energies MBPY

Article

Eco-Sim: A Parametric Tool to Evaluate the
Environmental and Economic Feasibility of
Decentralized Energy Systems

Karni Siraganyan, Amarasinghage Tharindu Dasun Perera ', Jean-Louis Scartezzini
and Dasaraden Mauree *

Solar Energy and Building Physics Laboratory, Ecole Polytechnique Fédérale de Lausanne,
1015 Lausanne, Switzerland; karnisira@gmail.com (K.S.); dasun.perera@epfl.ch (A.T.D.P.);
jean-louis.scartezzini@epfl.ch (J.-L.S.)

* Correspondence: dasaraden.mauree@gmail.com

check for
Received: 21 December 2018; Accepted: 19 February 2019; Published: 26 February 2019 updates

Abstract: Due to climate change and the need to decrease the carbon footprint of urban areas, there is
an increasing pressure to integrate renewable energy and other components in urban energy systems.
Most of the models or available tools do not provide both an economic and environmental assessment
of the energy systems and thus lead to the design of systems that are sub-optimal. A flexible and
modular simulation tool, Eco-Sim, is thus developed in the current study to conduct a comprehensive
techno-economic and environmental assessment of a distributed energy system considering different
configuration scenarios. Subsequently, an intermodel comparison is conducted with the Hybrid
Optimization Model for Electric Renewable (HOMER) Pro as well as with a state-of-the-art industrial
tool. Eco-Sim is then extended by including the heating demand, thermal conversion (by using
heat pumps and solar thermal) methods and thermal storage. A parametric analysis is conducted
by considering different capacities of solar photovoltaics (PV), solar thermal panels and energy
storage technologies. The levelized cost of electricity, the autonomy level and the CO; emissions
are used as the key performance indicators. Based on the analysis of a study case conducted in a
neighbourhood in Geneva, Switzerland, the study reveals that, with the present market prices for
batteries and seasonal changes in solar energy potential, the combination of solar PV with battery
storage doesn’t bring a significant autonomy to the system and increases the CO; emissions of
the system. However, the integration of thermal storage and solar thermal generation is shown
to considerably increase the autonomy of the neighbourhood. Finally, multiple scenarios are also
run in order to evaluate the sensitivity of economic parameters on the performance indicators of
the system. Under the assumptions of the model, to foster investments in solar PV and battery
installations, falling installation costs or stronger policies in favor of renewable energy seem necessary
for the future.

Keywords: battery storage; electricity price; solar photovoltaic; solar energy; techno-economic
assessment; thermal energy storage

1. Introduction

The extensive use of fossil fuels as the primary source of energy is the major source of greenhouse
gas emissions and is hence responsible for the current climate change [1]. At the same time, the world
population living in urban areas has since 2010 reached 50%, and this figure is expected to rise to 75%
in 2050 [2]. It is thus urgent to address both these critical issues by decreasing our carbon based energy
consumption and providing secure and sustainable sources of energy for the ever growing urban areas.
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Renewable energy technologies are expected to play a major role in Switzerland to face such societal
challenges such as climate change, resource depletion and the abandonment of nuclear energy by 2050
as mentioned by the law [3]. One of the possibilities of addressing these is by adopting the vision of a
“2000-Watt Society” as developed by the Swiss Federal Institute of Technology (ETH) in Ziirich. Itis a
model for energy policy which demonstrates how it is possible to consume only as much energy as
worldwide energy reserves permit. This is possible when every person in every society limits their
energy consumption to a maximum of 2000 watts [4] in 2050. The 2000-watt society’s idea is to divide
electrical and heating needs by four. Consequently, a fraction of the current energy consumption will
still need to be provided by clean and affordable energy systems.

Decentralized energy systems combining different renewable energy technologies are becoming
more popular to establish a more sustainable and autonomous power supply in neighbourhoods [5-9].
With the rapid improvement in energy efficiency and price reduction, solar photovoltaics (SPV)
technologies are becoming promising [10,11]. Moreover, photovoltaics (PV) systems, for example, are
scalable for applications ranging from watts to megawatts [12]. By 2050, it would be possible to meet
around 20% of the current level of electricity demand in Switzerland through the use of photovoltaic
systems only [13].

However, the stochastic nature of the resources is the main limitation to the installations of
renewable energy systems [14]. Consequently, there are often gaps between consumption and the
supply of the plants and there is a need to match the resource and demands that would encourage the
use of renewable energy [12]. Energy storage is one solution to balance the fluctuations in demand
and generation [15-17]. Furthermore, solar and battery technologies are often installed at individual
building scale, and it could be interesting to look at such installation at neighbourhood scale [18].
This will clearly improve the potential of solar panels to be part of an integrated energy system [19].

A complete review of computational tools to analyze the integration of renewable energy systems
was performed by Connolly et al. [20]. Previous studies highlighted the role of energy storage with
renewable electricity generation [21] and the operation conditions of batteries in PV applications [22].
Other studies examined the economic viability of storage [23] and the use cases for stationary battery
technologies [24]. Nonetheless, integrating storage technologies into solar PV systems increased
the overall investment cost [25]. Some previously developed tools, such as SolarTherm [26] or the
System Advisor Model (SAM) [26], have thoroughly addressed the economic assessment of renewable
systems. It currently remains unclear when PV and storage investments will become economically and
ecologically interesting in a large-scale application [27] in countries such as Switzerland with a low
carbon mix [28]. The detailed assessment at neighbourhood scale have hardly been addressed to this
extent [29,30] and often require extensive sources of data which are not easy to use. Multiple studies
have recently analyzed the impact of using different temporal resolution for the load profile and for
the generation of PV [31-34]. However, the simulation of whole districts to obtain load profiles for
all the buildings in a district would require significant computational resources. Some studies have
recently tried to addressed this issue with new simulation methods [35]. Additionally, methods have
been developed in the literature addressing the dynamic behaviour of solar energy into the generation
of electricity [36,37] and fuels [38], including the dynamic performance of power cycles [39] and the
market of PV farms [40]. However, most of these methods rely on a coarse temporal resolution and
thus an hourly temporal resolution is considered as a good compromise to capture both the dynamics
of generation and consumption [15,41,42], although this does not guarantee an optimised outcome in
the assessment and analysis of decentralized energy systems [32,43]. It is hence necessary to analyze
the economic and ecological cost of a combination of different energy storage strategies [44,45] by
combining multiple tools together as proposed by [46]. This requires a detailed simulation followed
by a techno-economic and environmental assessment considering the lifetime operation of the energy
system. Energy interactions within the system, cash flow and environmental impact at both design
and operation stages should be considered at the neighbourhood scale.
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A simulation tool, Eco-Sim, that aims to combine multiple energy conversion units technologies
and to perform both an environmental and economical assessment has hence been developed.
The objective of this work is to setup and validate a robust but practical simulation tool, and to
evaluate the integration of solar energy and storage on a specific cluster of buildings in the Junction
district of Geneva. The major aim of this study is to find the best configuration in terms of system size
and to evaluate the life cycle emissions and cost of the system. Therefore, we will first estimate the
economical and environmental cost of the solar PV panel, batteries, solar thermal and heat pumps,
and we will then combine them to define an environmental and techno-economical cost model for an
energy system in a neighbourhood in Geneva. Multiple scenarios will be studied with a combination
of different energy storage size by changing the input parameters and initial assumptions to perform a
sensitivity analysis and further analyze the future scenarios.

2. Methodology

A new model, Eco-Sim, was developed to include the technical, economical and environmental
aspects in the assessment of the energy systems (see Figure 1). The approach chosen for the current
study aims at considering the energy and cash flows for 8760 time steps in one year and over
20 years. As compared to previous studies, both the economical cost and environmental indicator
(CO; emissions) will also be assesed in the current study. The inputs required for the model
(energy demand, CO; emissions, cost for each technology) will be explained in the next subsections.
Figure 2 shows the different components (the grid, solar photovoltaic panels, batteries, solar thermal,
boilers and heat pumps) that are included in this study. Each of them will also be detailed in Section 3.5.
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Figure 1. Flowchart describing Eco-Sim inputs and outputs.
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Figure 2. General scheme of various components of the proposed energy system.
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2.1. Techno-Economical and Environmental Assessment

This section gives a brief overview of equations typically used in the techno-economic as well as

environmental assessment of energy systems. Readers are encouraged to refer to [30,47,48] for a more
detailed description. Three key performance indicators are calculated by Eco-Sim:

1.

The autonomy level: The autonomy level is defined as the share of generation by the energy
system that is directly used by the consumers and is calculated by simulating the energy flows
of the system over the year at an hourly resolution. It is thus assumed that whenever demand
during the day meets the generation or available energy from the storage, the energy is consumed
directly [23]. The ratio between electricity that is directly self-consumed and the total electricity
demand defines the autonomy level [9,49] and thus gives an indicator of the dependence on the
grid. It is calculated with the Equation (1):

8760

Y. (Dt —Ey,)

t=0

Autonomy Level = — 1)

Y. D¢
=0

The Levelized Cost of Energy (LCOE) calculation: The net present value of a unit cost of electricity
over the lifetime of the asset is the Levelized Cost of Energy (LCOE). All the costs relating to
an electricity generating system are included in the LCOE and it is considered as a first order
economic assessment criteria [50]. The total of the costs that are incurred during the lifetime of a
technology is divided by the total energy demand and thus takes into account the fact that there
will be differences in the lifetime of various technologies in the energy system [51]. The LCOE
calculation is based on the following formula:

y=20
Y NPV
y=1
LCOE = 760 2
20 x Z Dt
t=0

The profitability of an system is computed by deducting the present values of cash outflows
(including initial cost) from the present values of cash inflows over the y years of lifetime of the
system [52] and based on the investment over y years. This leads to the net present value (NPV)
as calculated with Equation (3). The investment costs, the operations, the maintenance expenses
and the price of electricity bought from grid are all taken into account in the cash outflows while
the price of electricity that is not self-consumed or stored, and is sold to grid represent the cash
inflows. The NPV also include the replacement cost and the salvage cost of technologies that
would become obsolete within the duration of y years. This study aims at analyzing the energy
system from the users’s point of view.

NPV(yl) =E; — Eb —IC (3)

NPV(yz_zo) = Es — Eb —OM
The LCOE may vary from one technology to another depending on the number of factors. It can
be highlighted from Equation (2) that a situation with a very high energy demand will lead
to a smaller LCOE as compared to one with a lower energy demand. The LCOE gives with
a useful metric to compare different costs of various technologies over the years and is hence
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always computed as connected to the grid /network and is not calculated for a stand alone system
(e.g., demand completely satisfied with only PV).

3. CO, emissions: To calculate the CO; emissions of the whole energy system, each component has
to be accounted for individually. To ensure that the CO, emissions of the complete life cycle of
the technologies are taken into account, the specific CO; emissions based on the lifetime of the
technology used and is computed as:

eCO, — EMC02 X Qc @)
Y. Dy
t=0

For example, if the demand is satisfied by energy from both the solar PV panels and from the
grid, the CO, mix that will be calculated will include CO, emissions issued from the PV panels
and also from the grid.

The equations given here are generalized ones which can be applied to any case study and in
multiple other countries. In Section 3.5, more details will be given on the calculation of the LCOE and
on the CO, emissions from each of the devices considered in the current study.

2.2. Dispatch Algorithm

The operating strategy for storage in the energy system is shown in Figure 3 and corresponds to
previous strategies designed, for example in SolarTherm [53]. If the renewable generation is higher
than the demand, the excess electricity can be stored in the battery. If the storage level has reached the
maximum limit, the excess electricity can be sold to the grid. Similarly, if the demand is higher than
the generation, two options are available: Buy from the grid or use the available stored electricity in
the battery. The minimum state of charge is defined as a threshold such that the energy stored in the
battery cannot be used [54].

Solar Panel

Generation - Demand
>0

Generation -

Demand + Storage - St_orage -
capacity (Generation - Demand)

) = minSOC

-> Store in the

- Sell to grid battery > Buy from grid - Remain in Battery

- Store in the
battery

Figure 3. Strategy for the battery operations.
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2.3. Sizing of the Storage

Currently, the sizing of the storage is usually done with respect to the demand. The advantage
of using such a methodology is the optimization of the size of the batteries based on the demand.
However, the drawback to this is that the energy produced is not often consumed locally and hence the
full potential of the generation of the system is not used [55,56]. In order to address this, we propose
here to determine the size of the storage by using an average day, representative of a typical day over
the whole year and by integrating over time. This methodology will be further used to calculate the
storage capacity of the battery and also the thermal storage capacity in Section 3.4.

3. Description of the Case Study and of the System Design

3.1. Junction District in Geneva

A neighbourhood containing approximately 800 buildings in the Junction district in Geneva,
Switzerland is considered for this study. In a previous study, the electricity demand, the heating
demand and the solar generation of each building were simulated using CitySim [57] for every
hour (8760 time steps) over one typical meteorological year [58] using the Meteonorm dataset [59].
Depending on the location and occupations, some buildings had a higher electricity demand than
other buildings. Regrouping buildings at such a large scale could thus be advantageous to smoothen
the load profiles if there is a variety of occupancy profiles.

3.2. General Assumptions

Since we are modelling the Junction district of Geneva, we choose the Swiss franc (CHF) as
the currency (note that 1CHF is currently $1). Naturally, all the houses are connected to the grid to
cover the demand not supplied by the local resources. Based on a data analysis of consumer prices,
the average price of electricity bought over the network in Geneva in 2016 is 20.6 cts/kWh [60] and
the average selling price is 10.9 cts/kWh [60]. The price of electricity in Geneva has decreased by 7%
compared to 2000 prices but has increased by 2% per year over the past two years [60]. In our model,
we will however assume the general consensus that the electricity and the selling price increases
every year by 2%. Additionally, a discount rate of 2% is also used over the period of 20 years.
We will also assume that the natural gas buying and selling price increases by 2% each year. The CO,
emissions of the electrical grid in Switzerland is 0.155 kg/kWh. The CO, emissions of the electrical
grid in Switzerland is determined based on hourly values of the electricity taken on the network
during a specific day [61]. The CO, emissions of the electrical and natural gas grid in Switzerland are
0.160 kg/kWh by considering that in 2015 the energetic mix in Geneva was composed by 5% of natural
gas [62].

3.3. Energy Generation and Demand

The PV electricity generation in kWh is obtained by using the available irradiation (obtained from
the CitySim software) in hourly resolution for a specific cluster in the Junction District of Geneva.
In a different study, we used the CitySim software to evaluate the generation from installed PV on
top of individual buildings [58]. Since this is outside the scope of this paper, as we are working at
the neighbourhood level, we only consider inefficiencies in the PV system, such as inversion losses,
to calculate the solar PV generation and hence the irradiation is multiplied with a solar cell efficiency
of 15% [63]. The maximum capacity of solar PV installed is finally determined based on the peak
generation of the cluster. (Note that the maximum hourly irradiation over the year in Junction District
is 1094 kWh/m? [64]).

Figure 4a illustrates the electricity generation and demand over a year. As can be expected the
demand is higher compared to the electricity generated. Figure 5 illustrates the generation divided by
the demand during different seasons. Clearly during the summer time, when the generation is higher
than the demand, the excess energy can be stored. However, it can be seen that when working with a
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time resolution of an hour, there are significant other periods during the year where the generation is

higher than the demand.

(a) Electricity generation (90%) and Demand [kWh]
7000

6000
5000
4000
3000

2000

Generation and Demand [kwh]

1000

0
0 1000

2000

3000 4000 5000

Time [hour of a year]

6000 7000 8000

—Generation

Electricity Demand

4500

4000

&
g
8

8
5
8

2500

2000

I
&
8

Generation and Heating Demand [kWh]

5
8
8

i

" Ve

2000

1000

(b) Heating Generation (10%) and Demand [kWh]

—Generation

Heating Demand

X

3000 4000 5000

Time [hour of the year]

6000

Figure 4. (a) Photovoltaics (PV) electricity generation (example with a solar PV capacity of 2197.7 kWp)
and electricity demand over a year; (b) Solar thermal generation and heating demand over a year
(example with a solar thermal capacity of 1302.34 kWp).
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Figure 5. Solar PV generation (90% scenario with a capacity of solar PV of 2197.7 kWp) divided by the

electric demand for different seasons.

The solar thermal generation in kWh is obtained by using the available irradiation in hourly
resolution for a specific cluster in the Junction District of Geneva. To reflect inefficiencies in the thermal
grid, the solar thermal generation is multiplied with an efficiency of 80% [65]. Figure 4b illustrates the
generation and heating demand over a year. The mismatch between generation and heating demand
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can be stored in a boiler to be used when it is required. If the boiler capacity is reached, the excess
energy produced during summer can be sold to the grid. The efficiency of the boiler is set to 93% [63].

3.4. Characterization of the System

The capacity of storage is determined based on the Figure 6 as the integral below the bold blue
line (which is the average generation of the system). This calculation leads to a battery capacity of
7582.9 kWh. As mentioned previously, the capacity of storage is only based on the average generation
in order to maximize the use of the solar potential.

(a) Determination of the storage capacity
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Figure 6. (a) Determination of the electrical storage capacity from the energy generation of the system
(maximum, minimum and average); (b) determination of the boiler capacity from the energy generation
of the system (maximum, minimum and average).

The capacity of boiler is determined based on the Figure 6. The calculation leads to the boiler
capacity of 40,442 kWh, using

Q = mcyA (5)

The mass of water can be found with using ¢, =4.2 k] /kg/K, Af = 60 K (considering an application
with water at 70 K) and Q = 145,591,200 kJ, which leads to a boiler of capacity of 578,000 kg or 578 m3.
The maximum capacity for each of the considered technologies are presented in the Table 1.

Table 1. Energy technologies and the maximum capacity for each technology.

Technology Capacity
Solar PV panel 2441 kW
Battery 7582.9 kWh
Solar thermal panel  13,023.41 kW
Boilers 578 m3
Heat Pump 4070 kW

3.5. Energy System Configuration Scenarios

Different technologies are considered for the energy system: Solar PV, solar thermal, storage
technologies (lead—acid or lithium-ion batteries) and also assisting energy technologies such as boilers
and heat pumps. A combination of different components have been tested with multiple scenarios
by changing their maximum installed capacity. In the next section, a detailed description of the four
different scenarios are presented based on the input parameters that have been used in the model.
An example scenario tree including all the combinations that we considered for solar PV and battery is
given in Figure 7 (Scenarios 3 and 4 are not presented in the scenario tree).
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So[ar PV 1. Scenario 1
/1 \ 2. Scenario 2
30% 60% 90%
Battery Battery Battery

e 7 VA /) W U NI N

30% 60% 90% 30% 60% 90% 30% 60% 90%

Figure 7. An example scenario tree including all the combinations that we considered for solar PV and
battery (values at the top is for the first scenario and values below is for the second scenario including
solar PV and battery).

e  Scenario 1: Solar Panels. In the first scenario, 30%, 60% and 90% of the maximum capacity of
solar panel are considered. The input parameters for large scale PV system are summarized
in Table 2. The LCOE of PV by itself is calculated by taking into account all the cost during
the lifetime of the technology such as the given investment, the O&M cost and the discount
rates. The cost per kW of solar PV is given in Table 2. The entire PV system life cycle (transport,
operation, electric installation, construction and production phase) is considered to calculate
the CO, emissions for solar panels. Previous studies have also obtained similar values when
computing the entire CO; emissions for a PV system [66,67].

e  Scenario 2: Solar Panels and batteries. The second scenario combines different percentages of
the maximum possible installation capacity of solar panels (30%, 60%, 90%) and batteries (30%,
60%, 90%). Two types of storage technology are compared in this study: Lead-acid battery
and lithium-ion battery. The input parameters for large scale batteries are described in Table 3.
The LCOE of PV and battery system by itself is calculated by taking into account all the costs
during the lifetime of those technologies such as the given investment, the O&M cost for solar
PV and batteries and their discount rates. For the year 20, we added the salvage value of a used
battery (1/3 of the battery price after 20 years). We assumed that the battery price decreases each
year by 7.6%. The energy efficiency reflects the losses during charging and discharging periods.
The characteristics of these two types of battery are summarized in Table 3 [68]. Note that we
have not accounted for battery inverters in these scenarios.

Table 2. Economic input parameters for solar PV.

Solar Panel Unit Value Sources
Cost [CHF/kW] 1350 [69]
Lifetime [years] 20 [51]
O&M cost [CHF] 1.5% of SP cost per year [70]
CO; emissions [kg/kWh] 0.044 [71,72]
Electrical grid CO; emissions over a year without PV [kg/kWh] 0.155 [61]
Electrical and natural gas grid CO, emissions over a year without PV [kg/kWh] 0.160 [61]

e  Scenario 3: Solar Panels and heat pumps. The third scenario combines different percentages of
solar panels (30%, 60%, and 90%) as in the second scenario but in this case the electricity demand
of the heat pump is added to satisfy the heating demand. We assume that the heat pump has
a constant COP of 3.2, although the efficiency of heat pumps are subject to climatic conditions.
The hourly heating demand is divided by the COP and is added to the current electricity demand.
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The LCOE of the solar PV and heat pump by itself is calculated by taking into account all the cost
during the lifetime of those technologies (investment, the O&M cost, the discount rates).

e  Scenario 4: Solar Panels, heat pump and solar thermal. The fourth scenario combines different
percentages of solar panels (30%, 50%, 70%) and solar thermal panels (70%, 50%, 30%) that
corresponds to the remaining available roof area and also heat pumps. In this scenario, the aim
is to satisfy both the heating demand and the electricity demand. The input parameters for
solar thermal panels and boilers are described in Table 4. The heating demand that is not totally
satisfied by using solar thermal panel is satisfied by using heat pumps. The whole demand is then
satisfied by using solar thermal panels, heat pump and solar PV. We assume here that a district
heating network is installed (as proposed in the current construction plan of the district) and that
excess heat produced in the district can be sold to the grid (at 6.3 cts/kWh).

Table 3. Economic input parameters for batteries.

LEA Battery Unit Value Sources
Cost [CHE/kWHh] 163 [73]
O&M cost [CHEF] 22 [70]
CO, emissions [kg/kWh] 15 [74]
Lifetime [years] 7 [74]
Efficiency [%] 81 [74]
MSC [%] 30 [74]
Energy density [Wh/L] 100 [74]

LI-Ion Battery Unit Value Sources
Cost [CHE/kWh] 440 [73]
O&M cost [CHEF] 19 [70]
CO» emissions [kg/kWh] 70 [74]
Lifetime [years] 15 [74]
Efficiency [%] 92 [74]
MSC [%] 20 [74]
Energy density [Wh/L] 250 [74]

Table 4. Economic input parameters for thermal demand.

Heat Pump Unit Value Sources
Cost [VITOCAL 300-G] [CHF/kW] 1326.54 [75]
Lifetime [years] 15 [76]
CO, emissions [kg/kWh] 0.04 [77]
Solar Thermal Grid Unit Value Sources
Cost [Vitosol 200-F] [CHF/m2] 432.6 [75]
Lifetime [years] 20 [78]
oM [CHF] 0.58 % of IC [79]
CO, emissions [kg/ m?] 0.040 [80]
Natural Gas Boiler Unit Value Sources
Cost [Vitocell 100-L] [CHF/m?3] 4564.5 [75]
Lifetime [years] 15 [81]
CO, emissions [kg/ m?] 0.225 [82]

4. Results and Discussions

4.1. Model Validation

In this section, an intermodel comparison is performed for the PV system and batteries.
A comparison is made between the two first scenarios by only considering the electricity demand.
The best scenarios were those that have the lowest LCOE value to be competitive with the grid price.
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In addition, we also try to choose the scenario that maximized the autonomy level and minimized the
CO, emissions to have an energy system that is more autonomous and sustainable.

4.1.1. Solar PV Panels

As expected, the autonomy level increased with the percentage of solar panel that we installed.
An autonomy level up to 16% could be reached by using 90% solar panels. It can be noted that the
CO, emissions decreased considerably (0.138 kg/kWh) with 90% rooftop solar PV as compared to the
CO, emissions of the electrical grid in Switzerland (0.155 kg/kWh) which corresponded with previous
studies conducted in Switzerland [83]. If we focus only on the economic competitiveness of the system,
the best scenarios were those that minimized the LCOE value to be competitive with the grid price of
0.206 CHF/kWh. Nevertheless, it could be seen that the 90% scenario with a capacity of 2.2 MW still
had a higher LCOE value (see Table 5). In addition, by considering the investment cost as well as the
O&M cost of solar PV, we obtained the LCOE of solar PV as a stand alone system. Figure 8 gives an
example of the net present value calculation for solar PV. As mentioned in Section 2, the NPV was
calculated from the perspective of the consumer (meaning positive for selling electricity and negative
for buying electricity), over the lifetime of the proposed system of over 20 years considering that the
investment was made in year one and with a discount rate of 2%.

Table 5. Results for solar PV (Scenario 1).

SP  LCOE[CHF/kWh] Autonomy Level CO; Emissions [kg/kWh]

30% 0.238 6% 0.148
60% 0.227 11% 0.143
90% 0.217 16% 0.138

NET PRESENT VALUE CALCULATION [10e6 x CHF ]
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Figure 8. Net present value calculation for solar PV over 20 years.

We compared our model with the Hybrid Optimization Model for Electric Renewable (HOMER)
Pro software [84] for the LCOE and with an industrial tool. HOMER Pro is a micropower optimization
model that mostly evaluates the available energy technologies “to identify the least-cost solutions to
energy requirements” [84]. This was done to test the robustness of the economic solutions obtained for
the solar PV panel.
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Multiple configurations of Eco-Sim were compared with outputs from the HOMER Pro software.
It should be noted for example that there are some differences in the assumptions made in the two
software. For example, HOMER Pro software uses a normalized value for “generic flat plate PV” for
Geneva and has a total generation of 1,873,735 kWh/yr which leads to a production 1.13 times higher
than our total generation. Additionally, the inflation rate is considered as 1% in HOMER Pro while it
is of 2% in our model. To test the performance of Eco-Sim, the inflation rate was brought to 1% and
the production was also modified to correspond to the HOMER Pro’s. When the same assumptions
were used in both models, Eco-Sim gave an estimation of the LCOE that is equal to the one given in
HOMER Pro software (e.g., for the 60% case an LCOE of 0.204 CHF/kWh is obtained).

We then also compared the results for the autonomy level with a state-of-the-art industrial tool
“BARTPower” from the [85]. This comparison was done under a specific license and confidential
agreement with the industrial partner. “BARTPower” performs similar tasks as HOMER Pro although
it has a limited number of possible energy systems and configurations. A comparison was, for example,
conducted for the 60% rooftop solar panel. There was no difference in the autonomy level (13%) that
was obtained for both models. Figure 9 shows an example of an hourly profile of the self-consumption
obtained from Eco-Sim.

Self consumption Solar Panel [kWh]
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Figure 9. Autonomy level (self-consumption) over a year for 30% scenario.
4.1.2. Solar Panels and Batteries

For these scenarios, our findings show that battery technology doesn’t bring any additional
autonomy level for the considered electricity generation of our study case. Battery technologies were
still expensive and added considerable additional cost to the PV system. For instance, the lowest
LCOE that we obtained with a battery was 0.222 and with a lithium-ion battery was 0.225 with 90% of
solar PV and 30% of battery. The main drivers behind this variation of LCOE were the difference in
investment cost between those two technologies. It seems that the integration of battery technology
was still not profitable economically for large scale installation. A lower battery size of 30% was more
adapted to reduce the LCOE. Moreover, a decrease in battery cost could allow a lower LCOE and
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could lead to a high economic viability of storage. In addition, by considering the investment cost as
well as the O&M cost of battery, we obtained the LCOE of battery as a stand alone system.

In a second step, we compared the results for solar PV and batteries with the simulation tool
called “BARTHome” from SI-REN. “BARTHome” is an extended version of “BARTPower” but also
evaluates the integration of batteries. It should however be noted that in “BARTHome”, it is also
possible to define the orientation of the solar PV panels. A very good agreement between Eco-Sim and
“BARTHome” was obtained in the case of the autonomy level (for example 17% for the 90% rooftop PV
and with 30% lead-acid batteries). The readers can refer to Siraganyan et al. [30] for further details.

4.2. Extension of the Model with Thermal Demand

In the following section, the validated simulation tool is extended to include the thermal demand
as well as the electricity demand. A comparison is made between the third and fourth scenario by
considering the electricity demand as well as the thermal demand.

4.2.1. Solar Panels and Heat Pump

Battery technologies are not used in this section because the previous findings demonstrate that
batteries are not well adapted in a large scale application. Table 6 shows that the lowest LCOE that
we obtained was 0.224 with 90% of solar PV. The heating demand as well as the electricity demand
was satisfied in this scenario. The CO, emissions were again relatively lower than the grid since the
system was now providing at least 14% of the demand as can be noted from the autonomy level figures.
A higher autonomy level could have been reached if the hours of operation of the heat pump were in
better correspondance with the production from the PV. This could be achieved for example by using
real-time pricing to encourage use of locally produced energy during peak time hours.

Table 6. Results for scenario 3 with solar panels and heat pump.

SP LCOE[CHF/kWh] Autonomy Level CO; Emissions [kg/kWh]

30% 0.264 5% 0.150
60% 0.243 10% 0.145
90% 0.224 14% 0.141

4.2.2. Solar Panels, Heat Pump and Solar Thermal

The combination of 90% of solar panel and 10% of solar thermal with heat pumps gave an LCOE
value of 0.222 with an autonomy level of up to 14%. The autonomy level wasn’t maximized by adding
solar thermal panel compared to the previous scenario with only solar PV and heat pump but the
obtained LCOE values were much lower. Solar thermal allowed an economically more advantageous
possibility compared to the case where we only had heat pumps and solar PV. This system is an
attractive process to generate both heating and electrical energy simultaneously by using solar thermal,
heat pumps and solar PV panels. It offsets 0.01 CO, emissions per kWh with 90% solar PV and 10%
solar thermal that was slightly higher than the Scenario 3 (see Table 7).

Table 7. Results for solar panels, heat pump and solar thermal.

SP ST LCOE[CHF/kWh] Autonomy Level CO; Emissions [kg/kWh]

30% 70% 0.236 6% 0.150
60% 40% 0.230 11% 0.144
90% 10% 0.222 14% 0.141

4.3. Cost Sensitivity Analysis and Future Scenarios

Finally, we present a sensitivity analysis by varying the input parameters. We extend our analysis
to show the LCOE changes when varying the most critical input parameters that are covered by
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Scenario 1 and Scenario 2 with lithium-ion battery. To analyze how the Scenarios 1 and 2 respond to a
change of parameters first, we have varied the grid price and the selling price by —10%, —20%, +10%
and +20%. As can be seen from Figure 10, the model was very sensitive to the variation of the grid
price. A lower LCOE value was obtained by decreasing the grid price up to 20% and increasing the
selling price up to 20%.

(a) Scenario 1: Solar PV
(b) Scenario 2: Solar PV and battery
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Figure 10. (a) Scenario 1 by changing the grid price and selling price; (b) Scenario 2 by changing the

grid price and selling price.

Current trends in Switzerland assume a decrease in electricity prices for 2017 and a concurrent
increase in the selling prices that can lead to a high economic profitability for solar PV and
battery scenarios.

The model is sensitive to changes in the assumption of future battery and solar PV cost decrease.
The future scenarios were conceived by reducing the solar PV and battery investment costs. The cost
for solar PV and battery is expected to decrease by 10% in 2020 and by 20% in 2025 respectively,
according to [86]. If this is applied, then the following can be noted:

1. A decrease of 1% is observed between 2016 and 2025 in the LCOE value of the first scenario by
only changing the solar PV price.

2. A decrease of 1% is observed between 2016 and 2025 in the LCOE value of the second scenario by
only changing the battery price.

3. By changing the solar PV price as well as the battery price, the LCOE value decreases by 2%
between 2016 and 2025.

It becomes obvious that of all input parameters, the grid price, the battery and solar PV investment
cost reduction have the greatest effect on the model.

The LCOE value fluctuates by the change of the solar PV and battery price (Figure 11). However,
the obtained values for solar PV and battery are still not under the grid price that is 0.206. To be under
the grid price, the LCOE value should decrease by 9% between 2016 and 2025.
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(a) Scenario 1 Solar PV: Future scenarios

0.2175 (b) Scenario 2 Solar PV and battery: Future scenarios
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Figure 11. (a) Levelized Cost of Energy (LCOE) in the “breakthrough” scenario 1 in 2020 with a
decrease in the investment cost of solar PV by 10% and with a decrease by 20% in 2025; (b) LCOE in
the “breakthrough” scenario 2 in 2020 and 2025 with a decrease by 10% and 20% respectively in the
investment cost of solar PV and battery price.

4.4. Implications on the Environment

Besides economic considerations, the adoption of PV, battery and solar thermal technologies
depends on environmental factors. Solar PV system generates relatively low CO; emissions but the
increase of battery diffusion in the markets raises environmental pollution significantly. Lead-acid
batteries contain sulfuric acid and are toxic and generate carbon emissions. These environmental
impacts can be reduced by recycling the lead—acid. The batteries can be charged many times, but after
numerous uses, lead—acid plates deteriorate and the battery loses its efficiency. Lithium-ion batteries
contain, among others, useful metals as cooper and aluminum as well as transition metals. Recycling
processes for lithium batteries are also needed to enable a sustainable life cycle of these technologies.
In Switzerland, nearly 70% of the commercial batteries were recycled in 2012 [87]. Combining 90% solar
PV, 10% solar thermal with a heat pump gives a total CO, emissions of 0.141 kg/kWh that is relatively
lower than the case without the use of those technologies, which is 0.155 kg/kWh. The results for the
autonomy level and the penetration of renewable energy in the system is in agreement with previous
studies that have been conducted in Switzerland [56,83].

The limitation of the thermal storage is the large water tanks because they could have corrosion
and fouling. Several studies have looked at the performance of new possibilities for storages.
For example, Liu et al. [88] looked at multiple technologies (phase-change materials, compressed
air, etc.) that could be integrated in buildings, in particular in net-zero energy buildings. A review
of thermal insulating materials that would increase the efficiency of themal storage was also recently
proposed [89]. Other methods to increase the efficiency of the system were also analyzed by
Nourozi et al. [90]. Storage, although still being a hurdle, is thus rapidly changing and future prospects
such as storing heat in buildings, in the ground or subsurface aquifer could be another solution to store
proper thermal energy [74,91]. Although heat pump systems generate low carbon emission, combining
solar PV and heat pump is not critical regarding the environmental impacts according to our findings
but can be used as a means to completely satisfy demand.

4.5. 2000-Watt Society

In a future scenario, with the 2000-watt society it would be possible to divide by four the electrical
demand in 2050. This would thus lead to an autonomy level of 34% that could be reached with a rooftop
fraction of 90% solar PV with a relatively low LCOE value and CO; emissions of 0.151 CHF/kWh and
0.129 kg/kWh respectively (Table 8). In addition, the findings show that battery technology (lead—acid
battery or lithium-ion battery) can bring an additional autonomy level for the considered electricity
generation of our study case if we considered the 2000-watt society’s case as can be seen in Table 9.
An autonomy level up to 52% could be reached by adding a 90% lead-acid battery with 90% solar
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PV. The CO, emissions however increased as expected but the LCOE of 0.200 CHF /kWh remained
competitive with the grid price (0.206 CHF/kWh).

Table 8. Results for solar PV (scenario 1) in a 2000-watt society.

SP  LCOE[CHF/kWh] Autonomy Level CO; Emissions [kg/kWh]

30% 0.207 20% 0.134
60% 0.177 29% 0.129
90% 0.151 34% 0.129

Table 9. Results for solar PV and lead-acid battery in a 2000-watt society.

SP LEA LCOE|[CHF/kWh] Autonomy Level CO, Emissions [kg/kW]

90%  30% 0.164 44% 0.143
90%  60% 0.180 50% 0.161
90%  90% 0.200 52% 0.186

Finally, to satisfy both thermal and electrical energy, the heating demand was reduced by four
in a future scenario. By adding solar panels (90%), heat pumps and solar thermal panels (10%), an
autonomy level of 16% could be achieved with an LCOE value of 0.218 CHF/kWh and low CO,
emissions (0.133 kg/kWh) (see Table 10). After extending the model with thermal and electrical energy
for a future scenario, the findings show that adding solar PV (90%) with 10% solar thermal and heat
pump would achieve significantly low CO; emissions and a competitive LCOE value.

Table 10. Results for solar panels, heat pump and solar thermal in a 2000-watt society.

SP ST LCOE[CHF/kWh] Autonomy Level CO; Emissions [kg/kWh]

30% 70% 0.224 6% 0.154
60%  40% 0.221 11% 0.153
90%  10% 0.218 16% 0.133

5. Conclusions and Perspectives

The current study aims to present a decision-making support tool for urban planners,
energy system designer and researchers by reviewing costs and environmental impacts of solar
PV, battery technologies, solar thermal panels and heat pumps. In this paper we devise a practical
parametric simulation tool, Eco-Sim, that can be used at an early design stage, to investigate the
techno-economic assessment at an hourly time step throughout a typical year.

Key performance indicators such as the LCOE, the autonomy level or the CO; emissions are given
as an output of Eco-Sim. The tool is flexible and modular and thus can be easily extended or adapted
to other uses as it has been demonstrated in the current study.

The study was conducted in a systematic way to build the tool progressively and to demonstrate
the robustness of each module. An intermodel comparison was conducted using the HOMER Pro
software as well as a state-of-the-art industrial tool from SI-REN.

The results obtained from Eco-Sim for a case study conducted over a neighbourhood in Geneva
were in very good agreement with both models. According to the simulations for this neighbourhood
in Geneva, our findings suggest that there were currently no significant advantage to combine solar
PV with batteries. The Eco-Sim model was then extended to investigate the impact of including solar
thermal panel and heat pumps in the energy mix of the neighbourhood in order to satisfy both the
electrical and the heating demand. We found that combining solar PV, solar thermal and heat pumps is
economically more advantageous than the combination of only solar PV and heat pumps. Combining
90% solar PV panel, 10% solar thermal with heat pumps gives the best and lowest LCOE value to
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satisfy both the thermal and electrical demand. This combination allows a reduction of 10% of the CO,
emissions as compared to the current emissions.

A few factors can help the integration of solar PV. A reduction in the price gap between buying
and selling prices would increase the penetration of such systems. Moreover, a decrease in the solar
PV price allows a decrease of the LCOE by 1%. Current trends in Switzerland assume a decrease by
4% in PV installation cost in 2017 that can lead to a lower LCOE of 0.216 instead of 0.217. Given that
the market prices have fluctuated significantly over the years, future scenarios are difficult to predict.

We also found that a decrease in electricity price and a concurrent increase in the selling price can
increase the demand of solar PV and battery installation. We concluded that, under the assumptions
of our model, to foster investments in solar PV and battery installations, a decrease in the costs of
investments seems necessary for the future. In addition, a final scenario demonstrated the impact of
the 2000-watt society.

There were several limitations regarding the generation using PV systems in this study.
The orientation and the technology of solar PV panels are not considered in the model. This work
can be improved by adding the orientation of panels or by working with a specific efficiency for
different photovoltaics technologies or taking production values directly from well known softwares
such as CitySim [57] or PVSyst. Although we have only considered a constant COP for the heat pumps,
the modeling framework can be slightly modified to account for changing efficiencies in the future.
On another hand, the limitation of solar PV and storage system is that we restricted the choice of
battery technologies to two different types of battery. In addition, we considered an average electricity
price in Geneva but Eco-5im can also be extended to use as input varying energy prices. This could
help for example decision-makers on the need for varying feed-in tariff which can lead to load shifting
and hence be more advantageous for integration of renewable energies. Additionally, storage can
also have an implication on the economic value with varying prices. Our work has indeed already
shown that it is possible to use locally generated energy as a means for peak shaving and delaying the
beginning of the heating season.

This work can also be extended by analyzing the economic and environmental assessment
combining technologies such as hydro power, bio mass and geothermal energy that can be applicable
to the Junction district of Geneva. Quantifying the level of integration of those other renewable energy
scenarios can allow to get a more accurate and global model. Finally, the energy demand at the district
scale can be modelized more precisely as shown by previous studies [48,92].

This study has provided the basis to a model that can be used at an early-design stage by urban
planners or energy providers to obtain some key performance indicators on the energy systems they
want to design. As it is modular and can obtain its inputs from multiple other software, it is thus an
ideal tool to have a comprehensive assessment of urban energy systems. New planning scenarios
can thus be evaluated from the demand and supply side and the implications on the reduction of the
carbon and energetic footprint can be handled in one framework.
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Abbreviations

The following abbreviations are used in this manuscript:

SI-REN  Services Industriels des Energies Renouvelables de Lausanne

cor Coefficient of Performance

Es Energy sold to grid

E, Energy bought from grid

IC Installation cost of the technology-tax incentives

oM Operations and maintenance cost of the technology

ST Solar Thermal

SPV Solar Photovoltaics

Lldon  Lithium-Ion battery

LEA Lead-Acid battery

Oo&M Operation and maintenance cost

Dy Hourly demand

G Hourly generation

mCO» CO; unitary emissions of a specific technology in [kg/kW]
eCO, CO; total emissions from specific technology [kg/kWh]
Qe Capacity of the specific technology in [kW]

Qp Generation of the specific technology in [kWh]

LCOE  Levelized cost of energy [CHF/kWh]

NPV
MSC

Net present value [CHF]
Minimum state of charge

References

1.

10.

11.

12.

13.

IPCC. Working Group I Contribution to the IPCC Fifth Assessment Report Climate Change 2013: The Physical
Science Basis; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2013.

UN-Habitat. Global Report on Human Settlements 2009: Planning Sustainable Cities; UN-Habitat: Nairobi,
Kenya, 2009.

SFOE. What Is the Energy Strategy 2050? Available online: https://www.bfe.admin.ch/bfe/en/home/polic
y/energy-strategy-2050/what-is-the-energy-strategy-2050-.html (accessed on 26 February 2019).

Stadt Zurich. 2000-Watt Society—City of Zurich. Available online: https:/ /www.stadt-zuerich.ch/portal /
en/index/portraet_der_stadt_zuerich/2000-watt_society.html (accessed on 26 February 2019).

Adil, AM.; Ko, Y. Socio-technical evolution of Decentralized Energy Systems: A critical review and
implications for urban planning and policy. Renew. Sustain. Energy Rev. 2015, 57, 1025-1037. [CrossRef]
Geidl, M.; Andersson, G. Optimal Power Flow of Multiple Energy Carriers. IEEE Trans. Power Syst. 2007,
22,145-155. [CrossRef]

Ibrahim, H.; Ilinca, A.; Perron, J. Energy storage systems—Characteristics and comparisons. Renew. Sustain.
Energy Rev. 2008, 12, 1221-1250. [CrossRef]

International Energy Agency. (Ed.) World Energy Outlook 2015; OCLC: 950563736; OECD: Paris, France, 2015.
Perera, A.T.D.; Nik, V.M.; Mauree, D.; Scartezzini, J.L. Electrical hubs: An effective way to integrate
non-dispatchable renewable energy sources with minimum impact to the grid. Appl. Energy 2017,
190, 232-248. [CrossRef]

Singh, G.K. Solar power generation by PV (photovoltaic) technology: A review. Energy 2013, 53, 1-13.
[CrossRef]

Assouline, D.; Mohajeri, N.; Scartezzini, J.L. Quantifying rooftop photovoltaic solar energy potential:
A machine learning approach. Sol. Energy 2017, 141, 278-296. [CrossRef]

Tester, ].W.; Drake, E.M.; Driscoll, M.].D.; Golay, M.W.; Peters, W.A.; Jefferson, W.; Tester, E.M. Sustainable
Energy: Choosing among Options; The MIT Press: Cambridge, MA, USA, 2012.

SFOE. Available online: https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/monit
oring-energy-strategy-2050.html (accessed on 26 February 2019).


https://www.bfe.admin.ch/bfe/en/home/policy/energy-strategy-2050/what-is-the-energy-strategy-2050-.html
https://www.bfe.admin.ch/bfe/en/home/policy/energy-strategy-2050/what-is-the-energy-strategy-2050-.html
https://www.stadt-zuerich.ch/portal/en/index/portraet_der_stadt_zuerich/2000-watt_society.html
https://www.stadt-zuerich.ch/portal/en/index/portraet_der_stadt_zuerich/2000-watt_society.html
http://dx.doi.org/10.1016/j.rser.2015.12.079
http://dx.doi.org/10.1109/TPWRS.2006.888988
http://dx.doi.org/10.1016/j.rser.2007.01.023
http://dx.doi.org/10.1016/j.apenergy.2016.12.127
http://dx.doi.org/10.1016/j.energy.2013.02.057
http://dx.doi.org/10.1016/j.solener.2016.11.045
https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/monitoring-energy-strategy-2050.html
https://www.bfe.admin.ch/bfe/en/home/supply/statistics-and-geodata/monitoring-energy-strategy-2050.html

Energies 2019, 12, 776 19 of 22

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Perera, A.T.D.; Mauree, D.; Scartezzini, J.L.; Nik, VM. Optimum design and control of grid integrated
electrical hubs considering lifecycle cost and emission. In Proceedings of the 2016 IEEE International Energy
Conference (ENERGYCON), Leuven, Belgium, 4-8 April 2016; pp. 1-6.

Lund, P.D,; Lindgren, J.; Mikkola, J.; Salpakari, ]. Review of energy system flexibility measures to enable
high levels of variable renewable electricity. Renew. Sustain. Energy Rev. 2015, 45, 785-807. [CrossRef]

Hall, PJ.; Bain, E.]. Energy-storage technologies and electricity generation. Energy Policy 2008, 36, 4352-4355.
[CrossRef]

Hadjipaschalis, I.; Poullikkas, A.; Efthimiou, V. Overview of current and future energy storage technologies
for electric power applications. Renew. Sustain. Energy Rev. 2009, 13, 1513-1522. [CrossRef]

Perera, A.T.D.; Attalage, R.A.; Perera, KK.C.K.; Dassanayake, V.P.C. Designing standalone hybrid energy
systems minimizing initial investment, life cycle cost and pollutant emission. Energy 2013, 54, 220-230.
[CrossRef]

Athukorala, A.U.C.D,; Jayasuriya, W.J.A.; Ragulageethan, S.; Sirimanna, M.P.G.; Attalage, R.A.; Perera, A.T.D.
A techno-economic analysis for an integrated solar PV /T system with thermal and electrical storage—Case
study. In Proceedings of the 2015 Moratuwa Engineering Research Conference (MERCon), Moratuwa,
Sri Lank, 7-8 April 2015; pp. 182-187. [CrossRef]

Connolly, D.; Lund, H.; Mathiesen, B.V.; Leahy, M. A review of computer tools for analysing the integration
of renewable energy into various energy systems. Appl. Energy 2010, 87, 1059-1082. [CrossRef]

Denholm, P; Ela, E.; Kirby, B.; Milligan, M. The Role of Energy Storage with Renewable Electricity Generation;
National Renewable Energy Lab: Golden, CO, USA, 2010; pp. 1-61.

Jossen, A.; Garche, J.; Sauer, D.U. Operation conditions of batteries in PV applications. Sol. Energy 2004,
76,759-769. [CrossRef]

Hoppmann, J.; Volland, J.; Schmidt, T.S.; Hoffmann, V.H. The economic viability of battery storage for
residential solar photovoltaic systems—A review and a simulation model. Renew. Sustain. Energy Rev. 2014,
39, 1101-1118. [CrossRef]

Malhotra, A.; Battke, B.; Beuse, M.; Stephan, A.; Schmidt, T. Use cases for stationary battery technologies:
A review of the literature and existing projects. Renew. Sustain. Energy Rev. 2016, 56, 705-721. [CrossRef]
Chong, W.T.; Naghavi, M.S.; Poh, S.C.; Mahlia, TM.I; Pan, K.C. Techno-economic analysis of a
wind-solar hybrid renewable energy system with rainwater collection feature for urban high-rise application.
Appl. Energy 2011, 88, 4067-4077. [CrossRef]

Scott, P.; Alonso, A.D.1.C.; Hinkley, ].T.; Pye, ]. SolarTherm: A flexible Modelica-based simulator for CSP
systems. AIP Conf. Proc. 2017, 1850, 160026.

Gaiddon, B.; Kaan, H.; Munro, D.; Kaan, H.; Munro, D. Photovoltaics in the Urban Environment: Lessons Learnt
from Large Scale Projects; Routledge: Abington, UK, 2009. [CrossRef]

Frischknecht, R.; Bauer, C.; Bucher, C.; Ellingsen, L. A.W.; Gutzwiller, L.; Heimbach, B.; Itten, R.; Liao, X;
Panos, E.; Pfister, S.; et al. LCA of key technologies for future electricity supply—68th LCA forum, Swiss
Federal Institute of Technology, Zurich, 16 April, 2018. Int. J. Life Cycle Assess. 2018, 23, 1716-1721. [CrossRef]
Perera, A.T.D.; Nik, VM.; Mauree, D.; Scartezzini, ].L. An integrated approach to design site specific
distributed electrical hubs combining optimization, multi-criterion assessment and decision making. Energy
2017, 134, 103-120. [CrossRef]

Siraganyan, K.; Mauree, D.; Perera, A.T.D.; Scartezzini, J].L. Evaluating the need for energy storage to
enhance autonomy of neighborhoods. Energy Procedia 2017, 122, 253-258. [CrossRef]

Luthander, R.; Widén, J.; Nilsson, D.; Palm, J. Photovoltaic self-consumption in buildings: A review.
Appl. Energy 2015, 142, 80-94. [CrossRef]

Hawkes, A.; Leach, M. Impacts of temporal precision in optimisation modelling of micro-Combined Heat
and Power. Energy 2005, 30, 1759-1779. [CrossRef]

Wright, A.; Firth, S. The nature of domestic electricity-loads and effects of time averaging on statistics and
on-site generation calculations. Appl. Energy 2007, 84, 389—403. [CrossRef]

Widén, J.; Wickelgard, E.; Paatero, J.; Lund, P. Impacts of different data averaging times on statistical
analysis of distributed domestic photovoltaic systems. Sol. Energy 2010, 84, 492-500. [CrossRef]

Torabi Moghadam, S.; Coccolo, S.; Mutani, G.; Lombardi, P.; Scartezzini, ].L.; Mauree, D. A new clustering
and visualization method to evaluate urban heat energy planning scenarios. Cities 2019, 88, 19-36. [CrossRef]


http://dx.doi.org/10.1016/j.rser.2015.01.057
http://dx.doi.org/10.1016/j.enpol.2008.09.037
http://dx.doi.org/10.1016/j.rser.2008.09.028
http://dx.doi.org/10.1016/j.energy.2013.03.028
http://dx.doi.org/10.1109/MERCon.2015.7112342
http://dx.doi.org/10.1016/j.apenergy.2009.09.026
http://dx.doi.org/10.1016/j.solener.2003.12.013
http://dx.doi.org/10.1016/j.rser.2014.07.068
http://dx.doi.org/10.1016/j.rser.2015.11.085
http://dx.doi.org/10.1016/j.apenergy.2011.04.042
http://dx.doi.org/10.4324/9781849770149
http://dx.doi.org/10.1007/s11367-018-1496-y
http://dx.doi.org/10.1016/j.energy.2017.06.002
http://dx.doi.org/10.1016/j.egypro.2017.07.464
http://dx.doi.org/10.1016/j.apenergy.2014.12.028
http://dx.doi.org/10.1016/j.energy.2004.11.012
http://dx.doi.org/10.1016/j.apenergy.2006.09.008
http://dx.doi.org/10.1016/j.solener.2010.01.011
http://dx.doi.org/10.1016/j.cities.2018.12.007

Energies 2019, 12, 776 20 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Zhang, Q.; Wang, Z.; Du, X.; Yu, G.; Wu, H. Dynamic simulation of steam generation system in solar tower
power plant. Renew. Energy 2019, 135, 866-876. [CrossRef]

Gao, Y;; Dong, J.; Isabella, O.; Santbergen, R.; Tan, H.; Zeman, M.; Zhang, G. Modeling and analyses
of energy performances of photovoltaic greenhouses with sun-tracking functionality. Appl. Energy 2019,
233-234,424-442. [CrossRef]

De la Calle, A.; Bayon, A. Annual performance of a thermochemical solar syngas production plant based on
non-stoichiometric CeO2. Int. ]. Hydrogen Energy 2019, 44, 1409-1424. [CrossRef]

De la Calle, A.; Bayon, A.; Soo Too, Y.C. Impact of ambient temperature on supercritical CO2 recompression
Brayton cycle in arid locations: Finding the optimal design conditions. Energy 2018, 153, 1016-1027.
[CrossRef]

Abdul-Salam, Y.; Phimister, E. Modelling the impact of market imperfections on farm household investment
in stand-alone solar PV systems. World Dev. 2019, 116, 66-76. [CrossRef]

Cao, S.; Sirén, K. Impact of simulation time-resolution on the matching of PV production and household
electric demand. Appl. Energy 2014, 128, 192-208. [CrossRef]

Hoevenaars, E.J.; Crawford, C.A. Implications of temporal resolution for modeling renewables-based power
systems. Renew. Energy 2012, 41, 285-293. [CrossRef]

Algarni, H.; Awasthi, A. Techno-economic feasibility analysis of a solar PV grid-connected system with
different tracking using HOMER software. In Proceedings of the 2017 IEEE International Conference on
Smart Energy Grid Engineering (SEGE), Oshawa, ON, Canada, 14-17 August 2017. [CrossRef]

Genkinger, A.; Dott, R.; Afjei, T. Combining Heat Pumps with Solar Energy for Domestic Hot Water
Production. Energy Procedia 2012, 30, 101-105. [CrossRef]

Ibrahim, H.; Ilinca, A.  Techno-Economic Analysis of Different Energy Storage Technologies.
In Energy Storage-Technologies and Applications; Ahmed Faheem Zobaa; IntechOpen: London, UK, 2013.
doi:10.5772/52220. Available online: https://www.intechopen.com/books/energy-storage-technologi
es-and-applications/techno-economic-analysis-of-different-energy-storage-technologies (accessed on 26
February 2019).

Manfren, M.; Caputo, P.; Costa, G. Paradigm shift in urban energy systems through distributed generation:
Methods and models. Appl. Energy 2011, 88, 1032-1048. [CrossRef]

Perera, A.-T.D.; Attalage, R.A.; Perera, KK.CK,, Dassanayake, V.P.C. A hybrid tool to combine
multi-objective optimization and multi-criterion decision making in designing standalone hybrid energy
systems. Appl. Energy 2013, 107, 412-425. [CrossRef]

Perera, A.T.D.; Coccolo, S.; Scartezzini, ] .L.; Mauree, D. Quantifying the impact of urban climate by extending
the boundaries of urban energy system modeling. Appl. Energy 2018, 222, 847-860. [CrossRef]

Perera, A.T.D.; Nik, V.M.; Mauree, D.; Scartezzini, J.L. Design Optimization of Electrical Hubs Using Hybrid
Evolutionary Algorithm. ASME Proc. 2016. [CrossRef]

International Energy Agency, Nuclear Energy Agency. Projected Costs of Generating Electricity: 2015; OECD
Publishing: Paris, France, 2015.

Battke, B.; Schmidt, T.S.; Grosspietsch, D.; Hoffmann, V.H. A review and probabilistic model of lifecycle costs
of stationary batteries in multiple applications. Renew. Sustain. Energy Rev. 2013, 25, 240-250. [CrossRef]
Desseureault, S. Justification techniques for computer integrated mining. J. S. Afr. Inst. Min. Metall. 2004,
104, 123-127.

Bayon, A ; de la Calle, A. Dynamic modelling of a continuous hydrogen production plant based on a CeO2
thermochemical cycle. AIP Conf. Proc. 2018, 2033, 130002. [CrossRef]

Perera, A.T.D.; Attalage, R.A ; Perera, K K.C.K. Optimal design of a grid connected hybrid electrical energy
system using evolutionary computation. In Proceedings of the 2013 IEEE 8th International Conference on
Industrial and Information Systems, Kandy, Sri Lanka, 18-20 December 2013; pp. 12-17.

Perera, A.T.D.; Madusanka, A.N.; Attalage, R.A.; Perera, K.K.C.K. A multi criterion analysis for renewable
energy integration process of a standalone hybrid energy system with internal combustion generator.
J. Renew. Sustain. Energy 2015, 7, 043128. [CrossRef]

Guen, M.L.; Mosca, L.; Perera, A.T.D.; Coccolo, S.; Mohajeri, N.; Scartezzini, ].L. Improving the energy
sustainability of a Swiss village through building renovation and renewable energy integration. Energy Build.
2018, 158, 906-923. [CrossRef]


http://dx.doi.org/10.1016/j.renene.2018.12.064
http://dx.doi.org/10.1016/j.apenergy.2018.10.019
http://dx.doi.org/10.1016/j.ijhydene.2018.11.076
http://dx.doi.org/10.1016/j.energy.2018.04.019
http://dx.doi.org/10.1016/j.worlddev.2018.12.007
http://dx.doi.org/10.1016/j.apenergy.2014.04.075
http://dx.doi.org/10.1016/j.renene.2011.11.013
http://dx.doi.org/10.1109/SEGE.2017.8052801
http://dx.doi.org/10.1016/j.egypro.2012.11.013
https://doi.org/10.5772/52220
https://www.intechopen.com/books/energy-storage-technologies-and-applications/techno-economic-analysis-of-different-energy-storage-technologies
https://www.intechopen.com/books/energy-storage-technologies-and-applications/techno-economic-analysis-of-different-energy-storage-technologies
http://dx.doi.org/10.1016/j.apenergy.2010.10.018
http://dx.doi.org/10.1016/j.apenergy.2013.02.049
http://dx.doi.org/10.1016/j.apenergy.2018.04.004
http://dx.doi.org/10.1115/ES2016-59517
http://dx.doi.org/10.1016/j.rser.2013.04.023
http://dx.doi.org/10.1063/1.5067136
http://dx.doi.org/10.1063/1.4928684
http://dx.doi.org/10.1016/j.enbuild.2017.10.057

Energies 2019, 12, 776 21 of 22

57.

58.

59.
60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Robinson, D. Computer Modelling for Sustainable Urban Design; Google-Books-ID: LogeBAAAQBAJ; Routledge:
Abington, UK, 2012.

Bittel, H.M.; Perera, A.T.D.; Mauree, D.; Scartezzini, ].L. Locating Multi Energy Systems for A Neighborhood
In Geneva Using K-Means Clustering. Energy Procedia 2017, 122, 169-174. [CrossRef]

Remund, J. Quality of Meteonorm Version 6.0. Europe 2008, 6, 389.

SIG. L'éléctricité a Geneéve- Les Tarifs Régulés. 2019. Available online: https://ww2.sig-ge.ch/sites/default/
files /inline-files/tarifs_electricite_2019_2.pdf (accessed on 20 January 2019).

Tomorrow. Emissions CO, de la Consommation éLectrique en Temps Réel. Available online: https:
/ /www.electricitymap.org/?page=mapé&solar=false&remote=true&wind=false (accessed on 20 January
2019).

SIG. Provenance de Votre éLectricité en 2017. Available online: https://ww?2.sig-ge.ch/actualites/provena
nce-de-votre-electricite-en-2017 (accessed on 20 January 2019).

Herrando, M.; Markides, C.N. Hybrid PV and solar-thermal systems for domestic heat and power provision
in the UK: Techno-economic considerations. Appl. Energy 2016, 161, 512-532. [CrossRef]

UNIGE. Base De Données Climatiques-Systémes Energétiques—UNIGE; UNIGE: Geneve, Switzerland, 2011.
Chow, T.T. A review on photovoltaic/thermal hybrid solar technology. Appl. Energy 2010, 87, 365-379.
[CrossRef]

Fukurozaki, S.H.; Zilles, R.; Sauer, I.L. Energy payback time and CO2 emissions of 1.2 kWp photovoltaic
roof-top system in Brazil. Int. ]. Smart Grid Clean Energy 2013, 2, 1-6. [CrossRef]

Jungbluth, N.; Bauer, C.; Dones, R.; Frischknecht, R. Life Cycle Assessment for Emerging Technologies:
Case Studies for Photovoltaic and Wind Power (11 pp). Int. ]. Life Cycle Assess. 2005, 10, 24-34. [CrossRef]
Albright, G.; Edie, J.; Al-Hallaj, S. A Comparison of Lead Acid to Lithium-Ion in Stationary Storage
Applications; Allcell Technol. LLC. Available online: https://www.batterypoweronline.com/wp-content/
uploads/2012/07 /Lead-acid-white-paper.pdf (accessed on 26 February 2019).

SFOE. Photovoltaique: Observations Du Marché 2016. Available online: http:/ /www.bfe.admin.ch/php/m
odules/publikationen/stream.php?extlang=fr&name=fr_623274305.pdf (accessed on 20 January 2019).
Peters, M.; Schmidt, T.S.; Wiederkehr, D.; Schneider, M. Shedding light on solar technologies—A
techno-economic assessment and its policy implications. Energy Policy 2011, 39, 6422-6439. [CrossRef]
Alsema, E. Energy Pay-Back Time and CO2 emissions of Photovoltaic Systems. Photovoltaics 2000, 8, 17-25.
[CrossRef]

Sherwani, A.F,; Usmani, J.A.; Varun. Life cycle assessment of solar PV based electricity generation systems:
A review. Renew. Sustain. Energy Rev. 2010, 14, 540-544. [CrossRef]

Swiss-Batteries. Swiss-Batteries: Der batterien Spezialist—Swiss-Batteries; Swiss-Batteries: Morat, Switzerland,
2016.

Haussener, S. (EPFL, Lausanne, Switzerland). Personal communication, 2016.

Viessmann. Liste de Prix Viessmann (Suisse) SA. Available online: https://www.viessmann.ch/fr/services
/liste-de-prix.html (accessed on 20 January 2019).

GSP. Groupement Professionnel Suisse Pour Les Pompes a Chaleur GSP; GSP: Bern, Switzerland, 2017.
Energyscope. Available online: http:/ /www.energyscope.ch/ (accessed on 20 January 2019).

Stryi-Hipp, G.; Weiss, W.; Mugnier, D.; Dias, P. Strategic Research Priorities for Solar Thermal Technology;
European Technology Platform on Renewable Heating and Cooling: Brussels, Belgium, 2012.

Swissolar. Calculateur D’éNergie Solaire. Available online: https://www.swissolar.ch/fr/pour-maitres-d
ouvrage/outils-de-calcul/calculateur-denergie-solaire/ (accessed on 20 January 2019).

Meunier, F. Domestiquer L'effet de Serre—Energies et Développement Durable, 2nd ed.; Dunod, UniverSciences:
Paris, France, 2008.

Expectancy, B. The Average Boiler Life Expectancy | DoltYourself.com. Available online: https://www.doit
yourself.com/stry/the-average-boiler-life-expectancy (accessed on 26 February 2019).

Bosma, ]. Heat Pumps for Energy Efficiency and Environmental Progress, 1st ed.; Elsevier: New York, NY, USA, 1993.
Orehounig, K.; Mavromatidis, G.; Evins, R.; Dorer, V.; Carmeliet, ]. Towards an energy sustainable
community: An energy system analysis for a village in Switzerland. Energy Build. 2014, 84, 277-286.
[CrossRef]

Lilienthal, P. HOMER® Micropower Optimization Model,  Technical Report NREL/CP-710-37606;
National Renewable Energy Lab: Golden, CO, USA, 2005.


http://dx.doi.org/10.1016/j.egypro.2017.07.341
https://ww2.sig-ge.ch/sites/default/files/inline-files/tarifs_electricite_2019_2.pdf
https://ww2.sig-ge.ch/sites/default/files/inline-files/tarifs_electricite_2019_2.pdf
https://www.electricitymap.org/?page=map&solar=false&remote=true&wind=false
https://www.electricitymap.org/?page=map&solar=false&remote=true&wind=false
https://ww2.sig-ge.ch/actualites/provenance-de-votre-electricite-en-2017
https://ww2.sig-ge.ch/actualites/provenance-de-votre-electricite-en-2017
http://dx.doi.org/10.1016/j.apenergy.2015.09.025
http://dx.doi.org/10.1016/j.apenergy.2009.06.037
http://dx.doi.org/10.12720/sgce.2.2.164-169
http://dx.doi.org/10.1065/lca2004.11.181.3
https://www.batterypoweronline.com/wp-content/uploads/2012/07/Lead-acid-white-paper.pdf
https://www.batterypoweronline.com/wp-content/uploads/2012/07/Lead-acid-white-paper.pdf
http://www.bfe.admin.ch/php/modules/publikationen/stream.php?extlang=fr&name=fr_623274305.pdf
http://www.bfe.admin.ch/php/modules/publikationen/stream.php?extlang=fr&name=fr_623274305.pdf
http://dx.doi.org/10.1016/j.enpol.2011.07.045
http://dx.doi.org/10.1002/(SICI)1099-159X(200001/02)8:1<17::AID-PIP295>3.0.CO;2-C
http://dx.doi.org/10.1016/j.rser.2009.08.003
https://www.viessmann.ch/fr/services/liste-de-prix.html
https://www.viessmann.ch/fr/services/liste-de-prix.html
http://www.energyscope.ch/
https://www.swissolar.ch/fr/pour-maitres-douvrage/outils-de-calcul/calculateur-denergie-solaire/
https://www.swissolar.ch/fr/pour-maitres-douvrage/outils-de-calcul/calculateur-denergie-solaire/
https://www.doityourself.com/stry/the-average-boiler-life-expectancy
https://www.doityourself.com/stry/the-average-boiler-life-expectancy
http://dx.doi.org/10.1016/j.enbuild.2014.08.012

Energies 2019, 12, 776 22 of 22

85.

86.
87.

88.

89.

90.

91.

92.

SI-REN. Service Industriel de Lausanne, 2016. Available online: https://www.si-ren.ch/ (accessed on 26
February 2019).

Internation Energy Agency. Technology Roadmap; IEA: Paris, France, 2014.

OFEV. Federal Office for the Environment-Homepage, 2016. Available online: https:/ /www.bafu.admin.ch/
bafu/fr/home html (accessed on 20 January 2019).

Liu, Z; Liu, Y,; He, B.J.; Xu, W,; Jin, G.; Zhang, X. Application and suitability analysis of the key technologies
in nearly zero energy buildings in China. Renew. Sustain. Energy Rev. 2019, 101, 329-345. [CrossRef]
Villasmil, W.; Fischer, L.J.; Worlitschek, J. A review and evaluation of thermal insulation materials and
methods for thermal energy storage systems. Renew. Sustain. Energy Rev. 2019, 103, 71-84. [CrossRef]
Nourozi, B.; Wang, Q.; Ploski¢, A. Maximizing thermal performance of building ventilation using geothermal
and wastewater heat. Resour. Conserv. Recycl. 2019, 143, 90-98. [CrossRef]

Rager, J.; Coccolo, S.; Kampf, J.; Henchoz, S.; Maréchal, F. Optimization of the heating demand of the epfl
campus with an milp approach. In Proceedings of the CISBAT 2015, Lausanne, Switzerland, 9-11 September
2015; p. 6.

Mauree, D.; Coccolo, S.; Perera, A.T.D.; Nik, V.; Scartezzini, J.L.; Naboni, E. A New Framework to Evaluate
Urban Design Using Urban Microclimatic Modeling in Future Climatic Conditions. Sustainability 2018,
10, 1134. [CrossRef]

@ (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


https://www.si-ren.ch/
https://www.bafu.admin.ch/bafu/fr/home.html
https://www.bafu.admin.ch/bafu/fr/home.html
http://dx.doi.org/10.1016/j.rser.2018.11.023
http://dx.doi.org/10.1016/j.rser.2018.12.040
http://dx.doi.org/10.1016/j.resconrec.2018.12.025
http://dx.doi.org/10.3390/su10041134
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Methodology
	Techno-Economical and Environmental Assessment
	Dispatch Algorithm
	Sizing of the Storage

	Description of the Case Study and of the System Design 
	Junction District in Geneva
	General Assumptions
	Energy Generation and Demand
	Characterization of the System
	Energy System Configuration Scenarios

	Results and Discussions
	Model Validation
	Solar PV Panels
	Solar Panels and Batteries

	Extension of the Model with Thermal Demand
	Solar Panels and Heat Pump
	Solar Panels, Heat Pump and Solar Thermal

	Cost Sensitivity Analysis and Future Scenarios
	Implications on the Environment
	2000-Watt Society

	Conclusions and Perspectives
	References

