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Abstract 17 

Many cities around the world have reached a critical situation when it comes to energy and 18 

water supply, threatening the urban sustainable development. From an engineering and 19 

architecture perspective it is mandatory to design cities taking into account energy and water 20 
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substantial extension of the short version with original paper title, "Spatial optimization of residential urban district 
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issues to achieve high living and sustainability standards. The aim of this paper is to develop 21 

an optimization model for the planning of residential urban districts with special consideration 22 

of renewables and water harvesting integration. The optimization model is multi-objective 23 

which uses a genetic algorithm to minimize the system life cycle costs, and maximize 24 

renewables and water harvesting reliability through dynamic simulations. The developed model 25 

can be used for spatial optimization design of new urban districts. It can also be employed for 26 

analyzing the performances of existing urban districts under an energy-water-economic 27 

viewpoint.     28 

The optimization results show that the reliability of the hybrid renewables based power system 29 

can vary between 40 and 95% depending on the scenarios considered regarding the built 30 

environment area and on the cases concerning the overall electric load. The levelized cost of 31 

electricity vary between 0.096 and 0.212 $/kWh. The maximum water harvesting system 32 

reliability vary between 30% and 100% depending on the built environment area distribution. 33 

For reliabilities below 20% the levelized cost of water is kept below 1$/m3 making competitive 34 

with the network water tariff. 35 

 36 

Keywords: Optimization, genetic algorithm, renewable energy, hybrid power systems, water 37 

harvesting, residential urban districts. 38 

1 Introduction 39 

According to the World Health Organization, more than half of the current world’s population 40 

(53%) lives in urban areas [1], whereas the United Nations forecasts project that 6.3 billion 41 

people are going to live in cities by 2050 [2]. Thus, the sustainability of cities around the world 42 

is threatened by the growing demand for energy, water and food supplies. The urban water-43 

energy-food nexus development requires an integrated design process that comprises not only 44 



policies but also technical solutions [3]. From an engineers and architects point of view, the 45 

above mentioned statistics put a lot of pressure on how to design our modern and future cities. 46 

The aim of this paper is to analyse the integration of renewable hybrid power systems and water 47 

harvesting technology into the urban environment as sustainable solutions for high urban water 48 

and energy self-sufficiency. In particular, this study aim at analyse the reliability of renewables 49 

and water harvester compared to electricity and water loads in a residential district.        50 

Hybrid power systems have been studied thoroughly especially for off-grid applications. Ma et 51 

al. studied the optimal integration of solar, wind and hydro pumped storage systems for a few 52 

hundred kW microgrid in a remote island in Hong Kong [4]. The authors concluded that for an 53 

optimal design of a standalone hybrid power supply system, the combination of wind and solar 54 

energy is essential [5]. Using a particle swarm optimization algorithm, Shang et al. studied the 55 

optimal size of the battery capacity in solar/wind/diesel standalone hybrid power system for a 56 

tropical island near Singapore [6]. The authors focused in particular on optimal dispatch of the 57 

stand-alone system to minimize the operation costs and at the same time increase the penetration 58 

level of renewables. Gan et al. developed a software tool for sizing off-grid hybrid renewable 59 

energy systems using a location in Scotland as a case study [7]. The developed tool was intended 60 

to support project management in evaluating the batteries and diesel generator capacities based 61 

on the renewable available resources both for short and long term operation using a life cycle 62 

cost approach. Maleki and Pourfayaz studied the optimization of hybrid renewables based 63 

power system for a specific site in the South of Iran [8]. In particular the authors focused on the 64 

evaluation of different evolutionary algorithms for optimum sizing of a solar/wind/battery 65 

hybrid system to meet the load demand while minimizing the total annual cost and loss of power 66 

supply probability.  67 

The integration of hybrid power systems into on-grid areas as distributed generation system has 68 

become a recent research topic for high energy performances buildings. González et al. studied 69 



the optimization of a grid-connected hybrid renewables based power system compared to a 70 

given electricity demand for case study in Catalonia [9]. Using particle swarm optimization, 71 

García-Triviño et al. studied the optimal power control of a grid-connected inverter supplied 72 

from a solar/wind hybrid power system equipped with battery and hydrogen storage systems 73 

[10].  74 

Lu et al. presented a comprehensive review on the design and control approaches of the 75 

nearly/net zero energy building highlighting the lack of optimal design and control strategies 76 

[11]. Carlucci et al. presented a multi objective optimization model for the design of a detached 77 

net zero-energy house located in the South of Italy to minimize thermal and visual discomfort 78 

using uses the non-dominated sorting genetic algorithm [12]. The authors highlighted the 79 

importance of using complex optimization problems with many objective functions to assess 80 

the effects of a large number of available building variants. Lu et al. compared the optimal 81 

design of buildings using single objective and multi objective optimization using genetic 82 

algorithm for two case studies [13]. The authors concluded that optimization of buildings with 83 

renewable energy systems can lead to better performances than the benchmark building 84 

considered in their study. Moreover, the authors verified that single objective optimization can 85 

provide the best solution while multi objectives optimization can guide designers for better 86 

trade-off solutions. Using distributed energy system for meeting the energy demand, Lu et al. 87 

proposed a multi-objective optimization approach based on genetic algorithm for a net-zero 88 

exergy district in Hangzhou, China [14]. The optimization model was to minimize the e life 89 

cycle cost of the system and at the same time maximize the exergy efficiency including twelve 90 

energy supply systems to provide power and heat. The optimization model was based on the 91 

operation time of each energy supply technology.  92 

Similarly, rainwater harvesting systems assessment and optimization have been conducted as 93 

technical solution to face the exacerbation of water issue in urban areas. Mehrabadia et al. 94 



assessed the residential rainwater harvesting efficiency to meet non-drinkable water demands 95 

in three different Iranain cities marked out by different climate conditions (Mediterranean, 96 

humid and arid climate) [15]. The study concluded that the tank capacity is a key factor to 97 

consider for maximizing rainwater storage, the optimal water tank is striclty dependent on 98 

precipitation amount and roof area, and rainwater harvesting efficiency is dependent on climate. 99 

Hashim et al. focused on simulations and optimization of large scale rainwater harvesting [16] 100 

describing a new designing technique. The optimization model was based on the minimization 101 

of the total system costs including supplemental cost for the utility water to meet the water 102 

demand. The conducted simulations showed that roof area and water demand are the main key 103 

factors affecting the storage tank size. Chiu et al. proposed an optimization approach for 104 

rainwater harvesting systems with special consideration of energy-saving approach for hilly 105 

communities [17]. Using a water-energy nexus approach, the authors conluded that rainwater 106 

harvesting systems are both a water-saving method and also an energy-saving technique for 107 

hilly location. 108 

Compared to previous studies, as far as the authors are aware, the novelty of the present work 109 

is to develop a general optimization tool to study the optimal integration of hybrid power 110 

systems and water harvesting techniques in the urban environment in order to achieve high 111 

sustainability standards. This tool allows to study the reliability of renewables equipped with 112 

energy storage and water harvesting system in residential districts compared to electricity and 113 

water loads, respectively. A novel aspects of the paper is to analyse the interrelation between 114 

water and power mainly assuming ground mounted photovoltaic systems as water harvesting 115 

area. A further novel aspect of the optimization tool is using a spatial perspective rather than a 116 

power and water harvester systems perspective used in previous research works to optimize the 117 

match between energy and water demand, and supply. The optimization model finds the optimal 118 

area distribution within 1 km2 between the built environment area, and area for the installation 119 



of renewables, taking into account that part of the residential district area is used as urban leisure 120 

area and for the road network. The model considers the following renewables and energy 121 

storage system: building integrated photovoltaic systems (function of the built environment 122 

area), ground mounted photovoltaic systems, wind turbines and battery storage system. The 123 

water harvesting system comprises the harvesting area, assumed equal to the roof area (function 124 

of the built environment area), the effective ground mounted photovoltaic area, and the water 125 

tank. The optimization model is based on annual hourly dynamic simulations of the renewables, 126 

energy and water storage systems. A typical residential district of Gothenburg, Sweden, is taken 127 

as case study to identify the main built environment area parameters.  128 

The developed model can be used for the design of new urban districts or to evaluate the 129 

performances and provide suggestions for existing urban districts under an energy, water and 130 

economic viewpoints to promote renewables and water harvesting integration. It has to be 131 

pointed out that the developed tool represents a general integrated model that can be applied for 132 

energy and water harvesting performances everywhere and for different types of district, and it 133 

can thus represents a handy instrument for engineers, architects and urban planners.  134 

This paper is organized as follows: section 2 deals with the methodology applied in this study 135 

and in particular with the developed optimization model based on the simulation of several sub-136 

models, such as building, photovoltaic power, wind power, battery state of charge, and water 137 

harvester state of fill; in section 3, the results of the optimization are presented and discussed; 138 

in section 4 the outcomes of this study are summarized and the directions for future studies are 139 

discussed. 140 

2 Methodology 141 

In a typical residential km2 there can be a combination of different areas with different 142 

intended uses, proportions and layouts as shown in Figure 1 as a conceptual framework. The 143 

built environment area determines the electric and water consumption profiles depending on 144 



the number of dwelling units in a given area. At the same time, the built environment area put 145 

constraint on the building integrated PV area. In this study we have considered half of the roof 146 

is used to install building integrated PV system. Similarly, the building integrated water 147 

harvesting area is function of the built environment area since it has been assumed that the 148 

entire roof is used to collect rainwater. The water harvesting area is also function of the area for 149 

the installation of ground based PV systems. In this study we have assumed that the effective 150 

ground based PV systems area is used as a further water harvesting area. The green-leisure area 151 

and area occupied by the road network have been set equal to 10% of the entire km2 and 10% 152 

of the built environment area, respectively. These assumptions have been made based on the 153 

photointerpretation of a typical residential district in Gothenburg, as shown in Figure 2. The 154 

same approach has been used to evaluate the building and garden areas for a typical residential 155 

house. The area for the installation of ground based PV takes into consideration a land use factor 156 

(defined as the ratio between solar panels area and total area) of 33% due to the high latitude of 157 

Gothenburg. The wind turbine area refers to the acoustic influence areas of each installed wind 158 

turbine. The acoustic influence area has been calculated from the sound pressure level of the 159 

generator assuming to keep the noise emissions below 40 dB according to the Swedish 160 

regulations [18]. The battery balances the mismatch between energy production and 161 

consumption. The electric grid is considered as back-up for the PV-wind-battery system while 162 

the dumped power production is assumed to be injected into the grid. Similarly, the water 163 

harvester balances the mismatch between water harvested and consumed. A schematic diagram 164 

of the hybrid power/water harvesting system investigated is given in Figure 3.  165 

The optimization process finds the optimal area distribution that minimize the life cycle costs 166 

(LCC) of hybrid and water harvesting systems and at the same time maximizes their reliability. 167 

The decisional variables of the optimization problem are the following: built environment area 168 

(used as sensitive parameters), ground based PV system area, wind turbine area, battery and 169 



water harvester capacities. The current version of the model allows to optimize the areas 170 

distribution but it does not provide any information regarding the spatial location of the 171 

decisional variables. The weather data in for the selected location, including the global 172 

horizontal radiation (W/m2), the diffuse horizontal radiation (W/m2), wind speed (m/s), ambient 173 

temperature (°C), precipitation (mm) and snow depth (mm), is taken from a global climatic 174 

database, Meteonorm [19]. 175 

 176 

Figure 1: Conceptual framework of 1km2 residential district. 177 



 178 

Figure 2: Photointerpretation of a residential area. 179 

 180 

Figure 3: Hybrid power/water harvesting system schematic layout (a) ground mounted PV 181 

system; b) wind power system; c) power conditioning system; d) household; e) battery storage 182 

system; f) electric grid; g) water harvester; h) water network). 183 



2.1 Optimization model  184 

The optimization problem finds the optimal area distribution (among built environment area, 185 

ground based PV system area, wind turbine area) that minimize the LCC of the renewable based 186 

hybrid power system LCCren and the LCC of the water harvesting systems LCCwhs and at the 187 

same time maximizes their reliability, Rren and Rwhs respectively, and minimize the surplus of 188 

power injected into the grid S, that means maximizing the renewable power self-consumption. 189 

Rren represents the hours during which the power consumption is met by the renewables power 190 

production (equipped with the battery storage system). Similarly, Rwhs refers to the number of 191 

hours the water consumption is covered by the water harvesting system. The mathematical 192 

formulation of the proposed optimization approach is given by the following set of equations: 193 

𝑚𝑖𝑛(𝐿𝐶𝐶௥௘௡)                                                                                                                                            (1) 194 

𝑚𝑖𝑛(𝐿𝐶𝐶௪௛௦)                                                                                                                                           (2)  195 

𝑚𝑎𝑥(𝑅௥௘௡)                                                                                                                                               (3) 196 

𝑚𝑎𝑥(𝑅௪௛௦)                                                                                                                                              (4) 197 

𝑚𝑖𝑛(𝑆)                                                                                                                                                     (5) 198 

𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝐵𝐸𝐴 = 25, 50, 75% 𝑜𝑓 1𝑘𝑚ଶ                            

0 ≤ 𝑃𝑉𝐴 ≤ 0.75 𝑘𝑚ଶ                                          
0 ≤ 𝑊𝑇𝐴 ≤ 0.75 𝑘𝑚ଶ                                         
𝐵𝐸𝐴 + 𝑃𝑉𝐴 + 𝑊𝑇𝐴 + 𝑅𝑁𝐴 + 𝐺𝐿𝐴 = 1𝑘𝑚ଶ

𝑅𝑁𝐴 = 12% 𝐵𝐸𝐴                                                 
0 ≤ 𝐵𝐶 ≤ 10 𝑀𝑊ℎ                                              
0 ≤ 𝑊𝐻𝐶 ≤ 4000 𝑚ଷ                                         

                                                     (6) 199 

Where, BEA stands for built environment area, PVA for ground mounted PV systems area, WTA 200 

for wind turbine area, RNA for road network area, GLA for green-leisure area, BC for battery 201 

capacity, and WHC for water harvester capacity. The LCCren comprises the life cycle cost of 202 

the ground based PV systems LCCpv, building integrated PV systems LCCbipv, wind turbine 203 

LCCwt, battery LCCbatt, and electricity taken from the electric network to meet the load LCCen 204 

At the same time the LCCren takes into account the life cycle revenues LCC due to carbon tax 205 



LCCct that penalizes the electricity taken from the grid, and electricity surplus generated by the 206 

hybrid power system and fed into the grid LCRes. The LCCwhs comprises the life cycle cost of 207 

the water harvester and related installations LCCwh, and the water taken from the water network 208 

LCCwn. The LCCren and LCCwhs are calculated by the following equations [20, 21]:  209 

𝐿𝐶𝐶௥௘௡ =  𝐼𝐶𝐶௥௘௡ − ෍
𝑑௧

(1 + 𝑖)௡
𝑡𝑟 + ෍

𝑎௧

(1 + 𝑖)௡
(1 − 𝑡𝑟) −

𝑠

(1 + 𝑖)௡

ே

௧ୀଵ

ே

௡ୀଵ

                                 (7) 210 

𝐿𝐶𝐶௪௛௦ =  𝐼𝐶𝐶௪௛௦ − ෍
𝑑௧

(1 + 𝑖)௡
𝑇𝑅 + ෍

𝑎௧

(1 + 𝑖)௡
(1 − 𝑇𝑅) −

𝑠

(1 + 𝑖)௡

ே

௧ୀଵ

ே

௡ୀଵ

                            (8) 211 

Where, ICCren is the initial capital cost of the renewables based system (US$), ICCwhs is the 212 

initial capital cost of the water harvesting system (US$), N is the lifetime of the project (years), 213 

dt is the annual depreciation (US$), i is the interest rate (%), tr is the tax rate (%), at is the annual 214 

costs (US$), and s is the salvage value (US$). N, i, and tr have been set equal to 30 years, 1%, 215 

and 22% [22]. The depreciation has been assumed straight-line and salvage value equal to 10% 216 

of the ICC [18]. LCCren and LCCwhs are given by the following equations: 217 

𝐿𝐶𝐶௥௘௡ = 𝐿𝐶𝐶௣௩ + 𝐿𝐶𝐶௕௜௣௩ + 𝐿𝐶𝐶௪௧ + 𝐿𝐶𝐶௕௔௧௧ + 𝐿𝐶𝐶௘௡ + 𝐿𝐶𝐶௖௧ − 𝐿𝐶𝑅௘௦                          (9) 218 

𝐿𝐶𝐶௪௛௦ = 𝐿𝐶𝐶௪௛ + 𝐿𝐶𝐶௪௡                                                                                                               (10) 219 

The optimization model is based on hourly dynamic models of the building energy demand, PV 220 

system, wind turbine, battery and water harvesting system charge and discharge. The decision 221 

variables of the optimization model include: (I) the ground mounted PV area; (II) the wind 222 

turbines area; (III) the battery capacity (MWh); and the water harvester capacity (m3). The built 223 

environment area has been considered as a sensitive parameters and varied in the range 25% to 224 

75% of the entire 1 km2. The economic parameters used in the optimization model are listed in 225 

Table 1. 226 

 227 

 228 



Table 1: Economic parameters affecting the LCC function. 229 

LCCpv (US$/Wp) 2.7 

LCCbipv (US$/Wp) 3.6 

LCCwt (US$/Wr) 2.4 

LCCbatt (US$/Wh) 3.1 

LCCwts (US$/m3) 1500 

LCCen (US$/kWh) 4.4 

LCRes (US$/kWh) 1.1 

LCCwn (US$/m3) 3.6 

 230 

The LCC have been calculated from the ICC considering fixed annual maintenance costs and 231 

replacement costs of the main components. The renewables ICC have been taken from the 2015 232 

IRENA (International Renewable Energy Agency) report on renewable power generation costs 233 

in 2014 and refer to the average installation costs for residential and utility scale projects [23]. 234 

The ICC of residential PV systems, ground mounted PV systems and wind turbine have been 235 

set equal to 2500 US$/kWp, 2000 US$/kWp, and 1700 US$/kW. As regards PV systems, the 236 

Swedish government has promoted the installation of grid connected PV systems with 237 

supporting policies since 2005 [24]. In 2016, the overall government investment will account 238 

for 225 million SEK (approximately 27 million US$). Since the 1st January 2015, the supporting 239 

scheme compensates 30% of the grid connected PV system investment costs for commercial 240 

companies, and 20% for individual homeowners. The highest subsidy is 1.2 million SEK 241 

(approximately 150,000 US$) and the eligible costs may not exceed 37 000 SEK 242 

(approximately 4,500 US$) plus VAT per installed kWp [25]. In calculating the LCC of 243 

residential and ground mounted PV systems, we have not considered any subsidy, whereas in 244 

calculating the levelized cost of electricity (LCOE) we have analysed the effects of considering 245 



or not the subsidy. The annual operation and maintenance cost have been conservatively set 246 

equal to 2% of the ICC.  247 

The replacement costs are mainly for the inverter, assumed to be replaced every 10 years, and 248 

are equal to 450 US$/kW for residential systems and 250 US$/kW for larger scale systems [26]. 249 

The LCC of the battery have been calculated assuming a specific ICC of 700 US$/kWh (Li-on 250 

battery pack) [27], an annual maintenance costs equal to 5% of the ICC, and replacements every 251 

7 years. The LCC of the water harvesting system have been calculated from the ICC and 252 

operating costs given in Gurung et Sharma [28]. The electricity price for domestic consumers 253 

including all taxes and levies for Sweden is 0.185 €/kWh (0.21 US$/kWh) [29]. In this study, 254 

it has been assumed that the surplus of electricity generated by the renewables can sold to the 255 

electric grid at a price of 0.05 US$/kWh considering both spot price and green certificates [30]. 256 

Green certificates are also the only incentives to support wind power projects [31]. 257 

The water tariff for Gothenburg has been taken equal to 14.1 SEK/m3 (1.7 US$/m3) [32]. 258 

The levelized cost of electricity and water, LCOE and LCOW, have been calculated according 259 

to the following equations [20, 21]: 260 

𝐿𝐶𝑂𝐸 =  
𝐿𝐶𝐶௣௩ + 𝐿𝐶𝐶௕௜௣௩ + 𝐿𝐶𝐶௪௧ + 𝐿𝐶𝐶௕௔௧௧

𝐸𝑃 ∑
𝑟௧

(1 + 𝑖)௡
ே
௡ୀଵ

                                                                          (11) 261 

𝐿𝐶𝑂𝑊 =  
𝐿𝐶𝐶௪௛

𝑊𝐻 ∑
𝑟௧

(1 + 𝑖)௡
ே
௡ୀଵ

                                                                                                            (12) 262 

Where, EP is the annual energy production (kWh), WH is the annual water harvested (m3), and 263 

rt is the degradation rate (%). rt for the renewables based system has been assumed equal to 1% 264 

considering mainly the photovoltaic system degradation, while it has been assumed 0% for the 265 

water harvesting system. 266 

The optimization process is based on hourly dynamic models of the building energy 267 

requirements, PV system and wind turbine power production, and battery and water 268 



harvesting system charge and discharge. The optimization model is implemented in Matlab 269 

R2015b using GA in the Global Optimization Toolbox. As a well-recognized optimization 270 

technique, genetic algorithm GA has been used to solve the complex engineering optimization 271 

problem [33-37]. GA is an advanced search and optimization technique, developed by 272 

Holland [38] to imitate the process of natural selection. The main advantage of GA compared 273 

to traditional optimization methods is the reliability, accuracy and convergence speed in 274 

finding global optimal solutions in multi-objectives non-linear optimization problems [39, 275 

40]. The settings of the GA optimization parameters are listed in Table 2. A schematic 276 

flowchart of the optimization process is given in Figure 4. The optimization model is based on 277 

an open-source code, OptiCE [41]. 278 

 279 

Table 2: Genetic algorithm set parameters [42]. 280 

.Generations 800 

Population size 50 

Algorithm Variant of NSGA II 

Crossover function Heuristic 

Crossover rate (%) 50 

Mutation function Uniform 

Mutation rate (%) 5 



 281 

 282 

Figure 4: Optimization process flowchart. 283 

2.1.1 Building model  284 

In this study we assumed that the built environment area of the residential district is structured 285 

into typical Swedish single family houses with five occupants, a model of which is shown in 286 

Figure 5. The simulated building has a living space of 200 m2 distributed in two floors of 3 287 

meters height each. The temperature is kept constant at 20 ºC. The electric load of the building 288 

refers mainly to two different contributions: the first due to the electric consumption for 289 

appliances, lighting and water pumping; and, the second concerning the heat pump 290 

requirements for space heating and cooling, and domestic hot water. The electric consumption 291 

for appliances, and lighting, refers to measured data of a single family house with five occupants 292 

retrieved from Polysun database [43]. The electric consumption for pumping the harvested 293 

water volume has been calculated assuming an electric pump with an overall efficiency of 60%. 294 

The electric demand of the heat pump has been calculated from the thermal energy demand 295 



using an empirical relationship between ambient temperature and heat pump coefficient of 296 

performance COP [44].  297 

 298 

Figure 5: Swedish typical residential single family house. 299 

 300 

The thermal energy demand for space heating and cooling purposes Qh&c (W) has been 301 

calculated through the heating/cooling energy balance equation given by [45]: 302 

𝑄௛&௖ = 𝐻𝐿 − 𝐻𝐺 + 𝑀𝑐௣,௕

𝑑𝑇

𝑑𝑡
                                                                                                           (13) 303 

where, HL is the heat losses (W), HG is the heat gain (W), M is the mass of the building (kg), 304 

cp,b is the building specific heat capacity (Wh/(kg⋅ºC)), dT is the building hourly temperature 305 

variation (ºC), and dt is the time step (hour). The heat losses parameter takes into account the 306 

losses due to transmission HLt (W), ventilation HLv (W), and infiltration HLi (W). HG takes 307 

into account the heat gains (W). The heat gains caused by people, lighting system, and 308 

appliances have not been considered in this study due to their unpredictability in modelling. 309 

Similarly, the heat gains due to solar radiation have been omitted since depend on the specific 310 

orientation of the building and on the arrangement of the windows area. Moreover, we have 311 



assumed to keep constant the internal building temperature setting dT/dt equal to zero. It has to 312 

be pointed out that the building model used in this study is for providing an accurate overview 313 

of the residential district energy consumption for space heating and cooling rather than a 314 

detailed analysis of the energy consumption of the single buildings. Due to the assumptions 315 

made, the results provide the worst case scenario in terms of building energy demand. HLt, HLv, 316 

and HLi, are given by the following set of equations:  317 

𝐻𝐿௧ = 𝑈 ∙ 𝐴 ∙ (𝑇௜௡ − 𝑇௢௨௧)                                                                                                                  (14) 318 

𝐻𝐿௩ = (1 − 𝛼) ∙ 𝑛௩ ∙ 𝑉௩ ∙ 𝜌௔ ∙ 𝑐௣,௔ ∙ (𝑇௜௡ − 𝑇௢௨௧)                                                                           (15) 319 

𝐻𝐿௜ = 𝑛௜ ∙ 𝑉௜ ∙ 𝜌௔ ∙ 𝑐௣,௔ ∙ (𝑇௜௡ − 𝑇௢௨௧)                                                                                               (16) 320 

Where, U is the overall heat transfer coefficient of the building (W/(m2⋅ºC)), A is the total 321 

surface area of the building (m2), Tin is the set indoor temperature (ºC), Tout is the outdoor 322 

temperature (ºC), α is the heat recovery efficiency (%), nv is the ventilation air changes per hour 323 

(1/h), ni is the infiltration air changes per hour (1/h), Vv is the building ventilated volume (m3), 324 

Vi is the building infiltrated volume (m3), ρa is the air density (kg/m3), cp,a is the air specific heat 325 

(Wh/(kg⋅ºC). The daily average thermal energy demand for domestic hot water Qdhw (W) has 326 

been calculated with the following equation: 327 

𝑄ௗ௛௪ = 𝜌௪ ∙ 𝑐௣,௪ ∙ 𝑉ௗ,௣ ∙ (𝑇௛ − 𝑇௖)                                                                                                   (17) 328 

where, ρw is the water density (kg/m3), cp,w is the water specific heat (Wh/(kg⋅ºC), Vd,p is the 329 

daily volume of hot water per person (m3), Th and Tc are the hot and cold water temperatures 330 

(ºC). In this study, we assumed that the daily volume of hot water per person is equal to 70 l, 331 

and the hot and cold water temperatures are 55 and 10 ºC, respectively. The empirical 332 

relationship between ambient temperature and heat pump COP used to calculate the heat pump 333 

electricity consumption is the following [44]: 334 

𝐶𝑂𝑃 = 2.79 + 0.036 ∙ 𝑇௢௨௧ + 0.0006036 ∙ 𝑇௢௨௧
ଶ                                                                        (18) 335 

The main building simulation parameters are summarized in Table 3. 336 



 337 

Table 3: Building simulation parameters. 338 

Parameter Normal building Passive house 

U (W/(m2⋅ºC)) 0.5  0.13 

Tin (C) 20 20 

α (%) 0 50 

nv (1/h) 0.4 0.4 

ni (1/h) 0.6 0.3 

SHGC (%) 50 50 

WWR (%) 50 50 

 339 

To analyse the effects of building insulation on the electricity requirements of the heat pump 340 

for space heating, two different U-values have been chosen: 0.13 and 0.5, respectively. The 341 

former refers to the typical U-value of a passive building for a single family house, while the 342 

latter refers to the typical U-value of a normal building single family house [43]. 343 

2.1.2 Photovoltaic model 344 

The area for the installation of PV system comprises both the area for BIPV, assumed equal to 345 

half of the reference building roof, and the area for the installation of ground based PV systems. 346 

As regards the second typology, a ground area occupation ratio (defined as the ratio between 347 

solar panels area and total area) of 33%, corresponding to a pitch distance between photovoltaic 348 

rows of 9 m, has been assumed as guideline value to minimize the mutual shading between each 349 

row in Sweden. The assumption that all the building have a roof pitch south facing. The hourly 350 

power output from the PV system PPV (W) is given by [46]:  351 

𝑃௉௏ = ƞ௉௏𝐴௉௏𝐺௚,௧                                                                                                                                (12) 352 



Where, ƞPV is the efficiency of the PV module (%), APV is the PV array area (m2), and Gg,t is 353 

the global solar radiation on the tilted surface. In this study we have assumed an optimal tilt 354 

angle of 60° to maximize the solar energy harvested during the winter period, typically, the 355 

period when most of the energy consumption is concentrated. ƞPV is given by the following 356 

equation [46]: 357 

ƞ௉௏ = ƞ௉௏,ௌ்஼ ቈ1 +
𝜇

ƞ௉௏,ௌ்஼

(𝑇௔ − 𝑇ௌ்஼) +
𝜇

ƞ௉௏,ௌ்஼

(𝑁𝑂𝐶𝑇 − 20)

800
(1 − ƞ௉௏,ௌ்஼)𝐺௚,௧቉         (13) 358 

Where, ƞPV,STC is the efficiency of the PV module at standard test conditions (STC), μ is the 359 

temperature coefficient of the output power (%/°C), Ta is the ambient temperature (°C), TSTC is 360 

the standard test conditions temperature (25°C) and NOCT is the nominal operating cell 361 

temperature (°C). A summary of the simulated PV modules characteristics is given in Table 4. 362 

Table 4: Characterizing parameters of the PV module (Yingli 260 Wp polychristalline) [47]. 363 

Imp (A) 8.4 

Vmp (V) 30.8 

Isc (A) 9.0 

Voc (V) 38.2 

Area (m²) 1.62 

ηPV,STC (%) 16.02 

μVoc (V/°C) -0.129 

NOCT (°C) 42 

 364 

2.1.3 Wind power model 365 

In the optimization model, the wind turbine area refers to the sum of the acoustic influence 366 

areas of each installed wind turbine. A 30 kWr wind turbine model Jimp30 mounted on a 30 367 



meters tower has been chosen as reference generator to be easily integrated in residential areas 368 

[48]. The acoustic influence area has been calculated from the sound pressure level of the 369 

generator assuming to keep the noise emissions below 40 dB according to the Swedish 370 

regulations [49]. Assuming a hemispherical noise propagation, the sound pressure level Lp (dB) 371 

at a distance r (m) from the wind turbine is given by [18]:   372 

𝐿௣ = 𝐿௪௧ −10logଵ଴(2𝜋𝑟ଶ) − 𝛼𝑟                                                                                                      (14) 373 

Where, Lwt is the sound pressure level of the wind turbine, and α is the sound absorption 374 

coefficient assumed equal to 0.005 dB/m [18]. Lwt as been set equal to 88 dB, as derived from 375 

the wind turbine manufacturere company. The corresponding influence area to meet the noise 376 

pollution requirements is 25000 m2. The model of the hourly power output from the wind 377 

turbine power system PWT (W) is given by the following relationship [50]:  378 

𝑃ௐ் =

⎩
⎪
⎨

⎪
⎧ 𝑃௥

௩ೖି௩೔
ೖ

௩ೝ
ೖି௩೔

ೖ    (𝑣௜ ≤ 𝑣 ≤ 𝑣௥)

𝑃௥                     (𝑣௥ ≤ 𝑣 ≤ 𝑣௢)

0         (𝑣 < 𝑣௜  𝑎𝑛𝑑 𝑣 > 𝑣௢)

                                                                                     (15) 379 

where, Pr is the rated power (W), k is the velocity-power proportionality assumed equal to 3 380 

[51], vi, vr and vo are the cut-in, rated and cut-out characteristic speeds of the wind power curve 381 

(m/s), respectively. The wind speed v (m/s) at the hub height has been calculated using the wind 382 

profile power law relationship assuming a roughness coefficient of 0.14 [18]. vi, vr and vo have 383 

been set equal to 3.5, 11 and 20 m/s, respectively [48]. 384 

2.1.4 Battery model 385 

The battery is used in the optimization model to manage the mismatching between power 386 

production and load. The model calculates the hourly state of charge of the battery SOCbat (Wh) 387 

according to the following two equations, for charging and discharging processes, respectively 388 

[52]:  389 



𝑆𝑂𝐶௕௔௧(𝑡) = 𝑆𝑂𝐶௕௔௧(𝑡 − 1)(1 − 𝜎௦ௗ(𝑡)) + ቈ𝐸௣௥௢(𝑡) −
𝐸௟௢௔ௗ(𝑡)

𝜂௜௡௩
቉ 𝜂௕(𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔)              (16) 390 

𝑆𝑂𝐶௕௔௧(𝑡) = 𝑆𝑂𝐶௕௔௧(𝑡 − 1)(1 − 𝜎௦ௗ(𝑡)) + ቈ
𝐸௟௢௔ௗ(𝑡)

𝜂௜௡௩
− 𝐸௣௥௢(𝑡)቉ (𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔)             (17) 391 

where, σsd is the hourly self-discharge rate, Epro is the hourly energy produced from PV and 392 

wind turbine systems (Wh), Eload is the hourly load energy requirement (Wh), ηinv is the inverter 393 

efficiency (%), and ηb is the battery bank efficiency (%). The SOC is constrained to vary 394 

between SOCmin and SOCmax. The efficiency of the discharging process has been assumed equal 395 

to 100% [53]. The characteristic parameters of the battery model have been summarized in 396 

Table 5.   397 

Table 5: Characteristic parameters of the battery model [53]. 398 

σsd (%) 0.02 

ηc (%) 80 

ηinv (%) 90 

SOCmin (%) 20 

SOCmax (%) 100 

 399 

The procedure adopted by the optimization model to design the optimal battery capacity is to 400 

vary the battery capacity (a decisional variable of the optimization model) every optimization 401 

step to match energy consumption and production and to pursue two objective functions: 402 

maximize the reliability of the renewables Rren and at the same time minimize the life cycle cost 403 

LCCren. Every optimization step the entire energy system is simulated hour by hour and the 404 

objective functions are calculated. 405 



2.1.5 Water harvesting model 406 

Similarly to the battery model, the water harvesting model computes the state of fill of the 407 

water harvester SOFwh depending on the water harvested and water demand according to the 408 

following equations:  409 

𝑆𝑂𝐹௪௛(𝑡) = 𝑆𝑂𝐹௪௛(𝑡 − 1)(1 − 𝜎௘௩௔) + [𝑊௛௔௥௩௘௦௧௘ (𝑡) − 𝑊௟௢௔ௗ(𝑡)](𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔)            (18) 410 

𝑆𝑂𝐹௪௛(𝑡) = 𝑆𝑂𝐹௪௛(𝑡 − 1)(1 − 𝜎௘௩௔) + [𝑊௟௢௔ௗ(𝑡) − 𝑊௛௔௥௩௘௦௧௘ௗ(𝑡)](𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔)      (19) 411 

Where, σeva represent the water losses due to evaporation assumed equal to 0% due to the 412 

latitude of the site chosen, Wharvsted is the water volume harvested (m3), and Wload is the water 413 

volume demand (m3). The water harvested comprises both the water from precipitation both 414 

the water from snow melting assuming an average conversion ratio between snow and 415 

precipitation equal to 10%. The water load has been assumed equal to 1000 litres per day 416 

assuming five occupants and a specific water consumption of 200 litres per person and day [32]. 417 

Typically, the water household consumption can be apportioned in the following manner: 10 418 

litres for drinking and food, 40 for flushing the WC, 40 for dish-washing, 30 for laundry, 70 for 419 

personal hygiene, and 10 litres per person and day for other uses. Since the LCCwhs refers to a 420 

water harvesting system equipped with sanitation device, in this study we assumed to use the 421 

all harvested water with a comparable quality of the municipal water network. The municipal 422 

water network is assumed as a back-up system. The load profile has been assumed constant. 423 

Similarly to the battery system, the design of the optimal water harvesting capacity is carried 424 

out during the optimization process by varying the water harvesting capacity (a decisional 425 

variable of the optimization model) every optimization step to match water supply and demand. 426 

Every optimization step the water harvesting system is simulated hour by hour to maximize its 427 

reliability RELwhs and at the same time minimize the LCCwhs. 428 



2.2 Evaluated scenarios and cases  429 

In this study, we have evaluated three different scenarios based on the density of the 430 

residential district. In particular, we have considered the built environment area to change 431 

between 25%, 50%, and 75% of the entire km2, namely S1, S2, and S3 respectively.  Moreover, 432 

we have considered three different cases based on the load covered by the hybrid power system: 433 

a) the electric load refers only to the electric load of the household electric appliances and water 434 

pumping, namely C1; b) the electric load refer to the electric load of the appliances plus the 435 

electric load for domestic hot water and space heating and cooling assuming a building U-value 436 

of 0.13 (W/(m2⋅ºC)), namely C2; and c) the electric load refer to the electric load of the 437 

appliances and water pumping plus the electric load for domestic hot water and space heating 438 

and cooling assuming a building U-value of 0.5 (W/(m2⋅ºC)), namely C3.   439 

3 Results and discussions 440 

3.1 Climatic data 441 

The main climatic parameters affecting the hybrid power system and water harvesting system 442 

operation are shown in Figure 6. Gothenburg is marked out by an annual global solar irradiation 443 

of 957 kWh/m2, mostly concentrated between March and October. The annual average wind 444 

speed and precipitation is 2.6 m/s at 10 m height and 704 mm, respectively. The average annual 445 

snow depth is 32 mm and mainly distributed between December and March. 446 



 447 

Figure 6: Climatic data affecting the operation of hybrid power system and water harvesting 448 

system for Gothenburg. 449 

3.2 Electric and thermal demand and supply 450 

The profiles of the electric loads for appliances, and heat pump to cover the thermal demand of 451 

domestic hot water and space heating and cooling is depicted in Figure 7. The space heating 452 

and cooling load refers to the studied reference building marked out by a U-value equal to 0.5 453 

W/(m2⋅ºC). The difference in the electric load of the heat pump for space heating and cooling 454 

for different U-values, 0.13 and 0.5 W/(m2⋅ºC), is depicted in Figure 8. The annual energy 455 

consumption for space heating and cooling is 11.1 down and 4.48 MWh/year for the high and 456 

low U-value building, respectively. The space heating and cooling loads refer to the electricity 457 

consumption of the heat pump. The heat pump space heating and cooling consumption has been 458 

calculated from the thermal energy demand of the household using Equation 18 (heat pump 459 
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COP). A summary of the heating and cooling demand of the heat pump for the entire district as 460 

a function of scenarios and building type is provided in Table 6. 461 

 462 

Figure 7: Electricity monthly load profile. 463 
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 465 

Figure 8: Electricity monthly load profile for space heating as a function of the overall 466 

building U-value. 467 

Table 6: Heat pump electricity consumption as a function of scenarios and building type 468 

(GWh). 469 

Scenario Normal building  

(U-value=0.5 W/(m2⋅ºC)) 

Passive building 

(U-value=0.13 W/(m2⋅ºC)) 

S1 4.62 1.86 

S2 9.25 3.73 

S3 13.88 5.60 

 470 

A summary of the hourly specific electricity production (kWh/kW) for an entire year from the 471 

chosen small wind turbine model and PV system is depicted in Figure 9.  472 
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 473 

Figure 9: Specific energy production per installed kW of wind turbine and PV system in 474 

Gothenburg.  475 

As it can be seen from Figure 9, the pattern of the specific energy production from the wind 476 

turbine complement the pattern of the PV system specific energy production, especially during 477 

the winter months when the PV system production is low due to the high latitude of the selected 478 

site (Gothenburg). In particular, the energy production of the wind turbine (30 kWr) is 24 MWh, 479 

whereas the specific production of PV system is 1 MWh/kWp.  480 
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All the hourly climatic data used in this study are coming from a consistent database, 481 

Meteonorm [19]. Thus, the effect of both snowy days and rainy days on the solar radiation and 482 

thus on the PV power production is intrinsically taken into account. Nevertheless, the effect of 483 

the snow on the PV power production during the days after the snow event is not taken into 484 

account in this study for several reasons: it is difficult to predict, it is beyond the scope of this 485 

study, and the probability of having snow is higher during those months marked out by 486 

extremely weak solar radiation. It is worth to say that the effects of snow on the PV system 487 

production depends on several factors such as PV array tilt angle, snow texture and depth, and 488 

climatic conditions immediately after the snow event. A previous research study evaluated the 489 

losses due to snow ranging from 1% to 12% of the total annual energy production for Colorado 490 

and Wisconsin [54]. As can be seen from Figure 6, snow event can mostly occur in January, 491 

February, March and December. The cumulative solar irradiation of those months represents 492 

less than 20% of the total solar irradiation. Thus, it is likely that the snow is going to have a 493 

minor contribution on the total energy losses of the PV system 494 

3.3 Water demand and supply 495 

The monthly profile of water consumption and water harvested for a single household is 496 

presented in Figure 10. 497 



 498 

Figure 10: Water consumption and water harvested profile through the year in Gothenburg.  499 

 500 

On annual basis a single household of 5 occupants consumes 365 m3 based on the statistics of 501 

the Swedish Water & Wastewater Association [32]. The potential water harvested by a single 502 

household considering both precipitation and snow depth is 79.3 m3/year, about 25% of the 503 

annual consumption.  504 

3.4 Optimization results 505 

The results of the GA optimization process regarding the mutual relationship between LCC 506 

and reliability of renewables are depicted in Figures 11-13 in the form of a typical Pareto front. 507 

The results show that the LCC increase with the increase of the achievable reliability. Moreover, 508 

the LCC and reliability are functions of the built environment area and related electric load. A 509 

parity of reliability, the LCC increase with the increase of the built environment area due to the 510 
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high electric load. The system LCC and reliability are also closely dependent on the load to be 511 

covered and on the building type. A parity of reliability, the LCC increase passing from case 512 

C1 to case C3 considering to cover the electric load of the heat pump for different type of 513 

buildings. It has to be noted that for reliabilities equal to zero, the LCC are never equal to zero 514 

due to the definition of the LCC function that includes the LCC of electricity bought from the 515 

grid for meeting the electric load. It is interesting to note that for low reliabilities the Pareto 516 

front shows a slight bending towards lower LCC, see for example Figure 13, S3-C3. This is due 517 

to the LCC of electricity produced by renewables is lower than the LCC of electricity bought 518 

from the grid. This results is mainly due to the implementation of ground mounted PV systems. 519 

Higher reliabilities are guaranteed through the implementation of both building integrated PV 520 

systems but mainly through battery storage system that negatively affect the overall LCC. The 521 

results show that hybrid renewables based power system can achieve 95% reliability, assuming 522 

a built environment area that covers 25% (S1) of the entire study area for case C1. In case the 523 

built environment area covers 75% (S3) of the entire 1 km2, the reliability can achieve 70%. 524 

Considering to cover both the electrical demand for appliances and for space heating and 525 

cooling (C3), the maximum hybrid power system reliability range between 45% (S3) and 75% 526 

(S1). The high latitude of Sweden put a lot of challenges in exploiting solar resources and thus 527 

solar PV power. Even more crucial is the mismatch between solar electricity production and 528 

electricity consumption. To cope with such issue, hybrid renewable power systems 529 

(combination of different renewable based power system) equipped with energy storage can 530 

represent a solution, especially for single family households. The results of this study show that 531 

high hybrid power system reliabilities are difficultly achieved or are achieved but at high 532 

LCCren, in particular due to the high LCC of the energy storage system. Small-scale wind power 533 

system have competitive price compared to PV systems and can balance the weak energy 534 

production of PV systems during the winter months. Nevertheless, their integration in 535 



residential districts results difficult for problems related to sound and vibration emissions, 536 

visual impacts, and turbulence effects that can reduce the energy output.  537 

 538 

Figure 11: Hybrid power system optimization results for scenarios/case S1/S2/S3-C1. 539 

 540 



 541 

Figure 12: Hybrid power system optimization results for scenarios/case S1/S2/S3-C2. 542 

 543 



 544 

Figure 13: Hybrid power system optimization results for scenarios/case S1/S2/S3-C3. 545 

 546 

The GA optimization results regarding the LCC and reliability of the water harvesting system 547 

are depicted in Figure 14. Similarly to what investigated for the renewables, the LCC of the 548 

water harvesting system increase with the increase of the reliability and built environment area. 549 

It is interesting to note that the water harvesting system reliability is always higher than 0, about 550 

5-10%, due to the assumption of using the roof area as part of the total harvester area. At the 551 

same time, the LCC are never equal to 0 due to the definition of the LCC function that includes 552 

the LCC of water bought from the water network for meeting the buildings water load. 553 

Nevertheless, differently to the renewables distribution optimization, the optimization results 554 

regarding the water harvesting system are more scattered, especially for the scenarios S1 and 555 

S2. This is due to the multi objective nature of the optimization problem. In fact, the objective 556 

of increasing the renewables reliability is generally pursued by increasing the PV area, 557 

especially ground mounted PV area, and battery capacity. Nevertheless, high renewables 558 

reliabilities can be achieved by increasing the battery storage capacity without further 559 

increasing the ground mounted PV area. The water harvested depends on the ground PV system 560 

area and on the water harvesting system capacity that is an independent variable as well. As a 561 

result, the Pareto front is scattered. Taking into consideration scenario S3 the optimal point are 562 

more concentrated because the ground mounted PV area is limited due to the high built 563 

environment area and higher reliabilities can be achieved with higher water harvesting system 564 

capacities but at high LCC. The water harvesting system can meet the water load from 30% to 565 

100% depending on the scenarios considered, S3 and S1 respectively. A summary of the 566 

optimization results for the scenario-case S2-C3, renewables and water harvester reliabilities 567 



and LCC, surplus of electricity injected into the grid and the corresponding values of the 568 

decisional variables is given in Table 7. 569 

     570 

Figure 14: Water harvesting system optimization results for scenarios S1/S2/S3. 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 



 580 

Table 7: Optimization results for the scenario-case S2-C3. 581 

LCCren 

(M$) 

Rren 

(%) 

LCCwhs 

(M$) 

Rwhs 

(%) 

ES 

(GWh) 

ABIPV 

(km2) 

APV 

(km2) 

Awind 

(km2) 

Bc 

(MWh) 

WHc 

(m3) 

106.622 57.557 34.139 49.909 162.688 0.036 0.330 0.000 7.962 22401.382 

102.935 53.676 19.411 47.694 171.367 0.036 0.340 0.000 6.123 12566.558 

94.005 52.785 16.705 47.329 131.627 0.009 0.342 0.000 6.488 10759.925 

85.520 43.539 53.362 38.790 84.155 0.040 0.138 0.025 4.250 35137.792 

85.330 41.438 36.986 44.018 120.941 0.026 0.250 0.000 2.835 24258.901 

73.446 30.514 52.945 30.537 43.437 0.040 0.035 0.025 1.785 34801.875 

71.209 29.098 12.550 31.553 77.118 0.023 0.152 0.025 0.024 7878.630 

68.232 25.160 4.268 21.998 46.518 0.033 0.053 0.000 0.000 2290.031 

67.477 22.226 60.754 29.144 32.867 0.040 0.000 0.025 0.000 40000.000 

67.477 22.226 60.754 29.144 32.867 0.040 0.000 0.025 0.000 40000.000 

67.477 22.226 60.754 29.144 32.866 0.040 0.000 0.025 0.000 40000.000 

67.477 22.226 60.754 29.144 32.866 0.040 0.000 0.025 0.000 40000.000 

67.053 26.119 45.249 35.137 53.059 0.019 0.112 0.000 0.000 29702.745 

61.534 14.566 43.647 27.317 10.331 0.015 0.016 0.000 0.006 28579.600 

59.228 11.084 1.009 5.331 5.150 0.000 0.043 0.000 0.000 1.888 

 582 

In all the presented optimization results, the maximum available area for building integrated 583 

photovoltaic systems, equal to 58900 m2, is never reached since the power produced from 584 

ground mounted PV systems is preferred due to the lower LCC costs. Renewables reliabilities 585 

higher than 30% are achieved through the implementation of energy storage systems. In most 586 

of the optimization results, PV systems are preferred to wind power systems both for economic 587 

reason but also for the weak wind potential marking out the case study. The reliability of the 588 

water harvesting system are closely connected to the ground mounted PV system area or water 589 

harvester capacity. The resulting LCOE for scenario-case S2-C3 are presented in Figure 15 as 590 

a function of the reliability and considering subsidies on residential and commercial/utility scale 591 

PV systems. 592 



 593 

Figure 15: LCOE as a function of the reliability and subsidies. 594 

The LCOE range between 0.096 and 0.212 $/kWh with a minor tendency to increase at higher 595 

reliabilities. Taking into account the subsidies shifts the LCOE range between 0.069 and 0.186 596 

$/kWh. Obviously, the calculation of the LCOE is closely dependent on several factors, 597 

primarily economic but also technical. A sensitivity analysis on how the most significant 598 

parameters, such as residential PV system ICC, ground mounted PV system ICC, and battery 599 

ICC, can affect the variation of the LCOE for different overall system reliabilities are presented 600 

in Figures 16a and 16b, for low (10%) and high (60%) reliability, respectively. The influence 601 

of each parameter is studied with a percentage of variation ranging between -/+ 50%. The 602 

effects of wind turbine costs on the LCOE have not been investigated due to the results shown 603 

in Table 111111 where the wind turbine selection is very limited. At low reliabilities, the ground 604 

PV system investment cost has the strongest impact on the LCOE, followed by the building 605 

integrated PV system. A variation of 50% for the ground mounted PV system ICC can results 606 



in a variation of 40% in the LCOE. The match between power production and consumption 607 

allows to achieve low reliabilities without the integration of battery storage systems. This 608 

explains why the variation of the battery ICC has no effect on the LCOE variation at low 609 

reliabilities. At high reliabilities, the ground mounted PV system ICC still play the key role in 610 

affecting the LCOE but in this case even the battery ICC can have a strong impact comparable 611 

to the ICC of the building integrated PV system. Despite the battery system increase the LCOE, 612 

it has to be highlighted that the LCOE as indicator does not quantify the value of the service 613 

provided: the system reliability.  614 

 615 

Figure 16: Effects of specific cost variation on the LCOE (a) low reliabilities; b) high 616 

reliabilities). 617 

The LCOW as a function of the reliability of the water harvesting system is depicted in Figure 618 

17 together with the main parameters affecting the water harvesting reliability: the building 619 

integrated PV area, the ground mounted PV area, and the water harvester volume. For 620 
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reliabilities below 20% the LCOW is kept below 1$/m3 that is a competitive compared with the 621 

water tariff of 1.7 US$/m3. This reliabilities range can be achieved with the roof areas and small 622 

scale water harvester tanks, easy to be connected to the building and implemented in residential 623 

districts. Higher reliabilities can be achieved through the use of further rainfall harvesting areas 624 

and larger scale water harvester tanks with the effect of extremely high LCOW. Similarly for 625 

the LCOE, the LCOW cannot quantify the added value for having a water backup. Both for the 626 

LCOE and LCOW the results achieved are tightly linked to the particular climatic conditions 627 

of the selected site.  628 

 629 

Figure 17: LCOW as a function of water harvesting system reliability, and reliability as a 630 

function of ground mounted PV area and water harvester capacity.   631 
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As stated at the beginning of this study, the developed model can be used to assess the water 633 

and energy performance of existing district or for the planning of new ones. Taking as example 634 

the part of residential district studied in Figure 2, the proposed model can be used for evaluating 635 

the energy demand and for providing suggestions for improving energy and water performances 636 

of the district. A potential improvement scenario of the energy and water efficiency is depicted 637 

in Figure18 where the integration of building integrated PV systems, ground mounted PV 638 

systems, wind turbine, battery storage, and water harvesting system is implemented. In 639 

particular the depicted scenarios shows the integration of both centralized and decentralized 640 

energy and water storage systems on a district level. It has to be highlighted that the integration 641 

of wind power system and ground mounted PV system has been executed on the public green-642 

leisure area. In the real case, the social and environmental values of the green spaces have to be 643 

carefully taken into account but this aspect is beyond the scope of this study.  644 

In this study, we have assumed to use all the rainfall and snow harvested by building roof area 645 

and ground mounted effective PV system area to meet the water loads of the households. This 646 

assumption may cause an alteration of the hydrological cycle and cause a decline of the 647 

groundwater level. These negative effects are connected to the extension of the building area 648 

and several other human, climatic and natural factors. Nevertheless, the investigation of these 649 

effects is beyond the scope of this article.   650 



 651 

Figure 18: Renewables and water harvesting integration in the residential district. 652 

4 Conclusions 653 

This study present an optimization model to evaluate the optimal area distribution among 654 

built environment area, and area for the installation of the renewables to achieve high 655 

renewables and water harvesting reliabilities compared to electricity and water loads for a 656 



residential district of Gothenburg, Sweden. The optimization process minimizes the life cycle 657 

costs of the hybrid renewables based power system and water harvesting systems guaranteeing 658 

at the same time their maximum reliabilities. From the result achieved the following 659 

conclusions can be drawn: 660 

 661 

 The optimization results show that the reliability of the hybrid renewables based power 662 

system can vary between 40 and 95% depending on the scenarios considered regarding 663 

the built environment area and on the cases concerning the overall electric load.  664 

 The life cycle cost increase with the increase of the achievable hybrid power system 665 

reliability. The life cycle cost and reliability are functions of the considered built 666 

environment area and related electric load. Assuming the same reliability, the life cycle 667 

cost increases with the increase of the built environment area due to the high electric 668 

load, and it increases increasing the overall electric load. 669 

 The levelized cost of electricity vary between 0.096 and 0.212 $/kWh. The levelized 670 

cost of electricity is mainly sensitive to the ground mounted PV system specific cost at 671 

low reliabilities and to both ground mounted PV system and battery system specific 672 

costs at high reliabilities.  673 

 The maximum water harvesting system reliability varies between 30% and 100% 674 

depending on the built environment area distribution. For annual reliabilities below 20% 675 

the levelized cost of water is kept below 1$/m3 making it competitive with the network 676 

water tariff. 677 

 678 

The developed model will be further developed to also study other type of urban districts. 679 

Moreover, other services, such as other renewables and sustainable solutions, wastewater 680 



treatment and transportation will be included in the optimization process. Other sites with 681 

different climatic conditions will be studied as well. 682 
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