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Abstract 7 

Solar and wind energy are the significant renewable energy sources that can be used to tackle the climate change issue. 8 
The aim of the study is to design and compare different architectures of community-level energy systems, in order to 9 
find a positive energy community in cold climate. The design proposed is a centralized solar district heating network, 10 
which is integrated with renewable-based electricity network to meet the heating and electrical demand of a community 11 
of 100 houses. The renewable-based energy system consists of photovoltaic panels, wind turbines and stationary 12 
electrical storage. In present study the demand of the building appliances, district heating network auxiliaries and 13 
electric vehicles are included. TRNSYS is used to simulate these systems. Lastly, multi-objective optimization is done 14 
using MOBO (Multi-objective optimization tool). The objective of the optimization problem is to minimize two 15 
objective functions-the imported electricity and the life cycle costs. The onsite energy fraction, matching and exported 16 
electricity are also evaluated for comparison. The optimization results illustrate that in terms of imported energy, the 17 
cases with 600 kW (200 wind turbines) and storages are better compared to the cases without the turbines and storage. 18 
For the high performing system (200 turbines with storages and 75 electric vehicles), the corresponding onsite energy 19 
fraction (OEF) varied from 1% to 97% and the onsite energy matching (OEM) varied from 76% to 62%, respectively, 20 
while the imported electricity can be reduced to 2 kWh/m2/yr. However without storage, the onsite energy fraction 21 
(OEF) varied from 1% to 58% and the onsite energy matching (OEM) varied from 90% to 27% respectively. In all the 22 
systems, initially investments are made in the wind turbines, storages and lastly in the photovoltaic panels to improve 23 
the performance of the optimized solutions. It is found that storages can improve the onsite fraction and matching. 24 
Moreover, photovoltaic becomes more important in the cases with higher number of electric vehicles.  25 

                                                1 Corresponding author. Contact: hassam.rehman@aalto.fi, phone: +358 46 905 5270 
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Keywords 26 

Renewable energy community; electric vehicle; energy self-sufficiency; electrical storages; seasonal storage; multi-27 
objective optimization 28 
Nomenclature 29 

AXE  Auxiliaries demand of the renewable district heating system (kWh/m2/yr) 30 
BLE Building appliances electricity consumption (kWh/m2/yr) 31 
BTC Stationary battery cost (€/kWh) 32 
BTES Borehole thermal energy system 33 
CO2 Carbon dioxide 34 
df Discounting factor 35 
DHW Domestic hot water 36 
DLSC Drake Landing Solar Community 37 
E Imported or exported electricity (kWh/m2/yr) 38 
EC Export electricity price (€/kWh) 39 
EVE Electrical vehicle demand (kWh/m2/yr) 40 
EXPE Exported electricity to the grid (kWh/m2/yr) 41 
EV Electric vehicles  42 
EU European Union 43 
FXC Fixed cost of the reference renewable district heating system (€/m

2) 44 
GENE Energy generated by the renewable sources (kWh/m2/yr) 45 
HP Heat pump 46 
HVAC Heating, ventilation, and air conditioning 47 
IC Import electricity price (€/kWh) 48 
IMPE Imported electricity from the grid (kWh/m2/yr) 49 
IEA SHC International energy agency- Solar heating and cooling 50 
LCC Life cycle costs 51 
MOBO Multi-objective building optimization tool 52 
nZEB Net zero energy building 53 
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nZEC Net zero energy community 54 
NSGA-II Non-dominated Sorting Genetic Algorithm II 55 
OEF Onsite energy fraction for electricity  56 
OEM Onsite energy matching for electricity 57 
PV Photo voltaic panels 58 
PVC Photovoltaic panels cost (€/m2) 59 
RED Renewable energy directive   60 
SET-Plan Strategic energy technology plan 61 
SPH Space heating  62 
ST Solar thermal collectors 63 
STRE Stored energy in the stationary batteries (kWh/m2/yr) 64 
TRNSYS Transient system simulation tool 65 
WTC Wind turbine cost (€/unit) 66 
Y1  Objective function 1 67 
Y2  Objective function 2 68 

1 Introduction and literature review 69 
The European Strategic Energy Technology Plan (SET-Plan) [1] aims to accelerate the development and deployment of 70 
low-carbon technologies. Several core topics are raised in the SET-plan. These include renewables, energy efficiency in 71 
buildings, flexible energy systems, and sustainable mobility. Often holistic approaches considering several new 72 
technologies are needed to demonstrate the real potential and impacts such new technologies may have.  73 
The previous also supports the overall need to decarbonize energy systems [2]. In the EU, renewable heating is vital in 74 
this transition [3]. District heating, as a source of secure and reliable heat, is also facing this decarbonizing challenge 75 
[4]. The proposal of a recast of the EU Renewable Energy Directive (RED II) [5] is also addressing this issue. 76 
Additionally, energy storage may play an important role in this process [6]. Even if Finland is one of the EU countries 77 
with the highest share of renewables in heating, the country has ambitious coal phase-out targets [7]. 78 
After a noteworthy development of technologies and solutions for nearly and net zero energy buildings (e.g., [8–10]), 79 
the international concept development has been towards positive energy buildings (e.g., [11,12]). For instance, 80 
computational study in the North America shows that the passive buildings can be converted into a net zero energy 81 
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building by using photovoltaic panels in the cost-effective way [13]. Greenhouses are also studied in the Mediterranean 82 
climate to be converted into nearly zero energy greenhouses, using a hybrid energy system that includes photovoltaic 83 
and heat pumps [14] . Some research on nearly or net zero energy districts exists (e.g., [15–17]) but overall more 84 
district-scale research and pilots are needed. According to the European Commission [18], Positive Energy 85 
Blocks/Districts consist of several buildings that actively manage their energy consumption and the energy flow 86 
between them and the wider energy system as well as have an annual positive energy balance.  Mainly inspired by the 87 
European Commission, some researchers have reached towards positive energy neighbourhoods (e.g., [19,20]). Net zero 88 
energy community are studied in the Nordic conditions, that proposes solar district heating systems in cold conditions 89 
[21]. Studies have also been carried out in the United States of America for net-zero energy residential area [22]. The 90 
study proposes efficient Heating, ventilation, and air conditioning (HVAC), photovoltaic panels and heat pump 91 
integration to reach such goals in various climate conditions of the United States of America. There are various ways to 92 
reach net zero energy community level in the Nordic climate. However, further research is needed that can consider the 93 
local conditions, costs, feasibility of the renewable energy generation and future market trends. 94 
When a high share of variable renewable energy (VRE) is utilized, the energy systems are typically based on hybrid 95 
systems (e.g., [23]) and a holistic approach is needed to analyse them. Furthermore, a system designed for one climate 96 
conditions may not function optimally in another climate (e.g., [24]). Kiviluoma & Meibom [25] found out that systems 97 
relying heavily on wind power and flexibility from heating, cooling and transport (EVs) could be more economical than 98 
the alternatives if fossil fuel prices are high and CO2 emissions have a substantial cost. Das et al. [26] found that solar 99 
photovoltaic panels, biogas and batteries based hybrid energy systems can meet the demand of the buildings. Zhang et 100 
al. [27] performed computational analysis of the hybrid energy system using weather forecasting, it is found that 101 
forecasting can improve the flexibility of the hybrid energy systems. Hirvonen & Sirén [28] compared a fully electric 102 
solar heating system to a solar thermal heating system for two energy community sizes in a Finnish climate. They found 103 
out that the photovoltaic (PV)-based system performed better and it had lower costs. Additionally, they showed that 104 
even in Finland it is possible to provide practically all heating by solar energy [28].  105 
For example Hirvonen [29] introduces the benefits of the community approach including energy savings, reduced unit 106 
costs, improved energy performance and  easier energy system sizing for maximal self-consumption. In addition, Paiho 107 
et al. [30] concluded that around 60% self-sufficiency in heating energy production and even 70% reduction in local 108 
emissions compared to business as usual can be achieved with a community approach in a Finnish district. 109 
Correspondingly, Marczinkowski & Østergaard [31] compared communal and building-scale batteries in an island 110 
energy system. They conclude that both have advantages but the communal batteries reduce electricity import, improve 111 
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system efficiency, reduce losses, and increases local use of renewable energy sources. When analysing community-112 
scale options for heat and power generation based on local energy systems and utilizing seasonal thermal energy storage 113 
in a Finnish case district, Paiho et al. [30] concluded that the most optimum solar collector area would be 5% of the 114 
total building floor area in the district which would result over 30% self-sufficiency in heating. Additionally, the 115 
emissions to air caused by heating of the buildings would reduce remarkably. However, the challenge is to build a self-116 
reliant community that can provide both the heating and the electrical requirements of the district through renewable 117 
sources. Due to the miss-match between the availability of the renewable sources and the demand of the building, such 118 
renewable based energy systems are vulnerable in the Nordic conditions [32]. Such self-sufficient district systems can 119 
overcome the vulnerability using storages as proposed in [33] and also in [34]. Nevertheless, the optimization of such 120 
complex hybrid energy systems for the net zero energy communities are important in order to provide techno-economic 121 
viable solutions [35].     122 
According to IEA [36], registrations of electric cars hit a new record in 2016, with over 750 000 sales worldwide. The 123 
study shows that electric vehicles (EVs) can reduce the emissions from the transport sector [37]. In Finland, over 124 
118 000 passenger cars are registered for the first time [38]. Only 0.4% of these are full electric cars and 2.2% are 125 
hybrid ones. The share of electric vehicles (EVs) is still small in Finland but it is growing along with the public 126 
recharging points [39]. The previous Finnish government has set an ambitious goal to have a minimum of 250 000 127 
electric vehicles in total (fully electric vehicles, hydrogen-powered vehicles and rechargeable hybrids) in 2030 [40]. In 128 
addition, it is often stated that electric vehicles may play a role in providing flexibility for the Finnish energy systems, 129 
e.g. [41]  However, high shares of EVs may influence power systems with consequences for adequacy and quality of 130 
power supply [36]. Moreover, it is also important to provide electricity to the EVs using renewable source, this would 131 
ultimately affect the current state of the art energy market and system [42]. Further research is needed to provide clean 132 
energy to the EVs in a way that the district electrical grid can cope up with the demand of the EVs and can also handle 133 
the variations.  134 
On the other hand, the building’s energy performance can be identified according to its net interaction with the energy 135 
grids in terms of energy import and export. This is connected to the concept of Net Zero Energy Buildings (nZEB), in 136 
which a building aims to balance its total energy import from the grid by exporting energy from on-site generation over 137 
a pre-defined period of time- normally one year. When the annual exported energy form the building is higher than the 138 
imported energy, the building is called a positive-energy building, and if the case is reversed, it is called a negative-139 
energy building. The concept expands from the scale of a net-zero single building to a net-zero energy community 140 
(nZEC) following the extension of the boundaries through which the energy exchange takes place. A considerable work 141 
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in the definition of nZEB is made in the IEA SHC Task 40/EBC Annex 52 “Towards Net Zero Energy Solar Buildings” 142 
[43]. 143 
The novelty of the paper is the integration and optimization of renewable based district heating system, renewable 144 
electrical system, buildings, storages and electric vehicles at the community level, rather than at the single building 145 
level that has been of interest earlier for instance by Cao [44], by Cao et al. [45], by Kılkış [46], by Deng et al. [47] and 146 
by Alajmi et al. [13]. Moreover, various combinations of storages, renewable energy generation and electric vehicles 147 
are compared, both technically and economically for cold conditions. The renewable district heating system, seasonal 148 
storages and buildings have been simulated and optimized in earlier studies [48,49]. In the current paper the focus is on 149 
the optimized integration of the renewable electrical generation system, electrical storages, grid connection and electric 150 
vehicles in the community and the comparison between various combinations (technically and economically).  151 
The research aim and objective of this paper is to facilitate and propose the rollout of the community-scale renewable 152 
electricity systems in Finland and also to widen the optimization study made in the previous work [48,49], where 153 
community-scale renewable district heating system is only studied. The electrical, heating systems and buildings in the 154 
community are integrated, optimized and studied together in the present paper. The analyzed energy solutions targets on 155 
100% renewable energy production for the district heating demand and electricity demand of the buildings, energy 156 
systems (auxiliaries) and electric vehicles. The solutions are optimized by means of imported electricity and life cycle 157 
costs. In addition to this, each optimized solution and system is compared against various performance indicators such 158 
as, exported electricity, onsite-energy fraction and onsite-energy matching are analyzed in order to propose net zero 159 
energy community concepts in Nordic condition. With the increasing demand of the electric vehicles in the Nordic 160 
countries [50] and particularly in Finland [51], and with the reduction in the photovoltaic panels prices [52], the future 161 
energy market and energy systems has to adapt to such new trends in Finland. Therefore, the core objective is to design, 162 
optimize and provide a self-sustaining or net zero energy community which would not only meet the local demand of 163 
the whole community.  164 

2 Methodology principle  165 
The principle used for the investigation of various possible solutions of the proposed renewable energy systems 166 
(electricity) for the community integrated with the earlier studied renewable district heating systems [48,49] is by 167 
comparing the proposed energy system on two criteria, one representing the technical performance and the other 168 
representing the economic performance. In addition to these criteria three other performance criteria are also used to 169 
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compare various possible optimal solutions of the proposed energy systems i.e. onsite-energy fraction (OEF), onsite-170 
energy matching (OEM) and exported electricity.  The simulation model of the energy system of the community in the 171 
TRNSYS software is explained in section 3, the optimization methodology is explained in section 4, the design 172 
variables properties, costs and ranges used for the simulations and optimizations are explained in the section 5, and 173 
different case studies used for the investigation of the energy systems for the community are explained in the section 6.  174 

3 Methodology: Simulation model of the energy system  175 
3.1 TRNSYS simulation  176 
The simulation is carried out for a community with 100 houses and with 100 m2 heated area each, using a dynamic 177 
simulation software [53]. TRNSYS [54] modules are used for the modelling of solar collectors (ST), weather data, 178 
short-term tanks, heat pumps (HP), borehole thermal energy storage (BTES), wind turbines, batteries, and photovoltaic 179 
panels. The weather profile chosen for the simulation is from the reference year of southern Finland [55].  In the present 180 
study, an already optimized centralized solar thermal based district heating system [48,49] is further expanded and 181 
integrated with photovoltaic panels, wind turbines, electrical batteries and electric vehicles in order to propose a 182 
positive energy community.    183 
3.2 Solar based district heating system for community: Reference case 184 
The solar collectors (ST) are used to charge the hot and warm tanks in parallel, when solar energy is available. The 185 
excess energy in the tanks is transferred to the boreholes thermal energy storage (BTES). During winters, when solar 186 
energy is not available the heat from the BTES is transferred to the warm tank. Moreover, the heat pump takes energy 187 
from the warm tank and charges the hot tank. The space heating and domestic hot water is provided via these two short 188 
term tanks to the houses in the community. The yearly heating demand for the domestic hot water is 35 kWh/m2/yr 189 
including the constant recirculation of hot water. The space heating demand of 25 kWh/m2/yr and the building 190 
appliances electricity demand of 40 kWh/m2/yr  [56,57] are used. The detailed control strategies and the set points are 191 
described in the earlier publications [48,49].The schematic representation of the system is provided in Figure 1. 192 
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 193 
Figure 1. Simple schematic representation of the centralized solar collector based district heating network [49]. 194 
3.3 Proposed renewable based flexible electricity system for the community demand 195 
In earlier publication [49], it is found that with the solar based district heating system for the community, the heating 196 
grid can be localized, however the community is still dependent on the external electrical grid.  Electricity from gird is 197 
needed to meet the demand of the community, especially to meet the electrical demand of the community. The electrical 198 
demand of the community includes the buildings electricity demand, the solar heating system auxiliaries’ demand and 199 
electric vehicles demand. All these demands are considered for the calculations in the study. It is done to propose a self-200 
reliant renewable based energy system, where the community is always provided a cleaner source to meet the demand.  201 
In the proposed system, the renewable generation components are added in the reference solar thermal based district 202 
heating system (Figure 1) to analyse the effect of the renewable generation (electrical) sources on the overall techno-203 
economic performance of the system. In Figure 2 the schematic representation shows the electrical setup to meet the 204 
electrical demand of the whole community. For comparison, the optimal reference community case as described in 205 
section 3.2 is used as a reference [49] to show the improvements in the performance by the proposed electrical 206 
generation and storage systems. The photovoltaic panels and wind turbines are provided in the onsite micro grid to meet 207 
the onsite demands. In order to increase the flexibility of the system the electric batteries are added in the system. The 208 



9   

energy produced by the wind turbines and photovoltaic panels is first used to meet the demand of the community. Any 209 
excess electricity produced is stored in the batteries. If the batteries are at the maximum charged level or if the batteries 210 
are completely discharged till 20% (active level), the excess generation or shortfall can be imported or exported via the 211 
grid.  212 

 213 
Figure 2. Simple schematic representation of the centralized solar collector based energy system. 214 

4  Methodology: Optimization of the energy system 215 
Multi-objective optimization is used in the present study because it is difficult to find optimum solutions especially 216 
when there are multiple objectives which are conflicting in nature. Single objective optimization gives only one 217 
solution. On the other hand, the multi-objective problem offers a large number of possible optimal solutions, when there 218 
are many objectives. With trial and error method it is a tedious task to find the optimal solutions and exhaustive 219 
research method requires significant time and computational cost [32]. Therefore, multi-objective optimization is used 220 
in the present study, which is integrated with the simulation model to find various optimal solutions of the given 221 
problem and such method is used in the earlier studies as well such as in [32,58]. 222 
4.1 Optimizer and simulation integration: MOBO and TRNSYS 223 
In the present study TRNSYS and MOBO (Multi-Objective Building Optimization tool) are combined to perform the 224 
optimization. MOBO [59,60] is an optimization software and it can handle both the discrete and continuous variables. It 225 
allows the use of evolutionary and classical optimization algorithms. For this study, the Non-dominated Sorting Genetic 226 
Algorithm II (NSGA-II) algorithm is selected [58] and the detailed study of the NSGA-II is carried out by Deb et al. 227 
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[58]. MOBO uses the NSGA-II algorithm with an initial population of 16 individuals for 300 generations (i.e. 16 x 300 228 
= 4800 simulations runs) [49]. 229 
The integration, logic and flow of the MOBO optimizer and TRNSYS simulation software are shown in Figure 3. The 230 
values of the proposed design variables are created by MOBO at each iteration, and given as an input to the TRNSYS 231 
simulation model files. The TRNSYS simulation runs the model files and provides the results. These results are then 232 
evaluated by MOBO in order to meet the objective functions.  233 

 234 
Figure 3. The logic and flow chart of the integration of the TRNSYS simulation model and MOBO optimizer [32]. 235 
4.2 Optimization problem 236 
The energy system is optimized using a multi-objective optimization algorithm (NSGA-II), where imported electricity 237 
and life cycle costs (LCC) are minimized together. The life cycle cost and imported electricity are used because they 238 
both are conflicting in nature. In high performing cases, the imported electricity is less, however the costs are higher 239 
and vice versa. Therefore, these two objectives are used in the present study for optimization and comparisons between 240 
different solutions. Similar approach had been used in earlier scientific studies [32,61]. One of the reference optimal 241 
cases is selected from the multi objective optimized Pareto front from [49]. This reference case is selected in the present 242 

Optimization results 

Objective functions 
Create input 

Building and renewable energy system (district heating) simulation for community 

Simulate + evaluate in TRNSYS-Renewable energy system (electricity) for the community 

Output file 

Maximum generation reached? 
MOBO optimizer 

Building design variables (walls, floor, roof insulations etc.)  
+ Renewable district heating system design variables (solar collector, storage volume, seasonal storage etc.) 

Design variables (Photovoltaic panels area, Wind turbines capacity, storage capacity etc.) TRNSYS 

TRNSYS 

MOBO-Optimizer 

Pre-simulated data of the renewable district heating system of the community & buildings 

Simulation Multi-objective Optimization 

Yes 

No 
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study to analyse the impact on the energy system by the addition of energy generations, storages and demands (like PV 243 
panels, wind turbines, batteries and electric vehicles) in the community. The onsite-energy fraction, onsite energy 244 
matching, exported electricity and life cycle costs are also calculated to evaluate the systems.  245 
4.3 Objective functions 246 
The optimization problem is as follows: 247 
Min {Y1 (x), Y2 (x)},  248 
for all x=   [x1,x2,…,xn],  249 
where Y1 is the imported electricity and Y2 is the life cycle costs for the system together with the building appliances, 250 
and ‘x’ is the vector of the design variables.  251 
The first function (Y1) is imported electricity and it is expressed as, 252 
E = GENE + STRE - (AXE + BLE + EVE),     (1) 253 
Where E is the imported electricity (IMPE) when it is negative and exported electricity (EXPE) when it is positive, GENE 254 
is the electricity generated by the renewable energy sources, STRE is the stored electricity in the batteries, AXE is the 255 
energy consumed by all the auxiliaries of the district heating system (pumps, heat pumps and backup electrical heaters), 256 
BLE is the electricity demand of the building appliances and EVE is the electricity demand of the electric vehicles in the 257 
community used for the charging of the vehicle’s batteries.   258 
The second function (Y2) is the life cycle cost and it is expressed as [32,49,61] , 259 
LCC = FXC + PVC + WTC + BTC + ∑

n=25 df  . IC  . IMPE - ∑ n=25 df . EC . EXPE,    (2) 260 
where LCC is the life cycle cost of the whole energy system and contains the investments and operational costs. The 261 
operation costs are calculated for 25 years. FXC is the fixed cost, i.e. it is the cost of the reference renewable district 262 
heating system based on earlier publication [49] as explained in section 3.2. of the paper. PVC is the cost of the 263 
photovoltaic panels, WTC is the wind turbines cost and BTC is the stationary batteries cost. The df is the discounting 264 
factor accounting for the electricity price escalation rate of 1%, and 3% interest rate [49].   The IC is the import 265 
electricity price and EC is the export electricity price. The import electricity price and export electricity price of 0.11 266 
€/kWh and 0.04 €/kWh are used based on [62] respectively. IMPE and EXPE are the import and exported electricity, 267 
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respectively. Similar approach for the LCC calculation is done in the earlier studies for instance in [7], [21],[49]. The 268 
design variables values, specifications and their costs are discussed in detail in the section 5 of the paper.   269 
4.4 Onsite energy fraction and matching 270 
The onsite energy fraction (OEF) shows the part of the onsite demand covered by the onsite electricity generation [63]. 271 
The onsite energy matching (OEM) shows the part of the onsite electricity generation used for the onsite demand, rather 272 
than exported to the grid [63]. The system performance is better if the values of the OEF and OEM are higher 273 
(approaching value of 1), resulting in high matching characteristics. 274 

5 Design variables  275 
5.1 Design variables values and costs 276 
The performance of the proposed renewable based flexible electricity system for the community described in the section 277 
3.3 depends four design variables that are defined and considered in this paper which are namely: (1) photovoltaic 278 
panels area, (2) wind turbines capacity [64],(3) batteries capacity and (4) reference district heating system auxiliaries. 279 
The photovoltaic panels area, wind turbines capacity and batteries capacity are the variable values and these values are 280 
provided as variable input in the optimizer. In addition to the variable input, fixed value is also used for the reference 281 
renewable based district heating system and it includes solar collectors, warm tank, hot tank, seasonal storage and 282 
buildings costs. These fixed costs and values are optimized values. based on the previous study and publication [49].   283 
The values or range of the design variables of the renewable based electrical system for the community are shown in 284 
Table 1. In addition to that, the fixed values are shown in Table 1 for the reference district heating system. The 285 
investment costs of all the design variables are also shown in Table 1. 286 
Table 1. Electrical system design variables and investment cost of the components for the optimization problem. 287 
Parameters Values Prices (€) Variable used in Eq.(2) References 
PV area(m2) 4.86-5000 450-230 €/m2 PVC [25] 
Wind (kW) 1-500 (one unit is 3 kW) 16800 €/unit WTC [65] 
Battery (kWh) 0.022-11MWh 450-400 €/kWh BTC [65] 

Reference solar based district heating 
system for the community 

Fixed cost of the reference 
district heating system (solar 
collectors of 2500 m2 + warm 
tank of 230 m3 + hot tank of 

341.7 €/m2 (building 
floor area) 

FXC [49] 
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107 m3 seasonal storage of 
15000 m3 + building with space 
heating demand of 25 
kWh/m2/yr) 

 288 
5.2   Design variables specifications and weather data 289 
The energy systems may mostly depend on the following parameters, namely: (1) collectors [66], (2) the short term 290 
storage tanks [67], (3) seasonal storage, (4) photovoltaic panels [68], (5) wind turbines, (6) electric batteries, (7) electric 291 
vehicles and (8) building heating demand. The collectors, short term storage tanks, seasonal storage and buildings 292 
demand are explained in earlier study in [48,49]. Each new parameter used in the present study and in the dynamic 293 
simulation (wind turbines, photovoltaic panels, batteries and electric vehicles) are introduced and described in detail in 294 
the following subsections along with the weather data.  295 
5.2.1 Weather profile 296 
The weather profile and data used in the simulation (TRNSYS) is shown in Figure 4. TRNSYS type 15 [54] is used to 297 
define and introduce weather data in the simulation model. Figure 4 shows the total solar radiation, ambient temperature 298 
and wind speed of the Southern Finland for the test reference year 2010 [48,69].  299 

 300 
Figure 4. The ambient temperature, solar radiation and wind speed profiles in the Southern Finland [48,69]. 301 
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5.2.2 Wind Turbines 302 
Wind turbines are an important energy generation component. It is used to provide electricity to the system and to 303 
reduce the grid dependency. TRNSYS Type 90 is used to model the wind turbines. The turbines performance with 304 
respect to the wind velocity is from the commercial data [65]. The specifications of the wind turbines used in the 305 
simulation are described in Table 2.  306 
Table 2. Wind turbines for the simulations [65]. 307 

Wind turbines 
Site elevation 0 
Data collection height 10 m 
Hub height 18 m 
Number or turbines Variable 
Site shear exponent Obstructed flows 
Pressure 1 bar 

 308 
5.2.3 Photovoltaic panels 309 
The photovoltaic panels are used in the study to produce electricity via solar. TRNSYS Type 194 is used in the study to 310 
define photovoltaic panel’s module. The specification of the photovoltaic panels used in the study is shown in Table 3.  311 
Table 3. Photovoltaic panels specification for the simulations [65,68]. 312 

Photovoltaic panels, polycrystalline modules (at standard conditions) 
Panels capacity or area Variable 
Nominal output 250 Wp 
Short circuit current 8.71 A 
Open circuit voltage 37.8 V 
Module conversion efficiency 15.37% 

 313 
5.2.3.1 Nominal production: Wind turbine and photovoltaic panel in Finnish conditions 314 
Figure 5 shows the nominal production of both the photovoltaic panel of 1 kWp and wind turbine of 3 kWp in the 315 
Southern Finnish conditions [49]. The seasonal variation of the PV production and the short term variation in the wind 316 
production can be seen in the Figure 5. 317 
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 318 
Figure 5. The energy production profile of the photovoltaic (1 kWp) and wind turbine (3 kWp) - single unit, in the community 319 
[65,68]. 320 
5.2.4 Batteries 321 
Batteries are an important component for storage. It is used to store electricity that is being generated in excess by the 322 
renewable energy sources. TRNSYS Type 47b is used to model the electrical batteries. The batteries data is from the 323 
commercial product. The specifications of the batteries used in the simulation are described in Table 4. Excess energy is 324 
either stored in the batteries and the rest is exported to the grid. It is assumed that the batteries can be discharged up to 325 
80% to ensure better life time. 326 
Table 4. Electrical batteries system for the simulations [65,68]. 327 

Battery (at standard conditions) 
Cell energy capacity 465 Ah 
Cell in parallel Variables 
Cells in series 24 
Charging efficiency  0.9 
Max. current per cell charging 85 amp 
Max. charge voltage per cell 2.8 volt 

 328 
5.2.5 Electric vehicles (EV) 329 
In this study, Citroen C car charging characteristic has been assumed. The vehicle contains lithium-ion battery and a 330 
capacity of 14 kWh. The profile used in the present study for the vehicle load and calculation is from a real measured 331 
and validated data from Sweden [70]. It has been chosen because Sweden is situated in the Nordic region and has 332 
similar life style compared to Finland. The daily electric vehicle (EV) load profile for a single car is given in Figure 6. 333 
Similar profile is considered for the whole year for the ease of simulation. However, scenarios emulating different 334 

-1 000
0
1 000
2 000
3 000
4 000

0100200300400500600
1 518 103
5

155
2

206
9

258
6

310
3

362
0

413
7

465
4

517
1

568
8

620
5

672
2

723
9

775
6

827
3 Win

d tu
rbin

e ou
tpu

t 
(W)

 

Pho
tovo

ltai
c ou

tpu
t (W

) 

Hours (hr) 

Photovoltaic production_Watt
Wind turbine production_Watt



16   

penetration of EVs in the district have been assessed as described in section 6. Figure 6 shows that maximum charging 335 
is done during the night and evening when the people are at home. During the day time and afternoon when people are 336 
at work, there is no or very less load of EVs on the grid. 337 

 338 
Figure 6. EVs charging profile of 25 EVs in the community. 339 

6 Case studies simulated 340 
To provide a complete analysis of the flexible renewable energy system and for the ease, the heating section of the 341 
whole energy system is already optimized in the earlier publication [49]. To meet the community sized electrical 342 
demand, photovoltaic panels and wind turbines are considered. For storage electrical batteries are considered. Table 5, 6 343 
and 7 shows the scenarios and cases being simulated and optimized to provide overall performance analysis of the 344 
renewable energy system. Photovoltaic panels area, wind turbines capacity and batteries capacities are optimized using 345 
MOBO. In each optimized case the numbers of electric vehicles are changed. Moreover, for each case of the electric 346 
vehicles, the onsite batteries storages are either included or excluded to study its impact as well. All the possible cases 347 
are shown in Table 5, 6 and 7. The wind turbines maximum ranges are varied from 500 to 200 and then to 0. 348 
 Table 5. Case study 1 (1-500 wind turbines range) for optimization. 349 

Design variables Scenario number Number of electric vehicles Onsite stationary batteries 
Photovoltaic panels+wind turbines+batteries 1 0 Yes (a) 
 2 0 No (b) 
 3 25 Yes (a) 
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 4 25 No (b) 
 5 50 Yes (a) 
 6 50 No (b) 
 7 75 Yes (a) 
 8 75 No (b) 

 350 
Table 6. Case study 2 (1-200 wind turbines range) for optimization. 351 

Design variables Scenario number Number of electric vehicles Onsite stationary batteries 
Photovoltaic panels+wind turbines+batteries 1 0 Yes (a) 
 2 0 No (b) 
 3 25 Yes (a) 
 4 25 No (b) 
 5 50 Yes (a) 
 6 50 No (b) 
 7 75 Yes (a) 
 8 75 No (b) 

 352 
Table 7. Case study 3 (0 wind turbines) for optimization. 353 

Design variables Scenario number Number of electric vehicles Onsite stationary batteries 
Photovoltaic panels+batteries 1 0 Yes (a) 
 2 0 No (b) 
 3 25 Yes (a) 
 4 25 No (b) 
 5 50 Yes (a) 
 6 50 No (b) 
 7 75 Yes (a) 
 8 75 No (b) 

7 Results 354 
To demonstrate the effectiveness of the proposed renewable generation components and storages integrated with the 355 
community heating and electric demand along with electric vehicles, the results of the following different cases are 356 
discussed in Table 8. Table 8 shows the cases designed for the simulation and the optimization study.  357 
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Table 8. The cases used for the study, simulation and optimization. 358 

Design variables 
  Ranges    

Case 1a Case 1b Case 2a Case 2b Case 3a Case 3b 
Photovoltaic panels area (m2) 4.86-5000 4.86-5000 4.86-5000 4.86-5000 4.86-5000 4.86-5000 
Wind turbines unit (3 kW 
each) 

1-500 1-500 1-200 1-200 0 0 

Stationary batteries  Yes No Yes  No Yes No 
Electric vehicles (quantity)  0, 25, 50, 75 0, 25, 50, 75 0, 25, 50, 75 0, 25, 50, 75 0, 25, 50, 75 0, 25, 50, 75 

 359 
7.1 Pareto fronts- Optimal solutions (Case 1a, 2a, 3a, 1b, 2b and 3b) 360 
7.1.1 Importance of the wind turbines 361 
Figure 7 and 8 shows the relationship between the LCC and the imported electricity of the non-dominated solutions of 362 
the cases 2a and 3a respectively and the reference community case. The x-axis shows the net imported electricity and 363 
the y-axis shows the LCC of the different configurations. Red point shows the reference community case. Moreover, in 364 
Figure 7 and 8, the blue points, the orange points, the green points and the purple points are for the case with 0 EVs, 25 365 
EVs, 50 EVs and 75 EVs respectively. The cases 2a and 3a are community systems with stationary batteries. Each 366 
single point on the Pareto front represents a single non-dominated optimal solution or a single optimal configuration for 367 
each case. These optimal solution’s points are numbered in an ascending order from left to right for each case. These 368 
optimal configurations are numbered in order to have a uniform pattern in their explanation in the following sections. 369 
Within each optimal configuration the design variable values are different, such that they meet the both objective 370 
functions. The design variables values, OEF and OEM of these configurations on the Pareto fronts are explained in the 371 
next sections.   372 
The solutions on the right side of the Figure 7 and 8 are the least expensive optimal solutions with the worst optimal 373 
performance, while the solutions on the left side of the figure are most expensive solutions with best optimal 374 
performance. Generally it is observed in all the cases in Figure 7 and 8 that, the addition of the renewable energy 375 
generation system like wind turbines in the community are beneficial technically and economically compared to the 376 
reference community. This shows that instead of investing and focusing on the solar thermal based district heating 377 
network, the emphasis should be on the addition of various renewable energy sources for the community sized heating 378 
and electricity demand, to have better LCC and lower imported electricity. In reference case (red point), no photovoltaic 379 
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panels, wind turbines, electrical storages and EVs are considered, therefore the LCC is slightly lower, due to less 380 
investments, while the imported electricity values are higher compared to all the cases 2a, Figure 7.  381 
The main differences in the Pareto fronts of the cases 2a and 3a is observed due to the wind turbines. In case 2a, Figure 382 
7 the maximum wind turbines are 200, while in case 3a, Figure 8 there is no wind turbine. It is observed that with 383 
200 wind turbines (Figure 7) the imported electricity can be reduced to 0 in high performing cases. However the LCC is 384 
higher with 200 turbines and 75EVs i.e. around 1190 €/m

2 compared to other cases with 0 wind turbines. With 200 385 
turbines case 2a in Figure 7, only in the scenarios where EVs are 0 or 25, the imported electricity can be reduced to 0 in 386 
high performing cases. Whereas in the scenarios with 50 and 75 EVs the imported electricity cannot be 0 even in the 387 
high performing cases. With 0 turbines case 3a in Figure 8, the ‘0’ imported electricity cannot be reached in any of the 388 
EVs scenarios even in the high performing cases. Therefore results shows that change in the wind turbines and EVs can 389 
affect the behaviour of these community systems. In other words, if the system has batteries, than wind turbines can 390 
play important role in reaching towards 0 level of imported electricity. Moreover, solutions gets worst by having EVs in 391 
the cases, as it can be observed in Figure 7 and 8, as imported electricity range increases by adding EVs. Nonetheless, 0 392 
level of imported electricity cannot be reached without wind turbines in any of the cases in Nordic conditions.  393 

 394 
Figure 7.Case study 2a (1-200 wind turbines) with batteries-Pareto front and reference community. 395 
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 396 
Figure 8.Case study 3a (0 wind turbines) with batteries-Pareto front and reference community. 397 
In Figure 8, there is a sharp increase in the slope of the fronts, when the LCC increases. This is because there is no 398 
turbine in this case 3a. Without wind turbines and with only PV, system is not able to meet the demand, no matter how 399 
higher the investments are made in the batteries. Therefore, it can be observed that wind turbines play an important role 400 
in reducing the imported electricity.  401 
7.1.2 Importance of the batteries 402 
Figure 9 is the case 1a (with batteries) and Figure 10 is the case 1b (without batteries). When comparing case 1a, Figure 403 
9 and case 1b, Figure 10, it can be observed that without stationary batteries, imported electricity cannot be 0. In other 404 
words, without the batteries the energy system depends on the grid to meet the demand. Even in the case where EVs are 405 
0 in Figure 10, the system is not able to reach 0 level of imported electricity. Without batteries, in case 1b, the LCC is 406 
lower compared to the case 1a, because in case 1a, the investments are made on the batteries. Without the batteries and 407 
storages in Nordic conditions, it is challenging to reach ‘0’ level of the imported electricity and towards a self-reliant 408 
community solutions. 409 
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 410 
Figure 9.Case study 1a (1-500 wind turbines) with batteries-Pareto front and reference community. 411 

 412 
Figure 10.Case study 1b (1-500 wind turbines) with no batteries-Pareto front and reference community. 413 
7.1.3 Importance of the electric vehicles 414 
By comparing the four fronts within case 2b in Figure 11, where the maximum number of the wind turbines is 200. It is 415 
observed that by having less number of EVs, the LCC and the imported electricity is less compared to the case with 416 
higher number of EVs. The electricity demand is less therefore the imported electricity, investments and operational 417 
costs are less, even in the worst optimal cases compared to the cases with 75 EVs. In the best performing cases where 418 
the imported electricity is least, in Figure 11,  the LCC with 0 EVs is around 696 €/m

2. On the other hand for 75 EVs 419 
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the LCC is around 770 €/m
2. In the worst performing optimized cases, in Figure 11, the case where EVs are 0 the 420 

imported electricity. However, when the EVs are 75 in the worst performing cases, the LCC is higher compared to 0 421 
EVs case because the imported electricity is higher in this cases due to the higher demand caused by 75 EVs. Similar 422 
phenomena can be observed in cases 1a, 2a and 3a in Figure 9, 7 and 8 respectively. By having EVs the behaviour of 423 
the optimized cases and fronts are affected. Therefore, it is necessary to consider EVs while designing such systems.  424 

 425 
Figure 11.Case study 2b (1-200 wind turbines) with no batteries-Pareto front and reference community. 426 
7.1.4 Importance of the photovoltaics 427 
Figure 12 shows the relationship between LCC and the imported electricity of the non-dominated solutions of the case 428 
3b and reference community case. Case 3b is the community system without stationary batteries and 0 wind turbine. 429 
Figure 12 shows the importance of the photovoltaic in the community, as the photovoltaics area increases the 430 
performance of the system also improves. However compared to case 1b and 2b in Figures 10 and 11 respectively, the 431 
imported electricity is generally higher while the LCC is lower. This is due to the fact, that the costs of the photovoltaic 432 
panels are lower than the wind turbines. Moreover, the impact of the photovoltaic panels on the performance of the 433 
systems is thus lower compared to the wind turbines.  434 
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 435 
Figure 12.Case study 3b only PV:(0 wind turbines) with no batteries-Pareto front and reference community. 436 
Table 9 shows the techno-economic comparison between the cases 1a, 2a and 3a with the batteries and with 75 EVs. 437 
Table 8 also shows the techno-economic comparison between the cases 1b, 2b and 3b without batteries and with 75 438 
EVs. Table 8 shows that the case 2a is able to achieve significant reduction in the net imported electricity, with 439 
minimum increase in the LCC, therefore this case performed better compared to the other cases. However, case 3a 440 
performed worst with large increase in the LCC, the reduction of the net imported electricity is not significant.  441 
Table 9. Techno-economic comparison between the cases 1a, 2a, 3a, 1b, 2b and 3b with 75 EVs, based on the Figures 7-12. 442 

Objective functions 
  75 EVs    

Case 1a Case 1b Case 2a Case 2b Case 3a Case 3b 
Reduction in imported 
electricity (%) 

99% 72% 98% 59% 34% 17% 

Increase in LCC (%)  58% 51% 53% 30% 47% 9% 
 443 

7.2 Cost breakdown and analysis of the non-dominated solutions- with batteries (Case 1a, 444 
2a, and 3a) 445 

In this section all the cases 1a, 2a and 3a are shown in Figures 13, 14 and 15. These figures show the cost breakdown of 446 
the non-dominated optimized solutions of the cases 1a, 2a and 3a respectively. The cost of the solar thermal district 447 
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heating system is constant in this study, therefore it is assumed to be ‘0’ and all the other design variables costs (wind 448 
turbines, photovoltaic panels and batteries) are relative to that base value ‘0’. It is done to illustrate the effect of each 449 
chosen design variable on the life cycle cost and the technical performance. The (x-axis) of the all the figures shows the 450 
configuration number of the optimized solution, while the (y-axis) shows the cost breakdown of the component in each 451 
optimal solution. Each single configuration on the x-axis represents the single optimal solution on the Pareto fronts in 452 
the section 7.1 for each case. The design variable costs in each of the optimal solution are represented in Figure 13, 14 453 
and 15. These configurations are arranged in the similar pattern and numbering as the Pareto fronts in section 7.1  for 454 
each case. 455 
Generally, the solutions on the left side near (configuration 1) are the most expensive solutions and are therefore high 456 
performance solutions in the Figures 13, 14 and 15. On the other side, the solutions on the right side near (configuration 457 
500 and above) in all the Figures 13, 14 and 15 are the least expensive solutions and therefore the lowest performance 458 
solutions. For comparison within each case (1a, 2a and 3a), two scenarios are shown where the EVs are either 0 or 75. 459 
For instance, Figure 13i shows the scenarios for case 1a, where the maximum wind turbines are 500 with 0 EVs. Figure 460 
13ii shows the scenarios for the case 1a, where the maximum wind turbines are 500 and with 75 EVs. Similar structure 461 
is used for the cases 2a and 3a in Figure 14 and 15 respectively. For the optimal solutions, the initial investment cost is 462 
around 65-90% of the total LCC. 463 
Figure 13 show that the wind turbines and the batteries are the biggest investments.  The investments are made initially 464 
in the wind turbines followed by the electrical storage to reach lowest imported electricity value. As the simulation 465 
progresses towards (configuration 1) in Figure 13i, where the performance improves, the initial investments are made in 466 
the turbines, as it helps to improves the performance As the number of wind turbines starts to increase the investments 467 
are then made on the batteries to store the excess electricity. Small investments are also made in the photovoltaic panels 468 
due to lower cost; however, the wind turbines are enough to meet the demand in the case with 0 EVs. It is evident that 469 
wind turbines and batteries can play a significant role in the reduction of the imported electricity.  470 
When comparing Figure 13i with 13ii for case 1a, it is observed that overall behaviour of the design variables is similar. 471 
However, the system where EVs are 75 in Figure 13ii, it has larger wind turbines, batteries and photovoltaics in 472 
configuration 1, compared to system where EVs are 0 in Figure 13i. In Figure 13i (configuration 1), the number of wind 473 
turbines are 313, and in Figure 13ii (configuration 1) the number or wind turbines are 466. In addition to that the 474 
maximum area of the photovoltaics in Figure 13ii (configuration 1) is 1385m2 on the other, in Figure 13i (configuration 475 
1) the area of the photovoltaics is 5m2. This shows that without the EVs in the community, the wind turbines and 476 
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batteries are enough to meet the demand of the community and photovoltaics has less significance. However, it is 477 
important to note that as the number of EVs increases from 0 to 75, the importance of the photovoltaics also increases in 478 
the system to improve the performance this is due to higher demand by the 75 EVs compared to 0 EVs. 479 

 480 
Figure 13.Case study 1a (1-500 wind turbines) with batteries – relative cost breakdown for the scenarios with (i) 0EVs and (ii) 75 481 
EVs with respect to base case. 482 
Generally Figure 14 (case 2a) shows the similar behaviour like Figure 13 (case 1a). The number of wind turbines and 483 
storages increases as the imported electricity reduced in configuration 1 in Figure 14i. In Figure 14ii (case 2a) 484 
configuration 1, where the EVs are 75, the number of wind turbines is 200 and the photovoltaic area is 5000 m2. On the 485 
contrary when the EVs are 0, in Figure 14i, configuration 1, the number of wind turbines are 194 and the photovoltaic 486 
area is 5 m2.  This shows that the number of EVs can significantly affect the PV capacity.   487 
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Figure 14.Case study 2a (1-200 wind turbines) with batteries – relative cost breakdown for the scenarios with (i) 0EVs and (ii) 75 489 
EVs with respect to base case. 490 
Generally the Figure 15 (case 3a) shows similar behaviour like Figure 13 (case 1a) and Figure 14 (case 2a). However, in 491 
case 1a and 2a there is wind turbines and in case 3a (Figure 15) there is no wind turbines. The number of photovoltaic 492 
and storage increases as the imported electricity reduces in configuration 1 in Figure 15. It can be observed that both the 493 
systems reached maximum level of photovoltaic area in configuration 1 in both cases in Figure 15. However, as the 494 
number of photovoltaic panels increased to the maximum limit, the imported electricity still remains high compared to 495 
the other cases 1a and 2a because of the absence of turbines. It shows that wind turbines are needed to reduce import of 496 
electricity. 497 

 498 
Figure 15.Case study 3a (0 wind turbines) with batteries – relative cost breakdown for the scenarios with (i) 0EVs and (ii) 75 EVs 499 
with respect to base case. 500 
When comparing the cases 1a, 2a and 3a and Figures 13, 14 and 15 respectively, few differences can be observed. 501 
Firstly, when comparing Figures 13, 14 and 15 it is observed that, wind turbines and storages played an important role 502 
in the reduction of the imported electricity and increase in the costs. With higher number of wind turbines in case 1a 503 
and in case 2a, the imported electricity can be 0 or close to 0. However, with no wind turbine in case 3a, the imported 504 
electricity cannot be 0 or close to 0, but the cost can be lower compared to case 1a and case 2a. Secondly, with 0 EVs in 505 
cases 1a and 2a, the photovoltaic has less significance compared to cases with 75 EVs.   506 
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7.3 Cost breakdown and analysis of the non-dominated solutions- with no batteries (Case 507 
1b, 2b, and 3b) 508 

In this section all the cases 1b, 2b and 3b are shown in Figures 16, 17 and 18. These figures show the cost breakdown of 509 
the non-dominated optimized solutions of the cases 1b, 2b and 3b respectively. All these systems have no batteries. 510 
These figures are arranged in similar way like in Figure 13, 14 and 15. Each single configuration on the x-axis 511 
represents the single optimal solution on the Pareto fronts in the section 7.1. The design variable costs in each optimal 512 
solution are represented in Figure 16, 17 and 18. These configurations are arranged in the similar pattern and numbering 513 
as the Pareto fronts in section 7.1. 514 
Figure 16 and 17 shows that the wind turbines forms the biggest part of the investment, followed by the photovoltaics. 515 
In Figure 18, it has no wind turbines therefore only photovoltaic formed the largest part of the investments. Overall 516 
similar behaviour can be observed as explained above in section 7.2. However in the present section, all the cases 1b, 2b 517 
and 3b has no storage, therefore large investments are made in the wind turbines and photovoltaic panels in all the cases 518 
of the EVs as shown in Figure 16, 17 and 18. This shows that electrical storage is an important component to reach high 519 
performance and self-sustaining community. .In cases 1b (Figure 16i), 2b (Figure 17i) and 3b (Figure 18i), the area of 520 
the photovoltaic panels is higher in configuration 1 compared to the cases 1a, 2a and 3a with 0 EVs. Similarly in cases 521 
1b, 2b and 3b with 75 EVs, the photovoltaic panels are still needed to reach certain lower values of the imported 522 
electricity. This shows that the optimization algorithm tries to achieve 0 levels of imported electricity by investing more 523 
in the photovoltaic panels to produce electricity in the absence of storage. With 500 turbines and 0 EVs (case 1b) in 524 
Figure 16i, the imported electricity can be nearly 0 in configuration 1. However, with all other cases 2b and 3b (Figure 525 
17 and 18), the imported electricity cannot be 0 even with higher investments in configuration 1.  526 
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 527 
Figure 16.Case study 1b (1-500 wind turbines) with no batteries – relative cost breakdown for the scenarios with (i) 0EVs and (ii) 75 528 
EVs with respect to base case. 529 

 530 
Figure 17.Case study 2b (1-200 wind turbines) with no batteries – relative cost breakdown for the scenarios with (i) 0EVs and (ii) 75 531 
EVs with respect to base case. 532 
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 533 
Figure 18.Case study 3b only PV: (0 wind turbines) with no batteries – relative cost breakdown for the scenarios with (i) 0EVs and 534 
(ii) 75 EVs with respect to base case.   535 
7.4 Onsite fraction (OEF) and matching (OEM) of the non-dominated solutions- with 536 

batteries (Case 1a, 2a, and 3a) 537 
In this section all the cases 1a, 2a and 3a are shown in Figures 19, 20 and 21. These figures shows the onsite fraction 538 
(OEF) and onsite matching (OEM) of the non-dominated optimized solutions of the cases 1a, 2a and 3a respectively. 539 
Figure 19 shows OEF and OEM of the system with maximum 500 turbines, Figure 20 shows the OEF and OEM of the 540 
system with maximum 200 wind turbines and Figure 21 shows the OEF and OEM of the system with 0 wind turbines. 541 
The (x-axis) of the all the figures shows the configuration number of the optimized solution, these configurations are 542 
arranged in the similar pattern and numbering as the Pareto fronts in section 7.1. While the (y-axis) shows the OEF and 543 
OEM of each single optimal solution. For comparison within each case (1a, 2a and 3a), all the scenarios are shown 544 
where the EVs are 0, 25, 50 and 75.  545 
The on-site energy fraction (OEF) varied between 100% and 1% as shown in Figure 19 for case 1a. This indicates that 546 
the wind turbines, photovoltaic and electrical storages are able to meet 100%―1% of the local demand of the system, 547 
depending upon the wind turbines capacity, photovoltaic size and annual electricity demand of the community and EVs. 548 
The OEF is less when the wind turbines capacities, photovoltaic area and batteries capacities are less on the right side of 549 
the Figure 19 (configuration 700); hence the on-site generation of electricity is not enough to meet the demand. It 550 
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improved until 100% when the photovoltaic, wind turbines and storage capacities increases towards left side of the 551 
Figure 19 (configuration 1), resulting in large on-site electricity generation. The maximum OEF is 100% because of the 552 
storages, any mismatch between the generation and consumption is met via the storages. Moreover, the maximum OEM 553 
achieved is 50% as shown in Figure 19. This indicates that in the highest performing cases 50% of the on-site 554 
generation by renewables sources are used locally while the rest of the 50% is exported to the grid. On the other hand, 555 
the OEM is 80% when the renewable energy sources and storage capacities are small, however this resulted in 1% OEF 556 
only. 557 

 558 
Figure 19.Case study 1a (1-500 wind turbines) with batteries – the onsite fraction (OEF) and onsite matching (OEM).  559 
Figure 20 (case 2a) shows the similar behaviour like Figure 19 (case 1a). The on-site energy fraction (OEF) varied 560 
between 100% and 1% as shown in Figure 20 for case 2a. This indicates that wind turbines, photovoltaic and electrical 561 
storages are able to meet 100%―1% of the local demand of the system depending on the configuration. Since there are 562 
electricity storages, in the cases (configuration 1) where the renewables sources and storage capacities are large the 563 
maximum OEM achieved is 60% as shown in Figure 20. On the other hand, the OEM is 80% when the renewable 564 
energy sources and storage capacities are small, however this resulted in 1% OEF only. The difference between case 1a 565 
(Figure 19) and case 2a (Figure 20) in configuration 1 is that OEM is higher in case 2a. This is because the maximum 566 
number of wind turbines are 200 therefore less is exported in this case 2a, compared to case 1a where maximum limit 567 
for wind turbines are 500. Large capacities are not always required and optimization is important in order to provide 568 
techno-economically better solutions.  569 
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 570 
Figure 20.Case study 2a (1-200 wind turbines) with batteries – the onsite fraction (OEF) and onsite matching (OEM).  571 
Figure 21 (case 3a) shows the similar behaviour like in Figure 19 (case 1a) and in Figure 20 (case 2a). The on-site 572 
energy fraction (OEF) varied between 45% and 1% as shown in Figure 21 for case 3a. This indicates that photovoltaic 573 
and electrical storages are able to meet maximum 45% of the local demand of the system when EVs are 0 in 574 
configuration 1. The OEF reduced to 35% when EVs are 75 in configuration 1. It shows that in the case where wind 575 
turbine is 0, the number of EVs can affect the OEF in this case 3a.  576 
Since there are electricity storages but no wind turbines, in the cases (configuration 1) where the renewables sources 577 
and storage capacities are large the maximum OEM achieved is 80% as shown in Figure 21. On the other hand, the 578 
OEM is 80% when the renewable energy sources and storage capacities are small, however this resulted in 1% OEF 579 
only. The difference between case 1a (Figure 19), case 2a (Figure 20) and case 3a (Figure 21) is that the OEM is highest 580 
in configuration 1 in case 3a. There is no wind turbine, thus any electricity produced by the photovoltaic is stored in the 581 
batteries and used onsite, resulting in less electricity export. However due to the absence of wind turbines the system is 582 
only able to meet around 45%-35% of the demand depending on the numbers of EVs. Therefore, the number of wind 583 
turbines and EVs can affect the OEF and OEM values.  584 
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 585 
Figure 21.Case study 3a (0 wind turbines) with batteries – the onsite fraction (OEF) and onsite matching (OEM).  586 
7.5 Onsite fraction (OEF) and matching (OEM) of the non-dominated solutions- with no 587 

batteries (Case 1b, 2b, and 3b) 588 
In this section all the cases 1b, 2b and 3b are shown in Figures 22, 23 and 24. These figures show the OEF and OEM of 589 
the non-dominated optimized solutions of the cases 1b, 2b and 3b respectively. All these systems have no electrical 590 
storage. The OEF and OEM of each single optimal configuration are shown in these figures and arranged in the similar 591 
pattern and numbering as the Pareto fronts in section 7.1. These figures are arranged in similar way like in Figure 19, 20 592 
and 21.  593 
The on-site energy fraction (OEF) varied between 90%-70% in configuration 1 and 1% in configuration 2177 as shown 594 
in Figure 22 for case 1b. Compared to the case 1a in Figure 19, in case 1b in Figure 22, the OEF is lower i.e. around 90 595 
%. This is due to the fact that there is no electrical storage and all the demand is met via the renewable energy 596 
generation with no storage. Therefore during the period when no energy is produced by the wind turbines and 597 
photovoltaics, the demand is met via imported electricity. This indicates that to have higher the OEF storage is needed. 598 
The OEF also varied in case 1b in Figure 22 (configuration 1) due to the EVs demand; higher the demand from EVs 599 
lower is the OEF. The excess demand is met via gird due to non-availability of the batteries.  600 
The OEF is less when the wind turbines capacities and photovoltaic panels area is less on the right side of the Figure 22 601 
(configuration 2177). The on-site generation of electricity is not enough to meet the demand. In the cases (configuration 602 
1) where the renewables sources capacities are large the maximum OEM achieved is 10%-15% as shown in Figure 22. 603 
This indicates that in highest performing cases 10%-15% of the on-site generation by the renewables sources is used 604 
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locally while the rest of the 90%-85% is exported to the grid. Without storage the onsite energy matching can be lower 605 
in the best performing configuration 1 (case 1b, Figure 22). On the other hand, the OEM is 90% when the renewable 606 
energy generation is less, however this resulted in 1% OEF only. 607 

 608 
Figure 22.Case study 1b (1-500 wind turbines) with no batteries – the onsite fraction (OEF) and onsite matching (OEM).  609 
Figure 23 (case 2b) shows the similar behaviour like Figure 22 (case 1b). The on-site energy fraction (OEF) varied 610 
between 85%-60% in configuration 1 and 1% in configuration 2288 as shown in Figure 23 for case 2b. This indicates 611 
that the wind turbines and photovoltaic are able to meet 85%―1% of the local demand of the system, depending upon 612 
the wind turbines capacity, photovoltaic size and annual electricity demand of the community and EVs. Since there is 613 
no electricity storage, in the cases (configuration 1) where the renewables sources are large, the maximum OEM 614 
achieved is 20%-30% as shown in Figure 23. On the other hand, the OEM is 90% when the renewable energy sources 615 
capacities are less, however this resulted in 1% OEF only. The difference between case 1b (Figure 22) and case 2b 616 
(Figure 23) in configuration 1 is that the OEM is higher in case 2b. This is because the highest number of wind turbines 617 
are 200 therefore less is exported in this case 2b, compared to case 1b where maximum limit for wind turbines are 500. 618 
As excess electricity from higher wind turbine capacities are exported in large quantity, this result in lower OEM in 619 
case 1b (Figure 22).  620 
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 621 
Figure 23.Case study 2b (1-200 wind turbines) with no batteries – the onsite fraction (OEF) and onsite matching (OEM).  622 
Figure 24 (case 3b) shows similar behaviour like Figure 22 (case 1b) and Figure 23 (case 2b). The on-site energy 623 
fraction (OEF) varied between 26%-16% in configuration 1 and 1% in configuration 4400 as shown in Figure 22 for 624 
case 3b. On the other hand OEM varied from 35% to 90% from configuration 1 to 4400. 625 
Overall study shows that the wind turbines and the storages are crucial to have higher technical performance of the 626 
community sized energy system in the Nordic conditions. If the EVs are integrated in the community, then the 627 
importance of the PV becomes evident. 628 

 629 
Figure 24.Case study 3b (0 wind turbines) with no batteries – the onsite fraction (OEF) and onsite matching (OEM).   630 
7.6 Net zero energy community (nZEC) analysis (Case 2) 631 
Optimal points from cases 2a and case 2b (cases with maximum 200 wind turbines, with and without batteries, from 632 
Figures 7 and 11 respectively), are selected to further analyse the performance of the community on net zero energy 633 
community (nZEC) level. Figure 25 shows the exported vs imported electricity of the net zero energy community graph. 634 
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In addition to the exported and imported electricity extreme points also shows the OEF and OEM respectively. It is 635 
observed that cases with the batteries performed better, by lowering the imported and exported electricity compared to 636 
the cases without batteries. The blue and purple points in Figure 25 are close to the nZEC balance line and also close to 637 
the zero imported electricity point. On the other hand, the red and green points in Figure 25 are away from the nZEC 638 
balance line and also away from the zero imported electricity point. Without the batteries (red and green points in 639 
Figure 25), the system has high exported electricity, which is being sold to the grid, with no significant advantage. 640 
However, system with batteries (blue and purple in Figure 25) has lower exported and imported electricity since the 641 
system is able to utilize onsite generated electricity effectively. The OEM and OEF of the end points (blue and purple) 642 
with batteries are higher compared to the system without batteries (red and green points) in Figure 25.  643 
 644 

 645 
Figure 25. Imported/exported site energy diagram for cases 2a (1-200 wind turbines, with batteries) and 2b (1-200 wind turbines, 646 
without batteries) with corresponding OEF and OEM values. 647 
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8 Discussion 648 
The analyses are made with realistic existing price data. The results could differ if price development changed. For 649 
example, lithium-ion battery prices have declined for years but lithium prices steadily rise [71] while lithium demand 650 
increases [72]. At some phase, this could influence prices of lithium-ion batteries. 651 
Effect of EV deployment can affect the performance of the energy system. It is expected in the future that with the 652 
increase in the deployment of the EVs, the impact on the present grids would be significant. Therefore it is important to 653 
consider such scenario in the future. While proposing such renewable based community system, it is assumed that 654 
household would consider buying EVs. The study is performed to consider such scenario and to observe the effect on 655 
the system. It is found that in various scenarios with different number of EVs, the performance of the system is affected. 656 
With higher number of EVs the number and size of the renewable energy component also increased. Moreover, in some 657 
cases, where the wind turbines and photovoltaic panels are unable to meet the demand, the imported electricity 658 
increased. So it is essential to design such communities in a proactive manner. 659 
Williams et al. [73] argue that while there are numerous definitions for zero energy buildings, the progress in terms of 660 
numbers of buildings built has been small and random. The number of realized zero energy districts  is even smaller. 661 
This study showed that it is basically possible to build a net zero energy districts in Nordic conditions, heavily relying 662 
on variable renewable energy (VRE) if batteries energy storage is part of the system concept. However, this requires 663 
major investments. This may indicate that positive energy blocks based on VREs are realistic in northern Europe. As 664 
shown in Figure. 25, the cases with higher VRE integration are able to reach positive energy districts, where the annual 665 
exported energy is higher than the imported energy. Solutions with batteries will reduce the imported energy and 666 
increase the matched energy onsite and can reach zero or positive energy community levels when more integration of 667 
renewable takes place. However, solutions without batteries can still be positive energy communities but require higher 668 
amounts of imported energy. 669 
Land use is also a significant issue in the community, larger the land needed to construct such system, large can be the 670 
cost. In the present study, it is assumed that the wind turbines are small 3kW turbines. The results showed that higher 671 
performance can be achieved by having large number of wind turbines. It is found that 1.5 MW-0.6 MW turbine power 672 
is needed to reach 0 imported electricity. Therefore, it is important to identify the available land space where all the 673 
smaller units of wind turbines can be installed or a single large wind turbine is enough. With smaller capacities of 674 
multiple wind turbines, the reliability of the system would improve. On the other hand, with single large turbine , the 675 
reliability issue can arise. 676 
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The costs of EVs are not considered. In Trafi’s (Finnish Transport Safety Agency) car comparison service [74], the 677 
consumers may compare properties of different electric and other cars sold in Finland. The cheapest and smallest full 678 
EVs cost around €25 000 and the most expensive ones over €165 000. According to some recent estimates [75], the 679 
price of driving is roughly the same with different kinds of cars in Finland if about 30 000 km is driven annually and the 680 
car is not replaced during the first five years. If annual driving amount is smaller, then traditional cars become much 681 
cheaper. 682 
The average net living area of a new Finnish single-family house is 165 m² and the average building cost is 2010 €/m² 683 
(in total 332 000 €) when all work has been done by professionals [76]. In addition, the plot typically costs around 684 
€50 000 but the price may be multiple in the most wanted areas [76]. Some municipalities also rent plots. The average 685 
costs of technical systems, including installation, are €16 320 for heating (4.9% of the total building cost), €12 460 for 686 
water and sewage (3.8% of the total building cost), €8 900 for ventilation (2.7% of the total building cost), and €14 850 687 
for electricity (4.5% of the total building cost) [77]. The size of the studied houses is smaller (100 m2). Based on the 688 
previous cost data [76,77], the building cost for such a house could be around €200 000 and the cost of heating and 689 
ventilation systems about €25 000. The investment costs for the studied zero import energy systems are around 1186 690 
€/m

2 which are 83% higher than this estimate for energy systems in a typical house. This indicates that the prices of 691 
new energy systems still need to reduce in order to be widely deployed and somehow equivalent to the ratio of 1.  692 

9 Conclusions 693 
A novel renewable district heating and electrical systems based on simulation models are proposed. The integrated 694 
system includes both the centralized solar thermal district heating network and renewable (wind and photovoltaic) based 695 
electrical system. The study is performed using dynamic simulation software (TRNSYS). In addition, a multi-objective 696 
building optimizer is integrated into the model, which used Non-dominated Sorting Genetic Algorithm (NSGA-II). The 697 
following is a brief summary of the key findings:  698 

 The renewable-based community sized energy systems performed better in the studied Finnish conditions, 699 
compared to the reference community with no photovoltaic, wind turbines and stationary storages. 700 

 The cases with 200 wind turbines and electrical storages outperform the cases without the turbines and 701 
electrical storage.  702 
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 With 200 wind turbines, storages and 75 EVs (case 2a), the imported energy changed from 87 kWh/m2/yr to 703 
1.9 kWh/m2/yr and the life cycle price from 536 €/m

2 to 1190 €/m
2. The onsite energy fraction (OEF) changed 704 

from 1% to 97% and the onsite energy matching (OEM) changed from 76% to 62%, respectively. 705 
 With 200 turbines, no storage and 75 EVs (case 2b), the imported energy changed from 87 kWh/m2/yr to 36 706 

kWh/m2/yr and the life cycle price from 534 €/m
2 to 764 €/m

2. The onsite energy fraction (OEF) changed from 707 
1% to 58% and the onsite energy matching (OEM) changed from 90% to 27% respectively.  708 

 With no wind turbine, no storage and 75 EVs (case 3b), the imported energy changed from 88 kWh/m2/yr to 74 709 
kWh/m2/yr and the life cycle price from 534 €/m

2 to 585 €/m
2. The onsite energy fraction (OEF) changed from 710 

1% to 16% and the onsite energy matching (OEM) changed from 90% to 34% respectively. 711 
 Generally in all the systems, investments are first made in the wind turbines and after that PV and storages in 712 

order to improve the performance of the system. However, only in the case with 75 EVs, investments are made 713 
in the photovoltaics and wind turbines initially to improve the performance of the optimized solutions. 714 

 In the systems without the storage, systems are not able to reach zero imported electricity. The storages not 715 
only reduced the imported electricity but also reduced the exported electricity. 716 

 The batteries assisted in reaching net zero energy community (nZEC) levels compared to the community 717 
without the batteries. 718 

 Higher numbers of EVs affect the performance of the system and this need to be considered for the design of 719 
the energy networks for the future. 720 

 It is important to optimize the systems by aiming to maximize the onsite-energy fraction and onsite-energy 721 
matching.   722 

 723 
This research can be useful in further recommending the society towards building such renewable communities in the 724 
Nordic climatic regions of the world. The study also revealed that the systems should address both the heating and 725 
electrical demand of the community. Moreover, the optimization of such systems, controls and integration of various 726 
demand and generation are some of the important aspects towards reaching the goals. These energy systems can be 727 
made technically and financially better by promoting self-consumption. The self-consumption can be increased by 728 
integrating seasonal storage and batteries. Experimental validation is required in the future and this study would provide 729 
basic calculations. It is expected that the prices of the thermal collectors, wind turbines, batteries and photovoltaics, 730 
would reduce in near future. This would assist in making such systems feasible compared to the traditional energy 731 
systems.   732 
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