beginning 
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are the dimensions of the modelled cottage and the site weather data. For this thesis, the 

modeled house is chosen based on the average size of a summer house in Finland.  

To build accurate model materials used for the building are also needed. The modelled 

example building is a simple rectangular building with only one floor and two windows. 

The dimensions and materials used for this model are shown in table 2. 

Table 2. Model materials 

 Material Thickness Conductivity Density heat 

capacity 

  [m] [W/mK] [kg/m] [J/kgK] 

 Wood 0.009 0.14 530 900 

Walls Fiberglass wool  0.118 0.04 12 840 

 Plaster board 0.012 0.16 950 840 

 Flat metal roof  0.019 0.140 530 900 

Roof Fiberglass wool  0.118 0.04 12 840 

 Plaster board 0.010 0.16 950 840 

Floor Concrete 0.1015 1.73 2243 837 

 

As seen from table 2, the construction materials are defined layer by layer. For example, 

for the floor, we could also define laminate flooring as the next layer. For windows, this 

model uses two-pane windows with the following properties. 

Table 3. Window properties 

Number of panes 2  

Glass thickness 0.006 m 

Air-gap 0.0032 m 

Conductivity 0.9 W/mK 

  

The building has a floor area of 63m2. The room height was set to 2.5m.  The house 

dimension measured from inside are thus set to 7.0m x 6.0m x 2.5m.  The windows are 
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set to be on the shorter sides of the house, and their dimensions are 1.8m x 1.5m. The 

dimensions are visualized in the following picture. This data can now be inputted into the 

energy plus software. When we input the data using vectors, the software forms a 3D 

model of the house. The modelled building can be seen in figure 4.  

To form a 3D model in the EnergyPlus editor, vectors are input by hand. The vector 

inputting works for simple models, but a 3D modelling software is recommended for 

more complicated models. In this thesis, the more complex models are drawn first in 

Skecht-up and then imported to EenrgyPlus using a plugin. 

 

Figure 4. Dimensions of the simple house model. 

Now that the data for the building is in the software, the next step is to research the 

weather data for the area. As of 2021 EnergyPlus provides weather data for 2092 different 

locations. The weather data the software can use is divided to four different data formats: 

E/E, DOE-2, BLAST, and ESP-r. The main difference between the formats is the amount 

of data that they provide. The E/E format has the most accurate weather data available, 

while the other formats might not have some data available or the data is not as accurate. 

If the needed location weather data is not available in the EnergyPlus library, there is a 

possibility to use the built-in weather converter. The tool converts the most available 
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standard weather files to the E/E format that the software can then use. The example 

model uses weather data from Tampere. This data is readily available on the EnergyPlus 

library. (EnergyPlus 2021) 

After the weather data and building dimensions are selected, a heating method and the 

desired inside temperature must be selected. For this model, a simple electrical baseboard 

system with a heat pump is selected. The goal for inside temperature is set to be 20C at 

the minimum. The heating capacity of the baseboard system is auto dimensioned in the 

simulations. The electric baseboard is assumed only to provide heat from convection. In 

reality, the heater also gives some heat in the form of radiation. EnergyPlus assumes that 

the heat from the baseboard is then equally divided in the designated zone. Also, if the 

baseboard is not active, no lingering heat is left on the following timesteps. The energy 

consumption of the baseboard is calculated by using the capacity and efficiency of the 

heater. (Big ladder software LLC 2021) 

For electrical equipment, only simple inside lights are added. As lights and other electrical 

equipment are not used continuously, a schedule for them should be set. For the example 

model, the lights are set to be most used during the evening and least used during late-

night hours. The schedules are set by using fractions between 0 and 1. The power 

consumption of the lighting is dependent on the schedule and the user set capacity of the 

lights.  

As a default option, EnergyPlus is an on-grid system. That means that all the energy load 

generated by the electrical equipment is covered by electricity from the grid. To have an 

off-grid system, energy generation methods are added to the model. For the example case, 

one solar panel and a small wind turbine are added. These energy generation methods are 

chosen as they are usually the most viable renewable energy generation methods for off-

grid systems. 

To simulate energy production from solar power in EnergyPlus, the amount and technical 

data of the panels are needed. The amount of data needed depends on the simulation 

model chosen in EnergyPlus. There are three possible simulation models for solar PV: 
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simple model, equivalent one-diode model, and Sandia photovoltaic model. The main 

difference between these models is different assumptions and simplifications in 

calculations. All of the models are assumed to run when the total incident solar is greater 

than 0.3 Watts. (Big ladder software LLC 2021) 

The simple model is the most practical for dimensioning purposes as it does not require 

different coefficients that can only be obtained by testing the selected solar panel. The 

user needs to define the surface used for the solar panel, a fraction of solar cells, and panel 

efficiency. The electrical power produced is calculated by the following equation: 

𝑃𝑠𝑜𝑙𝑎𝑟 = 𝐴𝑠𝑢𝑟𝑓 ∙ 𝑓𝑎𝑐𝑡𝑖𝑣 ∙ 𝐺𝑇 ∙ 𝜂𝑐𝑒𝑙𝑙 ∙ 𝜂𝑖𝑛𝑣𝑒𝑟𝑡 (4) 

where 

𝑃𝑠𝑜𝑙𝑎𝑟 The electrical energy produced [kW] 

 𝐴𝑠𝑢𝑟𝑓 The surface area of the panel [m2] 

 𝑓𝑎𝑐𝑡𝑖𝑣 Fraction of surface with active cells [-] 

 𝜂𝑐𝑒𝑙𝑙 Panel efficiency [-] 

 𝜂𝑖𝑛𝑣𝑒𝑟𝑡 The efficiency of inversion from DC to AC [-] 

 𝐺𝑇 Current solar irradiance [kW/m2] 

The main difference between the simple model and the calculation method presented in 

equation 1 is using cell efficiency and solar panel dimensions instead of peak power 

output and test irradiance to calculate power output at a certain point in time. Another 

change is the assumption that the efficiency of the solar panel stays constant and that there 

is no derating factor affecting energy production. The simple model is more practical in 

modelling software as the different surface areas can be easily tested to simulate different 

solar panel configurations. 
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The equivalent one-diode model, also known as the five parameter model, is used for 

more specific modelling of a solar cell. A circuit with DC source, diode, and either one 

or two resistors is simulated when using the equivalent-diode model. If multiple modules 

are used, the results from a single module circuit are used to predict the performance of 

using a multi-module array. Sandia photovoltaic performance model is based on empirical 

relationships that use coefficients that have been derived by testing the selected panel. 

These correlations are then used to calculate the current-voltage curve of the panel. The 

model was developed at Sandia National Lab by David King and others. (Big ladder 

software LLC 2021) 

To simulate electricity generated by wind turbines in EnergyPlus, the user must input the 

required date of the turbine. The input data needed is rotor type, control type, rotor 

diameter, overall height, and the number of blades. Also, the rated data of the chosen 

turbine is needed. This data includes the rated power, rated wind speed, cut-in wind speed, 

efficiency, and maximum tip speed ratio. The efficiency is the total efficiency of 

electricity generation as it includes all of the losses in power conversion. After the wind 

turbine selected is modelled, EnergyPlus uses weather data to simulate the electricity 

production in the selected timeframe. EnergyPlus supports two different wind turbine 

models, horizontal axis wind turbines and vertical axis wind turbines. For the example 

model, a generic 3 kW wind turbine is modelled.  

For horizontal axis wind turbines, two different mathematical models can be used. The 

first model uses an analytical approximation that uses six user-defined coefficients based 

on the technical data of the turbine. If these coefficients are not given, the use of a simple 

model is assumed. The simple model calculates the energy straight from the kinetic 

energy equation 5. 

𝑃𝑤𝑖𝑛𝑑 =
1

2
∙ 𝜌𝑙𝑜𝑐𝑎𝑙 ∙ 𝐴𝑅 ∙ 𝑉𝑙𝑜𝑐𝑎𝑙

3 ∙ 𝐶𝑝 
(5) 

where 

𝑃𝑤𝑖𝑛𝑑 Electrical energy produced [J] 
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 𝐴𝑅 Swept area [m2] 

 𝑉𝑙𝑜𝑐𝑎𝑙 Local wind speed [m/s] 

 𝐶𝑝 Power coefficient [-] 

 𝜌𝑙𝑜𝑐𝑎𝑙 Air density [kg/m3] 

Compared to the parametric method presented in equation 4, the EnergyPlus model needs 

more data to calculate the energy produced. The calculation is based on the kinetic energy 

produced by the wind hitting the turbine blades instead of only the rated power output of 

a particular turbine. The use of the kinetic energy model is made possible by accurate and 

detailed weather data. The power coefficient depends on the selected turbine and, as a 

default, is set to 0.35 in EnergyPlus. 

To add storage systems to EnergyPlus, changes to the electric load distribution center 

module need to be made to consider the charging and discharging of the batteries. The 

control system for the storage system monitors when the onsite generators produce excess 

electricity and then stores this to the user-defined storage and discharges the electricity 

when the load generated is higher than the generated electricity. Batteries are modelled 

as a "black box" that keeps track of energy charged and discharged. The losses caused by 

the storage are taken into by using user set charge and discharge efficiencies. The user 

can set the discharging and charging schedules manually or use electricity tracking to 

determine when to charge and discharge the storage system optimally.  If the generators 

produce more electricity than can be fed to utilities, the storage is charged. If the 

electricity demand is higher than the generators can produce, the storage is discharged. 

When charging can not happen because the storage is full, the excess electricity is 

assumed to be fed out of the system. (Big ladder software LLC 2020) 

For example, a small storage system with the specifications shown in table 4 is set to 

simulate lead-acid battery storage in the example case. 

Table 4. Storage properties 
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Storage size 1 kWh  

Charge efficiency 70 % 

Discharge efficiency 70 % 

Initial state of charge 0 kWh 

 

Before the model can utilize the defined generators, an electric load distribution center 

needs to be modelled. The distribution center is used to define what energy resource is 

used and when it is used. Also, the needed inverters are defined there. For this simple 

example, a DC-AC inverter with a 96% efficiency is defined, and the electricity 

generators are set to operate at all possible times. In EnergyPlus, this kind of system is 

defined as a direct current with an inverter.  The following image 5 shows the modelled 

simple electric load distribution center schematic with a solar panel. 

 

Figure 5. Schematic of a simple electric load distribution center. 

After everything wanted is added to the model, the simulated time frame must be chosen 

before running the simulation. For this simple example model, one year was simulated. 

Four timesteps are calculated for each hour of the simulation. Before running the 

simulation, output variables need to be set to view the desired results. For this simple 
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example model, the most exciting data is the energy used and generated by the selected 

equipment.   

3.2 Example model results 

The main results for the example model are shown in the following tables and figures. 

Table 5. Loads generated by the example model  

 Load generated [kWh] 

Heating 5845 

Interior lights 611 

Total 6456 

 

Table 6. Electrical load satisfied 

 Electricity [kWh] Percent of electricity [%] 

Photovoltaics 298 3.6 

Conversion loss - 111 - 1.3 

Wind electricity 2540 30.5 

Electricity from grid 4708 56.5 

Excess electricity  890 10.7 

Total electricity 8325 100 
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Figure 6.  Simulated energy production of a 200W solar panel. 

 

Figure 7. Simulated energy production of a 3kW wind turbine. 
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Figure 8. Simulated state of 1 kWh energy storage in the example simulation. 

 

Figures 6 and 7 show that the simulated electricity production from the solar panels and 

wind turbine seems to be more accurate than the actual production in Finland, as 

illustrated in figure 2. A more extensive storage system should be added to level the 

energy production and use the excess electricity produced in the summer more efficiently.  

Figure 8 shows that the storage simulation works as intended. The battery first starts 

continuously having charge during spring when the solar panel energy production starts 

to increase. Charge state rises in the summer due to increased solar production, as is 

visible from figure 6. After the storage has charged, it starts to discharge and charge the 

battery depending on the solar and wind generation. By adding the storage system, the 

amount of grid electricity needed is significantly reduced. The simulated results also show 

that higher capacity storage could be used for the example model as the maximum amount 

of 1 kWh is full at many points during the year. The amount of excess electricity and 

electricity from the grid shown in table 6 would be lower by adding storage space. The 
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storage state is taken at midnight every day. State changes during the day are also looked 

at for a more in-depth analysis of storage systems in the study cases.  

The main point from the example model is that EnergyPlus offers multiple methods for 

simulating energy production and load generation. Although the example model is very 

simplified, the results from the model show how the electricity and load generation 

change depending on the season. The most significant load is from heating the house in 

the winter. During the summer months, electricity generated from wind and solar is 

enough to satisfy the loads generated. The example model also shows the importance of 

having a big enough storage system to avoid generating excess electricity that cannot be 

used. 

The viability of a hybrid off-grid system in Finland is researched in the following chapter 

by building case models that are more complex than the example model. EnergyPlus is 

used for these models as well. The case models are also used to compare how different 

choices on equipment in load generation and energy generation affect the off-grid designs. 
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4 CASE MODELS 

The goal of the case models is to research how feasible an off-grid system would be for 

an average Finnish summer house. Three different loads for the house are considered. 

Case 1 is modelled with low energy usage, case 2 has average energy usage, and case 3 

has high energy usage. The dimensions of the house stay the same in all cases. EnergyPlus 

is used to model and simulate energy and load generation.  

Each model's goal is that the designed off-grid system can satisfy the loads for at least the 

summer months if the full year around system is found out to be out of reach in the Finnish 

climate. Data from the EnergyPlus weather file library from Tampere in 2017 is used to 

simulate the Finnish climate weather. 

Solar panels and wind generators are used for electricity generation as they are usually 

viable in most environments. The use of river hydro, wave, and geothermal energy 

resources are not studied as they are not widely available for use. Also, these energy 

generation methods are not supported by default in EnergyPlus. For storage systems 

different chemical batteries can be studied by using different charge and discharge 

efficiencies. For more complex storage studies, power curves and more accurate storage 

system data can also be used.  No hydrogen storage is assumed to be used in any of the 

cases. The hydrogen storage system has too many drawbacks for small individual 

systems, including price, efficiencies, and safety issues. 

4.1 Modelling the geometry of the cases 

When selecting the dimensions for the case model, a living area of 54m2 is chosen. This 

selection is based on the average size of Finnish summer houses built after 2010 that was 

65m2. The house has two bedrooms living room with a kitchen, hallway, toilet, sauna, 

and a dressing room. The house has four windows in total, two in the living room and one 

in each bedroom. The roof is assumed to be a level roof to simplify the modelled 

geometry. Also, the doors except the main door are modelled as openings. Doors are 
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modelled as openings to decrease the number of different simulation zones and the 

number of interfaces. Dimensions of the house are depicted in figure 9. 

 

Figure 9. Case model house dimensions. 

When modelling the house, certain assumptions and simplifications are made as the main 

focus is to find out how feasible an off-grid system would be for each study case and how 

the model can be used to design the system. When considering this goal, the most essential 

data to simulate is the changes in load generation from heating during different seasons. 

The second most important data to simulate is the energy generation of the hybrid off-

grid system and storage systems.  For these reasons, simplifications are mainly made on 

the modelled HVAC system. The house is modelled to have natural air ventilation defined 

in EnergyPlus by inputting the average airflow in and out. The equipment used in the case 

models all use electricity as a power source only exception being the possible adaptation 

of a solar water heater. The same geometry and building materials are used for all three 

study cases to easily compare how the different load and energy generating equipment 

affect the system.  

As the model geometry is more advanced than the one in the example case, a 3D-

modelling tool is used to make the geometry. The tool chosen for the task is SketchUp, 
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as it supports a Euclid plugin that can read and write EnergyPlus input files. Another 

option would be to manually input all the surface coordinates in EnergyPlus, as was done 

in the example case. With multiple surfaces and sub-surfaces, the modelling tool helps 

avoid input errors and visualizes the model as it is built. Using the modelling software 

also makes it easier to make changes in the model if needed. The built 3D case model can 

be seen in figure 10. 

 

Figure 10. 3D modelled case geometry viewed from top roof hidden. 

 

Materials used for the cottage are a crucial aspect of the modelling process, as they 

significantly affect the energy flows in and out of the system. The material properties are 

defined for walls, floor, roof, windows, and doors. Typical property values for 

construction materials is used. Selected materials are shown in table 7. 
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Table 7. Model material layers. 

Layer Material Thickness Conductivity Density Heat capacity 

  [m] [W/mK] [kg/m] [J/kgK] 

Walls Wood 0.01 0.14 608 1630 

 Wall insulation  0.30 0.04 91 837 

 Gypsum board 0.01 0.16 800 1090 

Interior walls Gypsum board 0.02 0.16 800 1090 

Roof Flat metal roof  0.02 45.00 7680 418 

 Roof insulation  0.3 0.05 265 837 

 Gypsum board 0.01 0.16 800 1090 

Floor Concrete 0.10 1.311 2240 836 

Door Wood panel 0.05 0.14 608 1630 

 Insulation 0.55 0.04 91 837 

 Wood panel 0.05 0.14 608 1630 

 

Material properties in table 7 are based on construction material properties tables in 

different climates found in the 2009 ASHRAE handbook fundamentals. The thickness of 

each layer is a rough estimate of what they could be in a cottage built in Finland. Interior 

walls are assumed to have little effect on the simulations, so only a simple gypsum board 

was chosen as their material.  

The airflow in and out of the house is also defined to stay the same in all cases. Design 

flow value for air infiltration is defined to be 0.03 m3/s. This design value is based on the 

infiltration modelling guidelines for commercial building energy analysis. (Gowri, 

Winiarski and Jarnagin, 2009) 

This design infiltration speed is then modified in the simulation by the software depending 

on the external conditions of different timesteps. Air infiltration in a timestep is calculated 

in EnergyPlus with the following equation.  
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𝐼 = [(𝐼𝑑𝑒𝑠𝑖𝑔𝑛) ∙ (A + B ∙ (|𝑇𝑧𝑜𝑛𝑒 − 𝑇𝑜𝑑𝑏|)) + 𝐶 ∙ 𝑣𝑤𝑖𝑛𝑑 + 𝐷 ∙ 𝑣𝑤𝑖𝑛𝑑
2 ] (6) 

 

Where 

I Timestep infiltration speed [m3/s] 

 𝐼𝑑𝑒𝑠𝑖𝑔𝑛 Design infiltration speed [m3/s] 

 𝑣𝑤𝑖𝑛𝑑 Wind speed [m/s] 

 𝑇𝑧𝑜𝑛𝑒 Inside temperature [C°] 

 𝑇𝑜𝑑𝑏 Outside dry-bulb temperature [C°] 

 A, B, C and D Correlation coefficients [-] 

As a default  EnergyPlus uses Coefficient values of  A = 1, B = 0, C = 0  and D = 0 making 

the infiltration speed constant throughout the simulations. The coefficients are dependent 

on the geographical location of the simulated model and other weather assumptions. For 

these reasons, it isn't easy to research suitable coefficients for the case used in the thesis. 

Also, the effect of changes in infiltration speed is not the main goal of the simulations. 

Some methods of how to define the coefficients are available in ASHRAE handbook of 

fundamentals chapter 26. (Big ladder software LLC 2021) 

EnergyPlus also has an option to simulate forced air equipment that can operate in 

multiple different ways. Some of the equipment possibilities include indirect evaporative 

cooling, desiccant dehumidification, heat recovery, vapor compression, absorption and 

ventilation cooling.  The model is called hybrid unitary HVAC.  To use this model, a lot 

of equipment data is needed. 26 different operation modes can be set for a hybrid unitary 

HVAC system. The set operating methods are then selected in the simulations based on 

each timestep's indoor and outdoor conditions. As a default, the mode that causes the least 

amount of consumption is selected. (Big ladder software LLC 2021)  
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4.2 Equipment 

The equipment level is an important aspect when calculating the generated total load and 

load spikes. In this thesis, three differently equipped houses are studied from an off-grid 

perspective. The first case depicts a house that has just the essential equipment a Finnish 

summer house has. The first case also has the simplest heating and energy generating 

system. The second case depicts an average house with more electrical load and more 

energy generation to achieve better self-satisfied electrical loads. The third case is 

depicted as the most modern house with all possible equipment. The third case also has 

the most energy generation potential with the most extensive storage to get as close as 

possible to an off-grid system. 

4.2.1 Case 1 

The first case is the most crudely equipped house. Electricity load is formed by heating, 

indoor lighting, warm water, oven, and a stove. Baseboards do the heating, and on site, 

electricity is generated by solar panels. Water heating is defined as fully electric. The 

house also has a storage system that uses general lead-acid batteries. 

Indoor lighting illumination usually varies between 100-500 lux. Case 1 is designed to 

have a low electrical load, so an illumination level of 200 lux is chosen. EnergyPlus does 

not take lux as input, so it has to be converted to watts. The conversion is done with the 

following equation. 

𝑃𝑤𝑎𝑡𝑡𝑠 =
𝐸𝑣 ∙ A

𝜂
 

(7) 

where 

 𝑃𝑤𝑎𝑡𝑡𝑠  Input value in watts [W] 

 𝐸𝑣  Lux [lx] 

 A  Area of illumination [m2] 
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 𝜂  Luminous efficacy [lm/W] 

Using equation 7, we get the following power when the chosen 200 lux and efficacy of 

60. 

𝑃𝑤𝑎𝑡𝑡𝑠 =
200 lx ∙ 54 m2

60
lm
W

= 180 W 

The amount of electricity used by water heating depends on the warm water used and the 

heater's efficiency. For heater efficiency of 95% is set in  EnergyPlus to simulate the 

losses from an electric water heater. The maximum temperature of the water is set to 80 

°C. Simulation of the water usage is done by setting a water usage schedule and the peak 

use flow rate. No use of water tanks or residual heat is simulated. For this case, the hot 

water usage is roughly estimated to be 40m3 per year, the average amount of warm water 

used by a family of three (Korhonen, Kuusela, Liski-Markkanen, and Marjomaa, 2020). 

As case 1 is the most crudely equipped house, other electrical equipment only includes 

the following machines: microwave oven, fridge, small TV, and a small electric sauna 

stove. These are included in the model by approximating the total daily energy 

consumption used by the equipment. The energy usages are approximated by using 

researched data from the study of the electricity usage by residential houses (Adato 2011).  

Consumption in real life can vary significantly from the approximations due to different 

equipment and level of use. The following approximations shown in table 8 for each 

appliance is made to represent the electricity usage of the most crudely equipped house. 

 

 

 

 

 



41 

 

 

Table 8. Energy usage of selected equipment for the least equipped house. 

Equipment Level of use Consumption 

[kWh] 

Yearly consumption 

[kWh/a] 

Microwave oven 30 min/day 1.2 220 

Fridge 24 h/day 0.02 180 

LCD TV 32" 3 h/day 0.14 150 

Sauna stove 1 h/week 5.3 265 

Total   815 

 

Electrical equipment is simulated by assuming a constant use to match the calculated 

values in table 8. The different levels of use depending on the day could be simulated by 

setting individual schedules for the equipment in the simulation. The individual schedules 

should be used if some of the equipment would only be used at a particular time or could 

generate high energy load spikes. From the chosen equipment, the sauna stove is set to 

be on only on Saturdays as it increases the load on itself more than any other chosen 

equipment.   

For energy generation, 10 solar panels of 300 W capacity are chosen to make the total 

capacity 3 kW. The choice for the number of panels is based on the average installation 

amount in Finland.  All of the panels are located on the roof of the house. To simulate 3 

kW capacity, the surface area and efficiency of panels are changed in EnergyPlus until 

the wanted capacity is reached. For this case, the storage size is chosen to be 8 kWh. The 

storage system should be big enough to satisfy the maximum load generated for a few 

days during the summer months without any energy generation. Equipment use is set as 

shown in table 8. Lead-acid batteries that have 70% efficiency both in charging and 

discharging are used. No energy loss is assumed to happen while stored. 
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4.2.2 Case 2 

For case 2, the electrical consumption differs because of changes in the selected 

equipment. Hot water consumption is assumed to stay the same. Consumption because of 

lighting is increased due to more extensive illumination and the inclusion of outside 

lights. The use of electrical equipment is also increased to simulate a greater commodity 

level. For electricity generation, a bigger capacity for PV panels and storage systems is 

used. The heating method stays the same, as does the geometry and construction of the 

house. The construction is not altered to show better how other selections affect the level 

of independent energy production. The illumination of 500 lux is chosen to represent a 

well-lit room. 500 lux is also a recommended illumination level for a workplace. When 

using equation 7, we get the necessary power for led lamps to be 450W to achieve 

illumination of 500 lux. 

The following table 9 below represents the chosen other electrical equipment and their 

consumption levels. The choices are made to represent an average level of electrical 

equipment in a summer house.  

Table 9. Energy usage of selected equipment for the averagely equipped house. 

Equipment Level of use Consumption 

[kWh] 

Yearly consumption 

[kWh/a] 

Microwave oven 30 min/day 1.2 220 

Small oven 1h/day 1.5 540 

Fridge 24 h/day 0.02 180 

Small freezer 24 h/day 0.5 270 

Coffee maker 30 min/day 0.6 145 

LCD TV 42" 3 h/day 0.2 215 

Laptop 6 h/day 0.03 65 

Sauna stove 1 h/week 5.3 265 

Total   1900 
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From table 9, it is visible that the increased equipment level almost doubled the amount 

of electricity used by the other equipment. The use of electrical equipment is kept at a 

constant level to reach the total yearly consumption in the simulations, with the 

expectation of schedules for sauna and lights. Sauna schedule is modeled as the 

significant spike it causes to the consumption might be critical for the system. 

For electricity generation, the amount of solar panels is doubled from 10 to 20. The 20 

panels are close to the maximum that the roof can fit if one panel is approximated to take 

2m2 of space. This also doubles the total capacity to 6 kW. The added electricity 

generation also means that the storage system capacity needs to increase compared to the 

first case. For a starting value, the storage system size is doubled to 16 kWh. Energy 

storage capacity can be tuned based on the results of the simulations. If there is excess 

electricity to be stored, the capacity is increased, and if there is unused storage, the system 

capacity can be lowered.   

4.2.3 Case 3 

Purpose of case three is to simulate the most luxurious house with the most equipment 

generating energy loads. This case also has the most energy generation potential with a 

more extensive storage system. An air-air heat pump is added to help with heating and 

provide cooling during summer if necessary. The cooling is set to start if the zone 

temperature goes over 22 C. Size of the heat pump is defined in the simulations by 

defining the heating capacity to 4.5 kW. Cooling capacity is auto-calculated to match the 

needed cooling. Also, COP is set to 3 for heating. A backup electrical baseboard system 

auto-sized by the software is added to ensure enough heating even on the coldest days. 

The room illumination is kept at 500 lux as more would be too bright to use continuously. 

No specific other electrical equipment is chosen compared to case 2 as the increased 

amount of equipment can be simulated by increasing the total energy consumption of 

other equipment. The increased equipment could include gaming consoles, PC, more 

TVs, and more kitchen appliances.  The increased consumption puts the total to 3500 
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kWh/a. This approximation is based on the data from the electricity usage of residential 

living in 2007. (Adato 2011) 

For energy generation, maximum capacity for solar panels is used, assuming that they 

can only be installed on the roof. The total area of solar panels is 54m2; this area can fit 

approximately 27 panels, making 8.1 kW in total capacity.  Energy generation from wind 

energy is added with at 3kW wind turbine for electricity generation on winter months. 

More turbines could also be added, but there might not be enough room on the plot for 

multiple wind turbines. Storage system size is kept at 16 kWh. 
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5 SIMULATION RESULTS 

The main results studied from the different cases include energy consumption and 

generation and changes during the year. Another essential result to study is the use of 

energy storage systems. The three different cases are compared to each other to determine 

how different equipment levels affect the feasibility of an off-grid system. The result also 

shows that the energy generation systems alone enable off-grid use around the year and, 

if not, show the main reason. Using the model, different variables like the weather and 

storage size can be changed to test the effects on the results. The results are also compared 

to practical studies of energy and load generation of houses to confirm that the simulation 

results can be trusted to be a close enough representation of the real world. 

5.1 Electricity consumption 

In fully electrified houses, the electricity consumption consists of heating, cooling, and 

other equipment. Heating uses the most electricity. The second most electricity is used 

for water heating, although electricity for other equipment can come close depending on 

the number of devices and the use level. The following figure shows the total electricity 

usage of the three different cases during the year. 

 

Figure 11. Electricity consumption changes during the year of all three study cases. 
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From figure 11, it is visible that the most significant energy loads are generated during 

the winter months due to lower outside temperatures. In the summer months, for cases 1 

and 2, the only load is generated due to electrical equipment and lights. The notable spikes 

in the summer come from the use of sauna on Saturdays. In winter, it is not as noticeable 

due to increased total consumption. Cases 1 and 2 mostly have similar electricity 

consumption during winter as the energy needed for heating is constant for all cases, and 

they both use baseboard heating. 

The third case differs most from all the other cases as the heating method is changed from 

only baseboards to heat pump and baseboards. The change is most clearly visible from 

the summer month graphs as the electricity consumption in the third case is highest due 

to cooling done by the heat pump. Also, the electricity usage is similar or lower to other 

cases during the winter months even though case 3 has the most electrical equipment. The 

consumption is lower due to the heat pump using less electricity to generate the heat 

needed than baseboards. This change is due to the heat pump having higher COP 

compared to the baseboards. The reason for case 3 still having close to the same electrical 

consumption during winter is the most extensive consumption caused by other equipment.  

The total electricity consumption for case 1 is 8900 kWh for case 2, 9800 kWh, and for 

case 3, 10600 kWh. According to an approximation tool from Vattenfall, the 

approximated electricity consumption per year for a 60 m2 house with electricity heating 

is 8700 kWh. This result shows that the total simulated consumption seems reasonable 

compared to data gathered by Vattenfall. The Vattenfall approximation tool uses the 

average electricity consumption values from Finnish houses.  (Vattenfall 2020) 

The differences between the cases are as expected with the set parameters. The simulation 

could be improved by adding more complexity to the model. For example, the electricity 

used by the baseboards is too great because no radiative heat is simulated. Heating 

demand could be approximated better by modelling the airflows by doing a more complex  

HVAC model for the house. Another aspect not taken into account is the heat produced 

by electrical equipment. For these reasons, the modelled electricity consumption is 
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probably slightly higher than what would be reached in reality. Also, in case 3, the COP 

of 3 set for the heat pump is quite conservative. With a more efficient heat pump, the 

amount of electricity needed for heating would lower case 3. The results still show well 

the difference a heat pump makes on the needed amount of electricity. 

The current results give a rough approximation of the electricity consumption and the 

changes in the electricity demand. This accuracy can help design an off-grid system where 

electricity consumption of equipment doesn't drastically change daily. When considering 

an off-grid system with more changes in electricity demand by equipment, a more 

accurate electricity use schedule for different equipment would help find possible  

problem points caused by spikes in the load. At the moment, the results show that an 

electric sauna stove could be a problem for the off-grid system if the sauna is used on a 

day when the system entirely relies on storage systems. 
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5.2 Energy generation 

Solar panels and wind turbines do energy generation. These energy generation methods 

are chosen as they are the two most readily available for commercial use. Each case has 

a differing amount of installed capacity, and all of the simulations are run on the same 

weather file. Solar panels are assumed to have 30% cell efficiency. This efficiency is on 

the high end on commercial panels. For wind energy, horizontal wind turbines are 

selected. The following figures represent the maximum amount of energy that can be 

generated by using all the different energy generation combinations chosen. 

 

Figure 12. Electriricty generation of all cases. 

Electricity generation results seem sensible when compared to general electricity 
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used. The total energy generation potentials are 2750 kWh for case 1, 5500 kWh for case 

2, and 9240 kWh for case 3. These values are the maximum potential that could be used 

if there were no limitations on storage size. 

The simulated energy generation is probably higher than would be achieved in reality due 

to assuming no shading and not taking into account possible snow in late and early winter, 

causing the solar panels not to generate electricity. Also, when simulating energy 

generation, the results greatly depend on the chosen weather data.  

5.3 Energy storage 

Energy storage simulation results combine the data got from electricity load and 

generation results. All of the cases use lead-acid batteries for storage. The first case has a 

storage size of 8 kWh, the second and third case 16 kWh. The following figures represent 

the changes in the storage state by the hour. The time windows are chosen at different 

times of year to represent how the season affects the storage state changes. 

 

Figure 13. State of the electricity storage on a specific spring week. 
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Figure 14. State of the electricity storage on a specific summer week. 

 

Figure 15. State of the electricity storage on a specific autumn week. 

 

 

Figure 16. State of the electricity storage on a specific Winter week. 
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The main point to take from figures 13,14,15, and 16 is that the storage state hits the 

maximum limit on all cases in spring and summer. Most of the charging happens during 

the day when solar panels produce excess electricity, the exception being wind energy on 

case 3 that sometimes has to charge during the nights. The effect of a wind turbine is seen 

in winter as it is the only reason why case 3 has energy stored.  

The drop in storage state is highest on Saturdays at 21:00-22:00 when the electric Sauna 

stove is scheduled to be on. The sauna causes the storage system to be fully depleted at 

every chosen timeframe. The discharge at night is probably more significant than in 

reality due to the constant energy load schedule set for other electrical equipment. 

However, consumer electronics are most used in the evenings in reality as well. In figure 

15, case 3 has a significantly higher storage state than other cases on some nights because 

the weather has been windy. The heat pump effect for storage state is most clearly seen 

in figure 14 when case 3 state is sometimes lower than case 2 even when it has more 

installed energy generation capacity.  

The results show that an 8 kWh storage system for case 1 is full on multiple occasions. 

Also, the same happens for the 16 kWh systems. In addition, all cases have many days 

during winter where the storage system is completely depleted, meaning that outside 

electricity is needed to answer the demand. 
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5.4 Off-grid system self-sufficiency results 

As the primary goal of an off-grid system is to make it possible to live without outside 

electricity, combining all the previous results is vital to approximate the self-sufficiency 

of the system. The simplest way to study self-sufficiency is to compare the generated 

loads to generated energy potential.  

Table 10. Comparison of energy and load generation. 

 Energy load 

[kWh] 

Energy generated 

[kWh] 

Net energy 

[kWh] 

Case 1 8900 2750 -6150  

Case 2 9800 5500 -4300 

Case 3 10600 9240 -1360 

 

From table 10, it is visible that around the year, self-sufficiency cannot be reached 

currently for any case. With the highest energy generation, it is theoretically possible to 

have total self-sufficiency for cases 1 and 2, assuming all of the generated energy can be 

used. This method does not consider the limitations of the storage systems. To better 

analyze the real-life self-sufficiency of the simulated cases, a more in-depth analysis of 

the results is done by forming monthly self-sufficiency graphs that also take into account 

storage systems.   
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Figure 17. Monthly graph of electricity usage for case 1. 

 

Figure 18. Monthly graph of electricity usage for case 2. 

0

200

400

600

800

1000

1200

1400

1600

El
ec

tr
ic

it
y

Month

Monthly self-sufficiency (Case 1)

Excess

Purchased

Storage

Renewables

0

200

400

600

800

1000

1200

1400

1600

El
ec

tr
ic

it
y 

[k
W

h
]

Month

Monthly self-sufficiency (case 2)

Excess

Purchased

Storage

Renewables



54 

 

 

 

Figure 19. Monthly graph of electricity usage for case 3. 
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Figure 20. The electricity division of all cases. 
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storage system is updated to use lithium-ion batteries with 95% efficiency for discharging 

and charging. No energy loss during the storage is simulated. As solar panels already 

inhabit the whole roof and the summer months produce extra electricity, solar capacity is 

constant. A 10 kW rated turbine is modelled to increase electricity production for wind 

power, especially for winters. With this setup, the needed energy storage to reach full-

year self-sufficiency is found to be approximately 1700 kWh. The following figure shows 

how the electricity use is divided for the year with this setup.  

 

Figure 21. Monthly electricity source in a fully-self sufficient off-grid system 
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panel capacity without increasing the wind turbine capacity. In October, the storage needs 

to be close to full so that it does not deplete entirely at any given hour during the year. 

During the dimensioning process, multiple different storage sizes were tested, and after a 

certain point, the advantages of increasing the storage system size started to diminish. For 

example, if the storage size was decreased to 200 kWh from 1700 kWh, the self-

sufficiency did not drop massively, as seen in the following figure 22.  

 

Figure 22. Monthly electricity source in an example fully-self sufficient off-grid system with 200 

kWh storage. 
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6 CONCLUSIONS 

Modelling of the off-grid system consists of three main components that need to be 

simulated to get good results. These components are load generation, energy generation, 

and storage systems. Load is usually generated mainly by electrical equipment heating of 

the house and water. For energy generation, off-grid systems have multiple options, with 

the central renewable systems being wind and solar energy. Depending on the site, 

hydropower and geothermal energy can be used. Storage systems are a vital aspect in off-

grid systems to increase self-sufficiency and decrease excess electricity produced.  

To model load generation, accurate information of the modelled house in question is 

needed. The most crucial data is heating methods and how the house is constructed. 

Secondary data that helps pinpoint possible challenges for the off-grid system include 

other electrical equipment and their use schedule. For example, in this thesis, the inclusion 

of an electric sauna stove showed a possible problem spot for the modelled systems. 

Another aspect to take into account when modelling load generation is the availability of 

accurate weather data. The weather data is the most significant variable in the simulations. 

The results can vary greatly depending on the chosen weather file year, as the weather is 

not the same every year. For example, in the 2017 weather data used in this thesis, more 

load was generated in august than October. The best option for the simulations would be 

to find an averaged weather file to help diminish yearly changes in weather. EnergyPlus 

was found to be a great tool to especially model how the changes in building construction 

affect the total energy loads generated. The accuracy of the simulated energy loads is 

close to the average loads generated by similar-sized houses in Finland as modelled case 

two had energy consumption of 9800 kWh and based on data gathered by Vattenfall, the 

average for this kind of house is 8700 kWh. The difference is explained by multiple 

assumptions made in the simulations that increase the heating needed. The biggest is not 

taking into account radiative heat from the baseboards.  

One aspect that could be improved in the built models' energy load generation accuracy 

is to add more specific schedules for other electrical equipment to find out possible energy 
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load spikes caused by simultaneous use of the equipment. On the other hand, in reality, 

the use schedules of electrical equipment vary significantly by the day. Better HVAC 

simulation can also be done in EnergyPlus to improve accuracy. In all, the primary goal 

of finding the changes in load generation during the year was found out to be relatively 

simple to simulate using EnergyPlus.  

Energy generation modelling accuracy depends on the chosen simulation method for the 

systems and weather data. In this thesis, the energy generation was simulated using simple 

methods that are built-in EnergyPlus. The more accurate simulation methods would not 

significantly benefit the accuracy of dimensioning the system due to the yearly changes 

in weather having a more significant role in the results. It was found out that the simple 

simulation models still give a close approximation of the generated electricity compared 

to real-world data. The primary purpose of more accurate modelling methods is that they 

can be used if multiple different manufacturer energy generation systems are compared 

with each other. Three different energy generation capacities were modelled to determine 

how the increase of capacity affects the whole system. The upper limit for solar panels 

was chosen based on the roof's surface area, which is usually where panels are installed. 

When considering a fully self-sufficient case, wind energy was necessary to generate 

electricity during the winter months. As a tool, EnergyPlus has a moderate amount of 

methods of simulating energy generation. The user can run into difficulties if other 

methods than solar, wind, or fuel cell generators are used as those are the only methods 

with pre-built-in models. Other methods need to be added by the user by making their 

calculation model to the software. The built-in models are sufficient and have multiple 

variables to simulate different wind and solar energy systems. 

Storage system modelling was done with the assumption that the only losses are generated 

during charging and discharging. The assumption works well on short-term storage as the 

losses in reality would also be low. The storage system simulation accuracy suffers at 

long storage times when some of the storage is unused for long periods. The accuracy can 

be improved by including more detailed power data of the used storage system. By 

building a more complex storage system simulation, different storage solutions could also 
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be compared with each other. In this thesis, only lead-acid and lithium-ion systems were 

considered as they are the currently most used solutions for off-grid systems. Storage 

system modelling in EnergyPlus has two main options, in the first one, the batteries are 

assumed to be a "box" that can store a user set amount of energy. The other option is to 

make a more complicated storage system that simulates the batteries by having the user 

set power curves and other selected batteries' data. The more complex system considers 

more variables that affect the storage systems' discharge and charge efficiency 

calculations. In the simple model, those are set constant by the user. 

The three different off-grid modelling components work together to form the complete 

off-grid model. Three different imaginary cases were studied to show how off-grid 

modelling can be done using EnergyPlus. The main findings from these cases are that a 

fully self-sufficient off-grid system in Finland is challenging. The main problem point is 

the amount of storage and energy generation needed for the winter months. In reality, the 

1700 kWh storage system size dimensioned for the fully self-sufficient case would not be 

feasible for individual use. Example cases 2 and 3 showed that even with a 16 kWh 

storage, the modelled off-grid system is almost entirely self-sufficient during the summer 

months. The fully self-sufficient case showed that the increase in storage gives 

diminishing results after a certain point. On the fully self-sufficient case, the 10 kW wind 

turbine is also prominent as most off-grid wind turbines are between 1-5 kW. If the self-

sufficiency of the system is to be increased, a look at hydrogen storage would be an 

option. To have a fully self-sufficient off-grid system in Finland, a diesel generator would 

help decrease wind turbine size and storage, thus decreasing costs significantly. 

 

EnergyPlus was found to be an excellent tool to model and test different types of off-grid 

solutions. It has multiple ways to study different aspects of load generation, energy 

generation and storage systems. Depending on the task, EnergyPlus also offers multiple 

different calculation models for systems to increase accuracy if so desired. Because of 

that, the tool can also be used to analyze individual components of the system. EenrgyPlus 
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is also an open-source program, so the user can add their calculation models if so desired. 

For example, an cost analysis could be included in the tool by the user. The software also 

has an impressive amount of documentation and earlier studies available to help the use 

of the program.  

The models built for the case examples could also be improved if so desired. For example, 

more accurate simulation of storage systems using more accurate data of the batteries 

would help determine how the weather affects the storage system efficiency. Another 

development point for the model would be the addition of cost calculations, as the cost of 

the system is also a vital point when considering the system's feasibility. Different 

geometries and constructions can also be easily tested using the built example models as 

a starting point as most simulation settings can be kept the same. 
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