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Abstract

Many cities around the world have reached a critical situation when it comes to energy and
water supply, threatening the urban sustainable development. From an engineering and

architecture perspective it is mandatory to design cities taking into account energy and water
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issues to achieve high living and sustainability standards. The aim of this paper is to develop
an optimization model for the planning of residential urban districts with special consideration
of renewables and water harvesting integration. The optimization model is multi-objective
which uses a genetic algorithm to minimize the system life cycle costs, and maximize
renewables and water harvesting reliability through dynamic simulations. The developed model
can be used for spatial optimization design of new urban districts. It can also be employed for
analyzing the performances of existing urban districts under an energy-water-economic
viewpoint.

The optimization results show that the reliability of the hybrid renewables based power system
can vary between 40 and 95% depending on the scenarios considered regarding the built
environment area and on the cases concerning the overall electric load. The levelized cost of
electricity vary between 0.096 and 0.212 $/kWh. The maximum water harvesting system
reliability vary between 30% and 100% depending on the built environment area distribution.
For reliabilities below 20% the levelized cost of water is kept below 1$/m? making competitive

with the network water tariff.

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

harvesting, residential urban districts.

1 Introduction

According to the World Health Organization, more than half of the current world’s population
(53%) lives in urban areas [1], whereas the United Nations forecasts project that 6.3 billion
people are going to live in cities by 2050 [2]. Thus, the sustainability of cities around the world
is threatened by the growing demand for energy, water and food supplies. The urban water-

energy-food nexus development requires an integrated design process that comprises not only
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policies but also technical solutions [3]. From an engineers and architects point of view, the
above mentioned statistics put a lot of pressure on how to design our modern and future cities.
The aim of this paper is to analyse the integration of renewable hybrid power systems and water
harvesting technology into the urban environment as sustainable solutions for high urban water
and energy self-sufficiency. In particular, this study aim at analyse the reliability of renewables
and water harvester compared to electricity and water loads in a residential district.

Hybrid power systems have been studied thoroughly especially for off-grid applications. Ma et
al. studied the optimal integration of solar, wind and hydro pumped storage systems for a few
hundred kW microgrid in a remote island in Hong Kong [4]. The authors concluded that for an
optimal design of a standalone hybrid power supply system, the combination of wind and solar
energy is essential [5]. Using a particle swarm optimization algorithm, Shang et al. studied the
optimal size of the battery capacity in solar/wind/diesel standalone hybrid power system for a
tropical island near Singapore [6]. The authors focused in particular on optimal dispatch of the
stand-alone system to minimize the operation costs and at the same time increase the penetration
level of renewables. Gan et al. developed a software tool for sizing off-grid hybrid renewable
energy systems using a location in Scotland as a case study [7]. The developed tool was intended
to support project management in evaluating the batteries and diesel generator capacities based
on the renewable available resources both for short and long term operation using a life cycle
cost approach. Maleki and Pourfayaz studied the optimization of hybrid renewables based
power system for a specific site in the South of Iran [8]. In particular the authors focused on the
evaluation of different evolutionary algorithms for optimum sizing of a solar/wind/battery
hybrid system to meet the load demand while minimizing the total annual cost and loss of power
supply probability.

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

become a recent research topic for high energy performances buildings. Gonzélez et al. studied
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the optimization of a grid-connected hybrid renewables based power system compared to a
given electricity demand for case study in Catalonia [9]. Using particle swarm optimization,
Garcia-Trivifo et al. studied the optimal power control of a grid-connected inverter supplied
from a solar/wind hybrid power system equipped with battery and hydrogen storage systems
[10].

Lu et al. presented a comprehensive review on the design and control approaches of the
nearly/net zero energy building highlighting the lack of optimal design and control strategies
[11]. Carlucci et al. presented a multi objective optimization model for the design of a detached
net zero-energy house located in the South of Italy to minimize thermal and visual discomfort
using uses the non-dominated sorting genetic algorithm [12]. The authors highlighted the
importance of using complex optimization problems with many objective functions to assess
the effects of a large number of available building variants. Lu et al. compared the optimal
design of buildings using single objective and multi objective optimization using genetic
algorithm for two case studies [13]. The authors concluded that optimization of buildings with
renewable energy systems can lead to better performances than the benchmark building
considered in their study. Moreover, the authors verified that single objective optimization can
provide the best solution while multi objectives optimization can guide designers for better
trade-off solutions. Using distributed energy system for meeting the energy demand, Lu et al.
proposed a multi-objective optimization approach based on genetic algorithm for a net-zero
exergy district in Hangzhou, China [14]. The optimization model was to minimize the e life
cycle cost of the system and at the same time maximize the exergy efficiency including twelve
energy supply systems to provide power and heat. The optimization model was based on the
operation time of each energy supply technology.

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

technical solution to face the exacerbation of water issue in urban areas. Mehrabadia et al.
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assessed the residential rainwater harvesting efficiency to meet non-drinkable water demands
in three different Iranain cities marked out by different climate conditions (Mediterranean,
humid and arid climate) [15]. The study concluded that the tank capacity is a key factor to
consider for maximizing rainwater storage, the optimal water tank is striclty dependent on
precipitation amount and roof area, and rainwater harvesting efficiency is dependent on climate.
Hashim et al. focused on simulations and optimization of large scale rainwater harvesting [16]
describing a new designing technique. The optimization model was based on the minimization
of the total system costs including supplemental cost for the utility water to meet the water
demand. The conducted simulations showed that roof area and water demand are the main key
factors affecting the storage tank size. Chiu et al. proposed an optimization approach for
rainwater harvesting systems with special consideration of energy-saving approach for hilly
communities [17]. Using a water-energy nexus approach, the authors conluded that rainwater
harvesting systems are both a water-saving method and also an energy-saving technique for
hilly location.

Compared to previous studies, as far as the authors are aware, the novelty of the present work
is to develop a general optimization tool to study the optimal integration of hybrid power
systems and water harvesting techniques in the urban environment in order to achieve high
sustainability standards. This tool allows to study the reliability of renewables equipped with
energy storage and water harvesting system in residential districts compared to electricity and
water loads, respectively. A novel aspects of the paper is to analyse the interrelation between
water and power mainly assuming ground mounted photovoltaic systems as water harvesting
area. A further novel aspect of the optimization tool is using a spatial perspective rather than a
power and water harvester systems perspective used in previous research works to optimize the
match between energy and water demand, and supply. The optimization model finds the optimal

area distribution within 1 km? between the built environment area, and area for the installation
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of renewables, taking into account that part of the residential district area is used as urban leisure
area and for the road network. The model considers the following renewables and energy
storage system: building integrated photovoltaic systems (function of the built environment
area), ground mounted photovoltaic systems, wind turbines and battery storage system. The
water harvesting system comprises the harvesting area, assumed equal to the roof area (function
of the built environment area), the effective ground mounted photovoltaic area, and the water
tank. The optimization model is based on annual hourly dynamic simulations of the renewables,
energy and water storage systems. A typical residential district of Gothenburg, Sweden, is taken
as case study to identify the main built environment area parameters.

The developed model can be used for the design of new urban districts or to evaluate the
performances and provide suggestions for existing urban districts under an energy, water and
economic viewpoints to promote renewables and water harvesting integration. It has to be
pointed out that the developed tool represents a general integrated model that can be applied for
energy and water harvesting performances everywhere and for different types of district, and it
can thus represents a handy instrument for engineers, architects and urban planners.

This paper is organized as follows: section 2 deals with the methodology applied in this study
and in particular with the developed optimization model based on the simulation of several sub-
models, such as building, photovoltaic power, wind power, battery state of charge, and water
harvester state of fill; in section 3, the results of the optimization are presented and discussed;
in section 4 the outcomes of this study are summarized and the directions for future studies are

discussed.

2 Methodology

In a typical residential km? there can be a combination of different areas with different
intended uses, proportions and layouts as shown in Figure 1 as a conceptual framework. The

built environment area determines the electric and water consumption profiles depending on
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the number of dwelling units in a given area. At the same time, the built environment area put
constraint on the building integrated PV area. In this study we have considered half of the roof
is used to install building integrated PV system. Similarly, the building integrated water
harvesting area is function of the built environment area since it has been assumed that the
entire roof is used to collect rainwater. The water harvesting area is also function of the area for
the installation of ground based PV systems. In this study we have assumed that the effective
ground based PV systems area is used as a further water harvesting area. The green-leisure area
and area occupied by the road network have been set equal to 10% of the entire km? and 10%
of the built environment area, respectively. These assumptions have been made based on the
photointerpretation of a typical residential district in Gothenburg, as shown in Figure 2. The
same approach has been used to evaluate the building and garden areas for a typical residential
house. The area for the installation of ground based PV takes into consideration a land use factor
(defined as the ratio between solar panels area and total area) of 33% due to the high latitude of
Gothenburg. The wind turbine area refers to the acoustic influence areas of each installed wind
turbine. The acoustic influence area has been calculated from the sound pressure level of the
generator assuming to keep the noise emissions below 40 dB according to the Swedish
regulations [18]. The battery balances the mismatch between energy production and
consumption. The electric grid is considered as back-up for the PV-wind-battery system while
the dumped power production is assumed to be injected into the grid. Similarly, the water
harvester balances the mismatch between water harvested and consumed. A schematic diagram
of the hybrid power/water harvesting system investigated is given in Figure 3.

The optimization process finds the optimal area distribution that minimize the life cycle costs
(LCC) of hybrid and water harvesting systems and at the same time maximizes their reliability.
The decisional variables of the optimization problem are the following: built environment area

(used as sensitive parameters), ground based PV system area, wind turbine area, battery and
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water harvester capacities. The current version of the model allows to optimize the areas
distribution but it does not provide any information regarding the spatial location of the
decisional variables. The weather data in for the selected location, including the global
horizontal radiation (W/m?), the diffuse horizontal radiation (W/m?), wind speed (m/s), ambient
temperature (°C), precipitation (mm) and snow depth (mm), is taken from a global climatic

database, Meteonorm [19].

BUILT ENVIRONMENT AREA

ROAD NETWORK AREA

Figure 1: Conceptual framework of 1km? residential district.



LEGEND

Hl ROAD NETWORK AREA
Bl PUBLIC GREEN-LEISURE AREA
Hl SINGLE FAMILY HOUSE BUILDING AREA
178 1 SINGLE FAMILY HOUSE GARDEN AREA
179 Figure 2: Photointerpretation of a residential area.
180
181 Figure 3: Hybrid power/water harvesting system schematic layout (a) ground mounted PV

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

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

The optimization problem finds the optimal area distribution (among built environment area,
ground based PV system area, wind turbine area) that minimize the LCC of the renewable based
hybrid power system LCC}., and the LCC of the water harvesting systems LCCys and at the
same time maximizes their reliability, R, and Ry.s respectively, and minimize the surplus of
power injected into the grid S, that means maximizing the renewable power self-consumption.
Renrepresents the hours during which the power consumption is met by the renewables power
production (equipped with the battery storage system). Similarly, R refers to the number of
hours the water consumption is covered by the water harvesting system. The mathematical

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

min(LCCprep) (D
min(LCC,ps) (2)
max(Ryen) (3)
max(Ryns) (4)
min(S) (5)

(BEA = 25,50,75% of 1km?

0 < PVA < 0.75 km?

0 < WTA < 0.75 km?

constraints { BEA + PVA + WTA + RNA + GLA = 1km? (6)
RNA = 12% BEA

0 < BC <10 MWh

\0 < WHC < 4000 m3

Where, BEA stands for built environment area, PVA for ground mounted PV systems area, WTA
for wind turbine area, RNA for road network area, GLA for green-leisure area, BC for battery
capacity, and WHC for water harvester capacity. The LCC}., comprises the life cycle cost of
the ground based PV systems LCC,,, building integrated PV systems LCCp;py, wind turbine
LCC\y, battery LCChpan, and electricity taken from the electric network to meet the load LCCex

At the same time the LCC., takes into account the life cycle revenues LCC due to carbon tax
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LCC, that penalizes the electricity taken from the grid, and electricity surplus generated by the
hybrid power system and fed into the grid LCR.s. The LCCyis comprises the life cycle cost of
the water harvester and related installations LCCy, and the water taken from the water network

LCCyy. The LCCren and LCCyys are calculated by the following equations [20, 21]:

LCC,,, = ICC EN by EN _ Y 1oy %)
ren = ren ~n LT Ny —r) — N
P} 14+ £ 1410 1+
LCC Icc E E TR) — — 8
whs = 1Clwhs (1+l)n (1 nTIC aror ®)

Where, /ICCy., is the initial capital cost of the renewables based system (US$), /CCys is the
initial capital cost of the water harvesting system (USS$), N is the lifetime of the project (years),
d; 1s the annual depreciation (USS$), 7 is the interest rate (%), r is the tax rate (%), a; is the annual
costs (US$), and s is the salvage value (USS). N, i, and # have been set equal to 30 years, 1%,
and 22% [22]. The depreciation has been assumed straight-line and salvage value equal to 10%
of the ICC [18]. LCCren and LCCyyis are given by the following equations:

LCCren = LCCpyy + LCChypy + LCCyy + LCCpgee + LCCpp + LCCor — LCR 9)

LCCyps = LCC,,,, + LCC,,y, (10)
The optimization model is based on hourly dynamic models of the building energy demand, PV
system, wind turbine, battery and water harvesting system charge and discharge. The decision
variables of the optimization model include: (I) the ground mounted PV area; (II) the wind
turbines area; (I1I) the battery capacity (MWh); and the water harvester capacity (m?). The built
environment area has been considered as a sensitive parameters and varied in the range 25% to

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

Table 1.
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Table 1: Economic parameters affecting the LCC function.

LCCpy (US$/W,) 2.7
LCClripv (US$/W,) 3.6
LCCuw (US$/W,) 2.4
LCCpat (US$/Wh) 3.1
LCCws (US$/m?) 1500
LCCen (US$/kWh) 4.4
LCRes (US$/kWh) 1.1
LCCyn (US$/m?) 3.6

The LCC have been calculated from the ICC considering fixed annual maintenance costs and
replacement costs of the main components. The renewables ICC have been taken from the 2015
IRENA (International Renewable Energy Agency) report on renewable power generation costs
in 2014 and refer to the average installation costs for residential and utility scale projects [23].
The ICC of residential PV systems, ground mounted PV systems and wind turbine have been
set equal to 2500 US$/kWp, 2000 US$/kWp, and 1700 USS/kW. As regards PV systems, the
Swedish government has promoted the installation of grid connected PV systems with
supporting policies since 2005 [24]. In 2016, the overall government investment will account
for 225 million SEK (approximately 27 million US$). Since the 1% January 2015, the supporting
scheme compensates 30% of the grid connected PV system investment costs for commercial
companies, and 20% for individual homeowners. The highest subsidy is 1.2 million SEK
(approximately 150,000 US$) and the eligible costs may not exceed 37 000 SEK
(approximately 4,500 USS$) plus VAT per installed kW, [25]. In calculating the LCC of
residential and ground mounted PV systems, we have not considered any subsidy, whereas in

calculating the levelized cost of electricity (LCOE) we have analysed the effects of considering
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or not the subsidy. The annual operation and maintenance cost have been conservatively set
equal to 2% of the ICC.

The replacement costs are mainly for the inverter, assumed to be replaced every 10 years, and
are equal to 450 US$/kW for residential systems and 250 US$/kW for larger scale systems [26].
The LCC of the battery have been calculated assuming a specific ICC of 700 US$/kWh (Li-on
battery pack) [27], an annual maintenance costs equal to 5% of the ICC, and replacements every
7 years. The LCC of the water harvesting system have been calculated from the ICC and
operating costs given in Gurung et Sharma [28]. The electricity price for domestic consumers
including all taxes and levies for Sweden is 0.185 €/kWh (0.21 US$/kWh) [29]. In this study,
it has been assumed that the surplus of electricity generated by the renewables can sold to the
electric grid at a price of 0.05 US$/kWh considering both spot price and green certificates [30].
Green certificates are also the only incentives to support wind power projects [31].

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

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

to the following equations [20, 21]:

LCCyy + LCChipy + LCCyyt + LCCpgyy

LCOE = (11)
T
EP I Ts o7
LCC
LCOW = A (12)
WH Zn=s 4y

Where, EP is the annual energy production (kWh), WH is the annual water harvested (m?), and
r, is the degradation rate (%). 7; for the renewables based system has been assumed equal to 1%
considering mainly the photovoltaic system degradation, while it has been assumed 0% for the
water harvesting system.

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

requirements, PV system and wind turbine power production, and battery and water
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harvesting system charge and discharge. The optimization model is implemented in Matlab
R2015b using GA in the Global Optimization Toolbox. As a well-recognized optimization
technique, genetic algorithm GA has been used to solve the complex engineering optimization
problem [33-37]. G4 is an advanced search and optimization technique, developed by
Holland [38] to imitate the process of natural selection. The main advantage of GA compared
to traditional optimization methods is the reliability, accuracy and convergence speed in
finding global optimal solutions in multi-objectives non-linear optimization problems [39,
40]. The settings of the GA optimization parameters are listed in Table 2. A schematic
flowchart of the optimization process is given in Figure 4. The optimization model is based on

an open-source code, OptiCE [41].

Table 2: Genetic algorithm set parameters [42].

.Generations 800
Population size 50
Algorithm Variant of NSGA 11
Crossover function Heuristic
Crossover rate (%) 50
Mutation function Uniform
Mutation rate (%) 5
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Figure 4: Optimization process flowchart.

2.1.1 Building model

In this study we assumed that the built environment area of the residential district is structured
into typical Swedish single family houses with five occupants, a model of which is shown in
Figure 5. The simulated building has a living space of 200 m? distributed in two floors of 3
meters height each. The temperature is kept constant at 20 °C. The electric load of the building
refers mainly to two different contributions: the first due to the electric consumption for
appliances, lighting and water pumping; and, the second concerning the heat pump
requirements for space heating and cooling, and domestic hot water. The electric consumption
for appliances, and lighting, refers to measured data of a single family house with five occupants
retrieved from Polysun database [43]. The electric consumption for pumping the harvested
water volume has been calculated assuming an electric pump with an overall efficiency of 60%.

The electric demand of the heat pump has been calculated from the thermal energy demand
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using an empirical relationship between ambient temperature and heat pump coefficient of

performance COP [44].

Figure 5: Swedish typical residential single family house.

The thermal energy demand for space heating and cooling purposes Onsc (W) has been

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

dT
Qnrgc = HL — HG +Mcp,bE (13)

where, HL is the heat losses (W), HG is the heat gain (W), M is the mass of the building (kg),
Cp,b 1s the building specific heat capacity (Wh/(kg:-°C)), dT is the building hourly temperature
variation (°C), and dt is the time step (hour). The heat losses parameter takes into account the
losses due to transmission HL, (W), ventilation HL, (W), and infiltration HL; (W). HG takes
into account the heat gains (W). The heat gains caused by people, lighting system, and
appliances have not been considered in this study due to their unpredictability in modelling.
Similarly, the heat gains due to solar radiation have been omitted since depend on the specific

orientation of the building and on the arrangement of the windows area. Moreover, we have
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assumed to keep constant the internal building temperature setting d7/dt equal to zero. It has to
be pointed out that the building model used in this study is for providing an accurate overview
of the residential district energy consumption for space heating and cooling rather than a
detailed analysis of the energy consumption of the single buildings. Due to the assumptions
made, the results provide the worst case scenario in terms of building energy demand. HL,, HL,,

and HL,, are given by the following set of equations:

HL,=U"-A- (Tin - Tout) (14)
HL, = (1_a)'nv'Vv'pa'Cp,a'(Tin_Tout) (15)
HL; =n; "V pg- Cpa“ (Tin - Tout) (16)

Where, U is the overall heat transfer coefficient of the building (W/(m?-°C)), 4 is the total
surface area of the building (m?), Ti is the set indoor temperature (°C), Tou is the outdoor
temperature (°C), a is the heat recovery efficiency (%), n, is the ventilation air changes per hour
(1/h), n; is the infiltration air changes per hour (1/h), ¥, is the building ventilated volume (m?),
Vi is the building infiltrated volume (m?), p,, is the air density (kg/m?), ¢, . is the air specific heat
(Wh/(kg-°C). The daily average thermal energy demand for domestic hot water Qunv (W) has
been calculated with the following equation:

Qanw = Pw " Cpw " Vap - (Th — T¢) 17)
where, p,, is the water density (kg/m?), c,w is the water specific heat (Wh/(kg-°C), Va4, is the
daily volume of hot water per person (m?), 7, and T, are the hot and cold water temperatures
(°C). In this study, we assumed that the daily volume of hot water per person is equal to 70 1,
and the hot and cold water temperatures are 55 and 10 °C, respectively. The empirical
relationship between ambient temperature and heat pump COP used to calculate the heat pump
electricity consumption is the following [44]:

COP = 2.79 + 0.036 - T, + 0.0006036 - T, (18)

The main building simulation parameters are summarized in Table 3.
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Table 3: Building simulation parameters.

Parameter Normal building | Passive house
U (W/(m?°C)) |0.5 0.13

Tin (C) 20 20

a (Y0) 0 50

ny (1/h) 0.4 0.4

n; (1/h) 0.6 0.3

SHGC (%) 50 50

WWR (%) 50 50

To analyse the effects of building insulation on the electricity requirements of the heat pump
for space heating, two different U-values have been chosen: 0.13 and 0.5, respectively. The
former refers to the typical U-value of a passive building for a single family house, while the

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

2.1.2  Photovoltaic model

The area for the installation of PV system comprises both the area for BIPV, assumed equal to
half of the reference building roof, and the area for the installation of ground based PV systems.
As regards the second typology, a ground area occupation ratio (defined as the ratio between
solar panels area and total area) of 33%, corresponding to a pitch distance between photovoltaic
rows of 9 m, has been assumed as guideline value to minimize the mutual shading between each
row in Sweden. The assumption that all the building have a roof pitch south facing. The hourly

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

Ppy = npyApyGy (12)
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Where, 5py is the efficiency of the PV module (%), 4py is the PV array area (m2), and Gg is
the global solar radiation on the tilted surface. In this study we have assumed an optimal tilt
angle of 60° to maximize the solar energy harvested during the winter period, typically, the
period when most of the energy consumption is concentrated. #py is given by the following
equation [46]:

1 4 (NOCT - 20)
(Tq — Tsre) +

Npy,stc Npy,stc 800

Npy = Npysrc |1+ (1 —npysrc) Gyt (13)

Where, npy,src is the efficiency of the PV module at standard test conditions (STC), u is the
temperature coefficient of the output power (%/°C), T4 is the ambient temperature (°C), Tsrc is
the standard test conditions temperature (25°C) and NOCT is the nominal operating cell

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

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

Imp (A) 8.4
Vip (V) 30.8
L (A) 9.0
Ve (V) 38.2
Area (m?) 1.62

nev.stc (%) 16.02

tvoe (V/°C) -0.129

NOCT (°C) 42

2.1.3  Wind power model
In the optimization model, the wind turbine area refers to the sum of the acoustic influence

areas of each installed wind turbine. A 30 kW, wind turbine model Jimp30 mounted on a 30
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meters tower has been chosen as reference generator to be easily integrated in residential areas
[48]. The acoustic influence area has been calculated from the sound pressure level of the
generator assuming to keep the noise emissions below 40 dB according to the Swedish
regulations [49]. Assuming a hemispherical noise propagation, the sound pressure level L, (dB)

at a distance » (m) from the wind turbine is given by [18]:
L, = Ly —10log,o(2n7r?) — ar (14)

Where, L. is the sound pressure level of the wind turbine, and « is the sound absorption
coefficient assumed equal to 0.005 dB/m [18]. L. as been set equal to 88 dB, as derived from
the wind turbine manufacturere company. The corresponding influence area to meet the noise
pollution requirements is 25000 m?. The model of the hourly power output from the wind

turbine power system Py7 (W) is given by the following relationship [50]:

vk

k

—v)

Prm (Ui <v< U,-)
T Vi

Fwr = B. (v <v <, (13)
kO (v<viandv >v,)

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

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

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

profile power law relationship assuming a roughness coefficient of 0.14 [18]. v;, v and v, have

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

2.1.4 Battery model

The battery is used in the optimization model to manage the mismatching between power
production and load. The model calculates the hourly state of charge of the battery SOCp. (Wh)
according to the following two equations, for charging and discharging processes, respectively

[52]:
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socC _ [ Eload (t) ,
bat(t) - SOCbat(t - 1)(1 - O-sd(t)) + Epro (t) ——— | (Charglng) (16)

inv

-Eload(t)

inv

SOCpae(t) = SOCpga (t — 1)(1 — 044(t)) +

— Epyo(t)| (discharging) (17)

where, gy 1s the hourly self-discharge rate, Epro is the hourly energy produced from PV and
wind turbine systems (Wh), Eioaq is the hourly load energy requirement (Wh), niny is the inverter
efficiency (%), and 7, is the battery bank efficiency (%). The SOC is constrained to vary
between SOCnmin and SOCmax. The efficiency of the discharging process has been assumed equal
to 100% [53]. The characteristic parameters of the battery model have been summarized in

Table 5.

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

oo (%) 0.02
Ne (%) 80
Ninv (%) 90

SOCmin (%) 20

SOCmax (%) | 100

The procedure adopted by the optimization model to design the optimal battery capacity is to
vary the battery capacity (a decisional variable of the optimization model) every optimization
step to match energy consumption and production and to pursue two objective functions:
maximize the reliability of the renewables R.en and at the same time minimize the life cycle cost
LCC:en. Every optimization step the entire energy system is simulated hour by hour and the

objective functions are calculated.
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2.1.5 Water harvesting model
Similarly to the battery model, the water harvesting model computes the state of fill of the
water harvester SOF,,, depending on the water harvested and water demand according to the

following equations:

SOth(t) = SOth(t - 1)(1 - Jeva) + [Wharveste (t) - M/load(t)](Charging) (18)
SOth (t) = SOth (t - 1)(1 - O-eva) + [Wload(t) - Wharvested (t)] (discharging) (19)

Where, oevq represent the water losses due to evaporation assumed equal to 0% due to the
latitude of the site chosen, Wiamstea is the water volume harvested (m?), and Wipaa is the water
volume demand (m?). The water harvested comprises both the water from precipitation both
the water from snow melting assuming an average conversion ratio between snow and
precipitation equal to 10%. The water load has been assumed equal to 1000 litres per day
assuming five occupants and a specific water consumption of 200 litres per person and day [32].
Typically, the water household consumption can be apportioned in the following manner: 10
litres for drinking and food, 40 for flushing the WC, 40 for dish-washing, 30 for laundry, 70 for
personal hygiene, and 10 litres per person and day for other uses. Since the LCCyps refers to a
water harvesting system equipped with sanitation device, in this study we assumed to use the
all harvested water with a comparable quality of the municipal water network. The municipal
water network is assumed as a back-up system. The load profile has been assumed constant.
Similarly to the battery system, the design of the optimal water harvesting capacity is carried
out during the optimization process by varying the water harvesting capacity (a decisional
variable of the optimization model) every optimization step to match water supply and demand.
Every optimization step the water harvesting system is simulated hour by hour to maximize its

reliability RELwhs and at the same time minimize the LCCyhs.
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2.2 Evaluated scenarios and cases

In this study, we have evaluated three different scenarios based on the density of the
residential district. In particular, we have considered the built environment area to change
between 25%, 50%, and 75% of the entire km?, namely S1, S2, and S3 respectively. Moreover,
we have considered three different cases based on the load covered by the hybrid power system:
a) the electric load refers only to the electric load of the household electric appliances and water
pumping, namely C1; b) the electric load refer to the electric load of the appliances plus the
electric load for domestic hot water and space heating and cooling assuming a building U-value
of 0.13 (W/(m?-°C)), namely C2; and c) the electric load refer to the electric load of the
appliances and water pumping plus the electric load for domestic hot water and space heating

and cooling assuming a building U-value of 0.5 (W/(m?-°C)), namely C3.

3 Results and discussions

3.1 Climatic data

The main climatic parameters affecting the hybrid power system and water harvesting system
operation are shown in Figure 6. Gothenburg is marked out by an annual global solar irradiation
of 957 kWh/m?, mostly concentrated between March and October. The annual average wind
speed and precipitation is 2.6 m/s at 10 m height and 704 mm, respectively. The average annual

snow depth is 32 mm and mainly distributed between December and March.
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Figure 6: Climatic data affecting the operation of hybrid power system and water harvesting

system for Gothenburg.

3.2 Electric and thermal demand and supply

The profiles of the electric loads for appliances, and heat pump to cover the thermal demand of
domestic hot water and space heating and cooling is depicted in Figure 7. The space heating
and cooling load refers to the studied reference building marked out by a U-value equal to 0.5
W/(m?-°C). The difference in the electric load of the heat pump for space heating and cooling
for different U-values, 0.13 and 0.5 W/(m?-°C), is depicted in Figure 8. The annual energy
consumption for space heating and cooling is 11.1 down and 4.48 MWh/year for the high and
low U-value building, respectively. The space heating and cooling loads refer to the electricity
consumption of the heat pump. The heat pump space heating and cooling consumption has been

calculated from the thermal energy demand of the household using Equation 18 (heat pump



460  COP). A summary of the heating and cooling demand of the heat pump for the entire district as

461  a function of scenarios and building type is provided in Table 6.
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463 Figure 7: Electricity monthly load profile.
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466 Figure 8: Electricity monthly load profile for space heating as a function of the overall
467 building U-value.
468 Table 6: Heat pump electricity consumption as a function of scenarios and building type
469 (GWh).
Scenario Normal building Passive building
(U-value=0.5 W/(m?-°C)) (U-value=0.13 W/(m?-°C))

S1 4.62 1.86

S2 9.25 3.73

S3 13.88 5.60
470

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

472 chosen small wind turbine model and PV system is depicted in Figure 9.
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Figure 9: Specific energy production per installed kW of wind turbine and PV system in

Gothenburg.

As it can be seen from Figure 9, the pattern of the specific energy production from the wind
turbine complement the pattern of the PV system specific energy production, especially during
the winter months when the PV system production is low due to the high latitude of the selected
site (Gothenburg). In particular, the energy production of the wind turbine (30 kW;) is 24 MWh,

whereas the specific production of PV system is 1 MWh/kW,,.
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All the hourly climatic data used in this study are coming from a consistent database,
Meteonorm [19]. Thus, the effect of both snowy days and rainy days on the solar radiation and
thus on the PV power production is intrinsically taken into account. Nevertheless, the effect of
the snow on the PV power production during the days after the snow event is not taken into
account in this study for several reasons: it is difficult to predict, it is beyond the scope of this
study, and the probability of having snow is higher during those months marked out by
extremely weak solar radiation. It is worth to say that the effects of snow on the PV system
production depends on several factors such as PV array tilt angle, snow texture and depth, and
climatic conditions immediately after the snow event. A previous research study evaluated the
losses due to snow ranging from 1% to 12% of the total annual energy production for Colorado
and Wisconsin [54]. As can be seen from Figure 6, snow event can mostly occur in January,
February, March and December. The cumulative solar irradiation of those months represents
less than 20% of the total solar irradiation. Thus, it is likely that the snow is going to have a

minor contribution on the total energy losses of the PV system

3.3 Water demand and supply

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

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

On annual basis a single household of 5 occupants consumes 365 m> based on the statistics of
the Swedish Water & Wastewater Association [32]. The potential water harvested by a single
household considering both precipitation and snow depth is 79.3 m*/year, about 25% of the

annual consumption.

3.4 Optimization results

The results of the GA optimization process regarding the mutual relationship between LCC
and reliability of renewables are depicted in Figures 11-13 in the form of a typical Pareto front.
The results show that the LCC increase with the increase of the achievable reliability. Moreover,
the LCC and reliability are functions of the built environment area and related electric load. A

parity of reliability, the LCC increase with the increase of the built environment area due to the
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high electric load. The system LCC and reliability are also closely dependent on the load to be
covered and on the building type. A parity of reliability, the LCC increase passing from case
CI to case C3 considering to cover the electric load of the heat pump for different type of
buildings. It has to be noted that for reliabilities equal to zero, the LCC are never equal to zero
due to the definition of the LCC function that includes the LCC of electricity bought from the
grid for meeting the electric load. It is interesting to note that for low reliabilities the Pareto
front shows a slight bending towards lower LCC, see for example Figure 13, S3-C3. This is due
to the LCC of electricity produced by renewables is lower than the LCC of electricity bought
from the grid. This results is mainly due to the implementation of ground mounted PV systems.
Higher reliabilities are guaranteed through the implementation of both building integrated PV
systems but mainly through battery storage system that negatively affect the overall LCC. The
results show that hybrid renewables based power system can achieve 95% reliability, assuming
a built environment area that covers 25% (S1) of the entire study area for case C1. In case the
built environment area covers 75% (S3) of the entire 1 km?, the reliability can achieve 70%.
Considering to cover both the electrical demand for appliances and for space heating and
cooling (C3), the maximum hybrid power system reliability range between 45% (S3) and 75%
(S1). The high latitude of Sweden put a lot of challenges in exploiting solar resources and thus
solar PV power. Even more crucial is the mismatch between solar electricity production and
electricity consumption. To cope with such issue, hybrid renewable power systems
(combination of different renewable based power system) equipped with energy storage can
represent a solution, especially for single family households. The results of this study show that
high hybrid power system reliabilities are difficultly achieved or are achieved but at high
LCCien, in particular due to the high LCC of the energy storage system. Small-scale wind power
system have competitive price compared to PV systems and can balance the weak energy

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



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

537  visual impacts, and turbulence effects that can reduce the energy output.
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539  Figure 11: Hybrid power system optimization results for scenarios/case S1/S2/S3-C1.
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Figure 13: Hybrid power system optimization results for scenarios/case S1/S2/S3-C3.

The GA optimization results regarding the LCC and reliability of the water harvesting system
are depicted in Figure 14. Similarly to what investigated for the renewables, the LCC of the
water harvesting system increase with the increase of the reliability and built environment area.
It is interesting to note that the water harvesting system reliability is always higher than 0, about
5-10%, due to the assumption of using the roof area as part of the total harvester area. At the
same time, the LCC are never equal to 0 due to the definition of the LCC function that includes
the LCC of water bought from the water network for meeting the buildings water load.
Nevertheless, differently to the renewables distribution optimization, the optimization results
regarding the water harvesting system are more scattered, especially for the scenarios S1 and
S2. This is due to the multi objective nature of the optimization problem. In fact, the objective
of increasing the renewables reliability is generally pursued by increasing the PV area,
especially ground mounted PV area, and battery capacity. Nevertheless, high renewables
reliabilities can be achieved by increasing the battery storage capacity without further
increasing the ground mounted PV area. The water harvested depends on the ground PV system
area and on the water harvesting system capacity that is an independent variable as well. As a
result, the Pareto front is scattered. Taking into consideration scenario S3 the optimal point are
more concentrated because the ground mounted PV area is limited due to the high built
environment area and higher reliabilities can be achieved with higher water harvesting system
capacities but at high LCC. The water harvesting system can meet the water load from 30% to
100% depending on the scenarios considered, S3 and S1 respectively. A summary of the

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



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

569  decisional variables is given in Table 7.

'1|JD T T T *I *I T T
* 51
0.7 e a8 537
+ 83
80 * 7
* *
for 7
= *
'H_l-fm ED - -
E = 2
= 50 B -
= o
ﬁ e ».»
=40 & 5 1
o * o * o
30 | * o 1
ﬁ Tk 2 IISI i " * "
M= o .
o
10 % 1
D i i i i i i i
0 10 20 30 40 50 60 o 80
570 LCC . (M3)
571 Figure 14: Water harvesting system optimization results for scenarios S1/S2/S3.
572
573
574
575
576
577
578

579



580

581

582

583

584

585

586

587

588

589

590

591

592

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

LCCien Rien LCCs Ryns ES ABIPV APV Awind Be WHe
(MS$) (%) (MS$) (%) (GWh) (km?) (km?) (km?) (MWh) (m?)
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

In all the presented optimization results, the maximum available area for building integrated
photovoltaic systems, equal to 58900 m?, is never reached since the power produced from
ground mounted PV systems is preferred due to the lower LCC costs. Renewables reliabilities
higher than 30% are achieved through the implementation of energy storage systems. In most
of the optimization results, PV systems are preferred to wind power systems both for economic
reason but also for the weak wind potential marking out the case study. The reliability of the
water harvesting system are closely connected to the ground mounted PV system area or water
harvester capacity. The resulting LCOE for scenario-case S2-C3 are presented in Figure 15 as
a function of the reliability and considering subsidies on residential and commercial/utility scale

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

The LCOE range between 0.096 and 0.212 $/kWh with a minor tendency to increase at higher
reliabilities. Taking into account the subsidies shifts the LCOE range between 0.069 and 0.186
$/kWh. Obviously, the calculation of the LCOE is closely dependent on several factors,
primarily economic but also technical. A sensitivity analysis on how the most significant
parameters, such as residential PV system ICC, ground mounted PV system ICC, and battery
ICC, can affect the variation of the LCOE for different overall system reliabilities are presented
in Figures 16a and 16b, for low (10%) and high (60%) reliability, respectively. The influence
of each parameter is studied with a percentage of variation ranging between -/+ 50%. The
effects of wind turbine costs on the LCOE have not been investigated due to the results shown
in Table 111111 where the wind turbine selection is very limited. At low reliabilities, the ground
PV system investment cost has the strongest impact on the LCOE, followed by the building

integrated PV system. A variation of 50% for the ground mounted PV system ICC can results
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in a variation of 40% in the LCOE. The match between power production and consumption

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

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

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

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

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

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

provided: the system reliability.
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Figure 16: Effects of specific cost variation on the LCOE (a) low reliabilities; b) high

reliabilities).

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

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

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

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

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

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

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

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

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

of the selected site.
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Figure 17: LCOW as a function of water harvesting system reliability, and reliability as a

function of ground mounted PV area and water harvester capacity.
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As stated at the beginning of this study, the developed model can be used to assess the water
and energy performance of existing district or for the planning of new ones. Taking as example
the part of residential district studied in Figure 2, the proposed model can be used for evaluating
the energy demand and for providing suggestions for improving energy and water performances
of the district. A potential improvement scenario of the energy and water efficiency is depicted
in Figurel8 where the integration of building integrated PV systems, ground mounted PV
systems, wind turbine, battery storage, and water harvesting system is implemented. In
particular the depicted scenarios shows the integration of both centralized and decentralized
energy and water storage systems on a district level. It has to be highlighted that the integration
of wind power system and ground mounted PV system has been executed on the public green-
leisure area. In the real case, the social and environmental values of the green spaces have to be

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

In this study, we have assumed to use all the rainfall and snow harvested by building roof area
and ground mounted effective PV system area to meet the water loads of the households. This
assumption may cause an alteration of the hydrological cycle and cause a decline of the
groundwater level. These negative effects are connected to the extension of the building area
and several other human, climatic and natural factors. Nevertheless, the investigation of these

effects is beyond the scope of this article.
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Figure 18: Renewables and water harvesting integration in the residential district.

4 Conclusions

This study present an optimization model to evaluate the optimal area distribution among
built environment area, and area for the installation of the renewables to achieve high

renewables and water harvesting reliabilities compared to electricity and water loads for a
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residential district of Gothenburg, Sweden. The optimization process minimizes the life cycle

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

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

conclusions can be drawn:

The optimization results show that the reliability of the hybrid renewables based power
system can vary between 40 and 95% depending on the scenarios considered regarding
the built environment area and on the cases concerning the overall electric load.

The life cycle cost increase with the increase of the achievable hybrid power system
reliability. The life cycle cost and reliability are functions of the considered built
environment area and related electric load. Assuming the same reliability, the life cycle
cost increases with the increase of the built environment area due to the high electric
load, and it increases increasing the overall electric load.

The levelized cost of electricity vary between 0.096 and 0.212 $/kWh. The levelized
cost of electricity is mainly sensitive to the ground mounted PV system specific cost at
low reliabilities and to both ground mounted PV system and battery system specific
costs at high reliabilities.

The maximum water harvesting system reliability varies between 30% and 100%
depending on the built environment area distribution. For annual reliabilities below 20%
the levelized cost of water is kept below 1$/m? making it competitive with the network

water tariff.

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

Moreover, other services, such as other renewables and sustainable solutions, wastewater
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treatment and transportation will be included in the optimization process. Other sites with

different climatic conditions will be studied as well.
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